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Figure legend

Cryo-SEM of a chlamydospore of Pochonia chlamydosporia isolate Pc60. Image design Jean
Devonshire (Original image Copyright Rothamsted Research Ltd.)




Foreword

Plant-parasitic nematodes pose a serious and continuing threat to crop production
worldwide. The diseases they cause are difficult to diagnose and often overlooked
by comparison with other biotic constraints such as insect pests, microbial patho-
gens and weeds. Nonetheless, their impact, either alone or as members of disease
complexes, is substantial, with losses running into many billions of dollars. In
resource-poor regions, such losses can have a direct impact on food security.

Management of plant-parasitic nematodes also poses major challenges. Natural
resistance is present in some crops, but may not be durable or effective against all
strains of a nematode. In other crop species, few natural sources of genetic resis-
tance have been found, and engineering via biotechnological approaches may be the
only potential solution. Most plant-parasitic nematodes live in soil or association
with plant roots and are difficult to target with chemicals. Many of the most effec-
tive nematicides originally available for use have now been withdrawn due to their
more general biocidal effects, and concerns over their environmental impact.
Alternative sustainable strategies for nematode control are urgently needed.
Biological approaches, exploiting the natural enemies of these pests, are therefore
of particular interest.

The topic of this book starts with a detective story, as pioneering scientists
searched for a biological explanation for the observation that on some hosts in cer-
tain soils the severity of infestation by nematodes is naturally suppressed. Amongst
the suspects was a fungus with the capability to attack some stages in the nematode
life cycle, in particular female worms and eggs. The fungus, originally named
Verticillium chlamydosporium, was later reclassified as a single species in the
related genus Pochonia. But this was not a simple case. The main suspect, P. chla-
mydosporia, turned out to have several identities, as a dormant survivor, soil sapro-
phyte, facultative parasite, and root endophyte, with the ability to switch between
these different states. To exploit the fungus as a biological control agent required
more research and a greater understanding of its ecology and interactions with plant
roots and nematode parasites.

The editors of this book have assembled an international team of authors expert
in all aspects of the biology of P. chlamydosporia and its use as a biocontrol agent
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Xii Foreword

in horticulture and agriculture. The chapters cover a wide range of topics, from
laboratory culture and identification, through physiology and biochemistry, to state
of the art studies of the recently assembled genome sequence, proteomics and sec-
ondary metabolism. Examples of current and potential applications in the control of
both plant and animal parasitic nematodes are covered, as well as recent findings on
the beneficial effects on plant development of colonisation as an endophyte. While
the focus is on a single fungal taxon, research on P. chlamydosporia has raised ques-
tions of much wider biological significance in soil ecology, fungal biology, and
host-pathogen interactions. The genetic and molecular basis of the multi-trophic
lifestyle is a recurrent theme relevant to other fungi that undergo physiological tran-
sitions at different stages of their life cycle. Improved understanding of the factors
regulating such processes should aid effective production, formulation and delivery
of the fungus as a bio-inoculant.

The impetus for all this scientific investigation is the prospect of developing the
fungus as an important ally in the sustainable management of parasitic nematodes.
Much progress has been made, especially in the local production and use of the
fungus, but challenges remain in achieving consistently high levels of control, and
scaling up application to broad-acre staple crops. There are no quick fixes in the
business of sustainable crop protection. In the longer term, however, the knowledge
and experience gained should be invaluable in developing integrated pest manage-
ment systems that will stand the test of time.

Former Head of Plant Pathology and Microbiology John A. Lucas,
Rothamsted Research
Herts, UK



Series Preface

This is the third Volume of the Series Sustainability in Plant and Crop Protection
(SUPP). Its specific focus is on the beneficial hyphomycete Pochonia chlamydospo-
ria, treated and examined in relation to its biology and potential for crop protection
and sustainable management. The Volume considers the fungus biochemistry, tax-
onomy, ecology and application, providing actualised data on its genome, gene
expression, and metabolism. It has been produced thanks to the endless efforts and
enthusiastic endeavours of the Editors, Dr Rosa Manzanilla Lopez and Prof. Luis
Vicente Lopez Llorca, and all the contributing Authors.

Management of nematode pests is a challenging task, due to the widespread
distribution of species that attack the most important food and industrial crops or
livestock, the peculiar ecology of parasitism including the environments in which
nematodes live and multiply, and the complexity of the rhizosphere interactions.
Although the use of synthetic pesticides against parasitic nematodes is still applied
in many agroecosystems, concerns about the environment and human safety issues
progressively increased the demand and use of organic products and technologies.
Several studies and research efforts thus focused on more sustainable control prac-
tices, oriented towards non-chemical management approaches. Biological control
and plant-microorganisms interactions are now established research fields within
plant protection and nematology disciplines. However, detailed knowledge on the
communities of microorganisms and their interactions are fundamental, finalized at
switching from pesticide-based to information-based, and more resource-
conservative, sustainable approaches.

Studies on soil microorganisms such as P. chlamydosporia are, therefore, wel-
come. This fungus has been the object of intense research work by taxonomists and
nematologists since the early 70’s, through laboratory and field-based studies,
including the pioneering research work developed by Brian Kerry at Rothamsted
Research. Brian first identified and reported the potential of P. chlamydosporia in
cyst nematode management in the cereal crops in Northern Europe, and led a fruit-
ful research activity in this field for many years, until his premature loss.

Many of the researchers involved in this Volume had the priviledge of his friend-
ship and worked with him, following up with many studies with innovative and
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advanced research approaches, including the exploration of molecular and genomic
dimensions. It is hence with interest that the reader may look at his Volume. It pro-
vides comprehensive reviews of many aspects of the P. chlamydosporia interactions
with plants and soil, both as an endophyte and biological control agent, which are
presented, described and illustrated in several chapters.

The production of data on the ecology, taxonomy and genetics of biological con-
trol agents, antagonists and root endophytes is indeed a challenge for the years to
come. This is true because of the large number of species present in soil, in their vast
majority still unclassified, and of the many interactions taking place on the root and
soil interfaces.

This Volume provides a first comprehensive contribution to key aspects of a sin-
gle species, within the context of its support to sustainable farming. The information
provided is impressive, flanked by a rich bibliography, updating actual knowledge
through the Authors’ personal experience and work. It is desirable that it could be
followed by many other similar treatises, dealing with the functions and services
produced by other members of the soil microbial communities. Scientific data will
provide us a clearer view on underground complex food webs, on their role in sus-
taining crops health and, ultimately, food production.

Aurelio Ciancio



Preface

The idea of preparing a book written by world experts on Pochonia chlamydosporia
had been maturing for several years due to an increasing interest in Pochonia chla-
mydosporia (Fungi: Ascomycota), one of the most promising microorganisms for
the biological control of plant-parasitic nematodes such as cyst (Heterodera spp.,
Globodera spp.), root-knot (Meloidogyne spp.) and false root-knot nematodes
(Nacobbus aberrans sensu lato). This book is the result of colleagues willing to
share their expertise and knowledge with others working on Pochonia. We hope that
you may enjoy and find the knowledge compiled between the covers of this book
useful.

The book contains 18 chapters divided into six sections, starting with a historical
background chapter, followed by 16 chapters, each contributed by experts, concern-
ing those key aspects necessary to work with this biocontrol agent in a multidisci-
plinary treatise. Topics covered include systematics, biology, nematode-fungus
interactions, nematode management strategies, secondary metabolites and other
methods including more novel research areas such as molecular, -omics, plant
growth enhancement and endophytic abilities of P. chlamydosporia. The final chap-
ter deals with the future perspectives of P. chlamydosporia research.

The book is aimed at researchers, professionals, practitioners and graduate or
undergraduate students involved in both basic and applied studies, as well as in
activities dealing with biocontrol agents of plant-parasitic nematodes, helminths,
crop protection and integrated pest management. It concentrates on fundamental
aspects and on the evolution of nematophagous fungi.

The focus of the book is based on P. chlamydosporia varieties. The authors and
editors have tried to put together most of the information available on the fungus up
to March 2017. Scientific names of fungi, as they appear cited in the book, have
been revised using the Index Fungorum (http://www.indexfungorum.org/names/
names.asp) to provide their updated, valid names. Readers wishing to know more on
the research made on other biological control agents of nematodes are encouraged
to consult specialised books on the subject, such as those written by Stirling (1991,
2014).
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Xvi Preface

Finally, we would like to express our sincere gratitude to our families, authors
and friends and colleagues, whose enthusiasm, support and hard work have made
the completion of this task possible and also for sharing their images with us to
illustrate the book.

Harpenden, Herts, UK Rosa H. Manzanilla-Lépez
Alicante, Spain Luis V. Lopez-Llorca
April 2017
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Chapter 1
Introduction (Historical and Overview)

Ken Evans, Rosa H. Manzanilla-Lépez, and Luis V. Lopez-Llorca

Abstract Biological control is an alternative to chemical control of plant-parasitic
nematodes. This is largely due to public demand for biologically-based and
environment-friendly management options for safer pest control. Such demands
have had an important impact on biological control research expansion and funding.
However, the development of any strain of a biological control agent for nematode
control requires many years of research, experimentation, validation and safe-use
tests before the biological control agent becomes available to farmers or is further
developed by industry as a commercial biopesticide or bionematicide. Biological
control potential can be unconstrained when biological control agents are used in
combination with compatible integrated pest management tactics, which may
include some chemical products and other biological control agent-based products
that are currently available on the biopesticide market. This chapter presents part of
the history behind some of the initial studies that help to illustrate the scientific
work carried out by the many scientists who laid the foundations and helped to
develop Pochonia chlamydosporia as a viable, sustainable alternative to chemical
control in the integrated management of plant-parasitic nematodes.

K. Evans
Formerly at Rothamsted Research, 1 Birch Way, AL5 5TP Harpenden, Herts, UK
e-mail: kenavis.evans @tiscali.co.uk

R.H. Manzanilla-Lépez (<)

Centro de Desarrollo de Productos Bidticos (Visiting Professor),
Yautepec, Morelos, C.P. 62731, Mexico

e-mail: rosa.manzanilla@gmail.com

L.V. Lopez-Llorca

Laboratory of Plant Pathology, Multidisciplinary Institute for Environmental Studies (MIES)
Ramén Margalef, Department of Marine Sciences and Applied Biology, University of
Alicante, Alicante, Spain

e-mail: luislopezllorcal @gmail.com
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1.1 Introduction

Pochonia chlamydosporia is one of the most studied biological control agents
(BCA) of major nematode pests such as cyst nematodes (Globodera spp., Heterodera
spp.) and root-knot nematodes (Meloidogyne spp.). The number of publications on
this fungus is increasing continuously, not only as a result of the demand for research
on new environmentally friendly strategies to manage plant-parasitic nematodes
(PPN), but also due to the availability of new molecular technologies and sophisti-
cated equipment at more accessible costs. Researchers worldwide have taken advan-
tage of such factors to explore and understand this BCA, not only at the macro level
but also at the molecular level. This chapter presents part of the history behind the
development of this microorganism as a sustainable alternative to chemical man-
agement of PPN as one of the available tactics of Integrated Pest Management
(IPM). The present account is largely based on UK experience but may also apply
to other countries.

The nematology research carried out at Rothamsted Research (RRes) in the UK,
including biological control of PPN, during a period that spanned more than six
decades (1948 to 2014), has been reviewed (Evans and Manzanilla-Lépez 2017).
Part of that history is presented in this chapter. Many references to seminal papers
on P. chlamydosporia that were produced during this period at Rothamsted and
outside the UK can be found within the chapters in this book, covering the basic,
pre-molecular beginnings through to the molecular, high tech and ‘-omics’ studies
currently in vogue.

1.2 The Beginnings (Pre-molecular)

From the late 1990s and well into the new century, increasing worldwide pressure
was put on growers to reduce their reliance on chemical nematicides. The availabil-
ity of fewer chemicals registered for such use, strict supermarket protocols and
extended harvest intervals (i.e., the minimum time permitted between chemical
application and crop harvest) were some of the factors responsible for this pressure.
In response, the then department of Entomology and Nematology of Rothamsted
became involved in a number of collaborative projects looking into alternative tech-
nologies as components of IPM.

In 1950, the Rothamsted Nematology department reported observation of hyper-
parasites on Ditylenchus dipsaci, mentioning the genera Harposporium and
Arthrobotrys. Interest in these relationships was taken up, thus paving the way for
future biological control research. The idea of using one species to limit the num-
bers of a second species that causes economic damage (biological control) has been
around for a long time, and it was natural to apply this concept to the control of
PPN. Terry Williams reported, in 1972, that formalin treatments in experiments
from 1964 and onwards increased the numbers of Heterodera avenae females found
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on cereal roots and thereby caused a large increase in soil populations of the nema-
todes. A fungus was suspected of infecting the females and the improved nematode
reproduction was put down to control of the fungus by formalin. In 1973, Brian
Kerry found an Entomophthora-like fungus (ELF) on H. avenae females at
Rothamsted and proposed that it was at least partly responsible for the natural con-
trol of this nematode. Despite continuous cropping with cereals, the number of H.
avenae rarely exceeds 10-20/g soil in the UK. In 1974, Kerry found the ELF and
Verticillium chlamydosporium (= Pochonia chlamydosporia') (71%) and
Cylindrocarpon destructans (= Ilyonectria destructans) (52%) in many of the
examined field populations of H. avenae. In 1975, Kerry confirmed that the ELF
killed H. avenae females whilst V. chlamydosporium parasitized eggs (Chaps. 3 and
4). All Heterodera species tested were infected by the ELF (later on described as
Nematophthora gynophila) and V. chlamydosporium but the potato cyst nematodes
(Globodera spp.) were only infected by V. chlamydosporium. Kerry went on to
point out that the cereal monoculture practised after World War II had provided the
opportunity for the fungi to reach an equilibrium with H. avenae that held the nema-
tode population density below the economic damage threshold. The realisation that
this equilibrium existed between the nematode and its parasites and that soils can
become suppressive to nematodes was the stimulus for Brian Kerry to go on to
develop an understanding and subsequently exploit this relationship.

Finding soil suppressiveness to PPN coincided with the withdrawal of some
nematicides from the market due to their toxicity to humans (Kerry 1991). Surveys
showed N. gynophila to occur in fields in Denmark, Poland, Holland, California and
Tennessee (USA), while V. chlamydosporium occurred in Denmark, Holland and
California (see also Pyrowolakis et al. 2002; Westphal and Becker 1999, 2000,
2001). Morgan-Jones et al. (1981, a, b) encountered V. chlamydosporium parasitiz-
ing Meloidogyne arenaria females and cysts of Heterodera glycines (see also Gintis
et al. 1982, 1983; Godoy et al. 1982; Morgan-Jones et al. 1983). Some specializa-
tion enabled these opportunistic fungi to exploit a unique ecological niche. Their
frequency of occurrence among cyst nematode populations indicated a capacity to
compete successfully in agricultural soils (Rodriguez-Kdbana et al. 1984; Morgan-
Jones and Rodriguez-Kabana 1987).

The biological control (BC) approach later followed at Rothamsted would largely
correspond to that defined by Stirling in 1991: “A reduction of nematode popula-
tions which is accomplished through the action of living organisms other than
nematode-resistant host plants, which occurs naturally or through the manipulation
of the environment or the introduction of antagonists”.

"Verticillium chlamydosporium is a synonym of Pochonia chlamydosporia, the current valid name
of the fungus.
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1.3 Honing Skills and Harmonizing Protocols

In 1976, the ‘pathogens of nematodes subgroup’, also known as the “Working Group
on the integrated Control of Soil Pests’, was formed as part of the International
Organization for Biological and Integrated Control of Noxious Animals and Plants/
West Palaearctic Regional Section (IOBC/WPRS) (Kerry 1991). At that time, some
of the research activities were focused on the control of PPN by the application to
soil of selected fungal agents, including those that had already been developed com-
mercially. However, the levels of control were variable and too little was known
about these fungi to obtain predictable results (Kerry 1991). Biological control
research was not only concentrated on targeting PPN but also on the use of
nematode-trapping fungi for the control of animal parasitic nematodes (e.g. in
Denmark and France), as some fungal isolates had shown considerable potential as
control agents of nematodes that infect ruminants (Kerry 1991), a line of research
that will extend in future to other latitudes (see Chap. 17).

There was a time (1970s—1980s) when the training of mycologists was moving
from morphology and taxonomy as main subjects to include fungal biology. In
1977, the publication of the book The nematode-destroying fungi by G.L. Barron
showed that nematode-destroying fungi were taxonomically diverse, as shown by
morphological adaptations to the nematophagous habit. However, little was known
about the morphogenesis of trapping/infection devices and the physiology of these
fungi (Barron 1977). The book also included methods and techniques to recover and
culture predatory and nematode-parasitic fungi.

Research on biological control of nematodes had also begun to move from being
a predominantly observational to a more experimental science (Kerry 1991). Several
laboratories from different countries in Europe (e.g., Belgium, England, France,
Germany, The Netherlands) were already involved by 1988 in the development of
nematophagous fungi or products containing them for the control of nematodes, and
in the development of a range of methods for the isolation, selection and testing of
nematophagous fungi. These methods were brought together and made available to
the public in a special IOBC bulletin (Kerry and Crump 1991). However, at the time
it was acknowledged that techniques still needed to be standardised (Kerry 1991).
Therefore, fundamental knowledge was required and research was done on several
aspects of the biology, ecology, epidemiology, mode of action and suitable methods
of study of the fungi. In 1991, much of the information that had become available
on biological control was put together by Graham Stirling in a book (Stirling 1991)
on biological control of plant-parasitic nematodes, an important source of informa-
tion that became a bench mark, and which was followed by a second edition in 2014
(Stirling 2014).

The nematophagous fungus Verticillium chlamydosporium was considered eas-
ier to culture and handle than other fungi isolated from UK fields. Attention became
focused on tests with formulations of carrier materials for application to soil and
mutants were selected for their ability to tolerate carbendazim (see Chap. 11) so that
this fungicide could be incorporated into inoculum granules and thereby allow the
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chosen isolate to multiply after application to soil, competing fungi being selec-
tively held back. Various media were tested as carriers for such introductions but
could not provide the population densities of 1000 propagules per g of soil that V.
chlamydosporium was found to reach naturally. Another concern was the possibility
of loss of infectivity after repeated subculturing, so original isolates were carefully
preserved (see Chap. 12). As a result, more than 100 isolates of the fungus were held
in culture at RRes for long term storage.

The publication of a set of improved and standardised methods and protocols
was achieved in 2002 thanks to the many contributions made by scientists to the
Manual for research on Verticillium chlamydosporium, a potential biological con-
trol for root-knot nematodes (Kerry and Bourne 2002). Many of these protocols are
still in use worldwide (see Chap. 12).

1.4 Understanding the Fungus

Although fungi such as N. gynophila had been shown to have a significant impact
on the multiplication of H. avenae, the fungus biology, environmental requirements
and mode of nutrition hindered its use as a BCA (Stirling 1991). Progress was also
made on understanding the infection process in cereal cyst nematodes (CCN).
Nematode defences to fungal infection such as egg shell thickness (Lopez-Llorca
and Robertson 1992a) and cross-linking of nematode proteins were identified
(Lopez-Llorca and Fry 1989). A collaboration with Mr. D. Claugher from The
Natural History Museum, London, led to the study of Pochonia appressoria differ-
entiation. This research discovered adhesive production by the fungus infecting
nematode eggs (Lopez-Llorca and Claugher 1990). This was possible using high
resolution (Field Emission) Scanning Electron Microscopy. A serine protease (P32)
from Pochonia rubescens [= Metapochonia rubescens], isolated from CCN sup-
pressive soils in Scotland, was purified and characterized (Lopez-Llorca 1990). It
was later immunolocalized in appressoria of the fungus infecting nematode eggs
(Lopez-Llorca and Robertson 1992b). This provided the first evidence of the
involvement of Pochonia spp. extracellular enzymes in nematode egg parasitism
(see Chap. 4).

Verticillium chlamydosporium (= Pochonia chlamydosporia) grows saprophyti-
cally in soil and will survive when no nematodes are available if it is added to soil
together with an energy source. When commercially available preparations of para-
sitic fungi were stringently tested, they failed to control Meloidogyne incognita, one
of the most important PPN species in the world. Therefore, one of the principal
targets of the fungus studies became the root-knot nematodes Meloidogyne spp. and
isolates able to control them were selected in RRes from the early 1990s. Key fea-
tures to improve fungus performance focused on selection of isolates capable of: 1)
colonizing the rhizosphere of plants; ii) production in vitro of chlamydospores; and
iii) infecting nematode eggs (Kerry 2000). Chlamydospores produced in large num-
bers on solid media could be added as aqueous suspensions, thereby rapidly
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establishing the fungus. However, the method of mass culturing of P. chlamydospo-
ria also affected the subsequent survival and proliferation of the fungus (see Chap.
11). Therefore, work continued on its culturing and formulation followed by a very
productive collaboration with the Centro Nacional de Sanidad Agropecuaria
(CENSA) in Cuba. Local isolates of the fungus were identified in Cuba and a pilot
production plant was set up to produce a commercially viable preparation known as
KlamiC®, launched commercially in 2006 (see Chap. 15).

1.5 Pochonia chlamydosporia and Compatible IPM
Strategies

The ability of P. chlamydosporia to compete with other nematophagous and soil
fungi was also tested in vitro. In a study to assess potential interactions between
nematophagous fungi and their responses to chemical pesticides for potato cyst
nematode control, P. chlamydosporia was the most effective fungus at inhibiting
growth of saprophytic fungi and was the least susceptible to being inhibited by sap-
rophytic fungi. It was also the most tolerant to nematicides. Some potato growers
were applying two control measures for potato cyst nematodes at this time, a fumi-
gant in the autumn followed by a granular nematicide in the spring at a cost of
~£900/ha. Separate applications of two biological control agents could therefore be
feasible and cost-effective (see Jacobs et al. 2003; Tobin et al. 2008 and Chap. 16).
Nowadays, the use of the fungus in combination with other compatible strategies
ranges from field to glasshouse crops (Verdejo-Lucas et al. 2002; Giné et al. 2016;
Sellitto et al. 2016).

1.6 Pochonia as a Bionematicide Product

The many years spent in developing a bionematicide product that could be used in
commercial management programmes for nematodes came to fruition at a time
when many chemicals for the control of nematodes were being banned around the
world due to environmental concerns. Pochonia chlamydosporia has been devel-
oped as a commercial bionematicide in several countries, including Cuba, Brazil,
China, and Italy (see Chap. 15). The combined use of poor nematode host plants and
the soil application of the fungus may be a useful strategy for the management of
RKN as it may result in greater control by the fungus in those plants that are poor
hosts for the nematode but which support extensive rhizosphere fungal growth.
Increased dependence of the fungus on nematodes as a source of nutrition has been
associated with a decrease in saprotrophic competitiveness, which is often nega-
tively correlated with parasitic competence. Establishment and reproduction of the
fungus, following application of an adequate initial inoculum was, under proper
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management conditions, able to achieve levels found in naturally suppressive soils
and eventually produced long-term effective control of nematodes (Kerry 2000).

1.7 Cooperation Links and Training

The approach to Pochonia chlamydosporia research in RRes was strongly collab-
orative, with an important training element that brought together nematologists,
molecular biologists, fungal physiologists, natural chemists, mathematical mod-
ellers and soil microbial molecular ecologists at Rothamsted (Fig. 1.1) and in UK
universities (Cambridge, Cranfield, Lancaster, Leeds, Nottingham, Reading,
Sheffield), and from overseas (Cuba, Kenya, Italy, Malawi, Mexico, Pakistan,
Poland, Portugal, Spain, Tanzania, Uganda, Zimbabwe) (Fig. 1.2). Studies carried
out included morphology, biology, culturing conditions, formulations and applica-
tion of the fungus (Chaps. 12 and 15), ecology, and tri-trophic and multi-trophic
interactions. The latter included the discovery of the endophytic behaviour of the
fungus and associated plant growth, development, yield and defence promotion.
Physiology of the parasitism, nutrition, compatibility of the fungus with other root-
knot and cyst nematode control strategies, secondary metabolites with chemical
structures partly similar to phomalactone (Chap. 7), and molecular studies (see
Chaps. 4 and 13) were also conducted.

Fig. 1.1 Rothamsted Nematology Department (1988). Front row (from left to right): Janet
Cowland, Jack Beane, Marie-Louise Rodgers, Corinna Flynn, David Crump, Keith Davies. Back
row (from left to right): Mike Robinson, Mike Russell, Fiona De Leij, Ken Evans, Frans De Leij,
David Cooper, Alan Nicholls, John Feil, Alan Whitehead, Roland Perry, Robin Webb, Paul
Burrows, Marj Leijdens (courtesy of K. Evans)
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Fig. 1.2 Maceié (Brazil) ONTA-SBN Meeting 2009. Front row (from left to right): Lucy
Conceicdo, Isabel Abrantes, Ivania Esteves. Back row (from left to right): Rosa H. Manzanilla-
Lépez, Alejandro Tovar-Soto, Myrian Tigano, Leopoldo Hidalgo-Diaz, Maria J. Cunha, Clara
Vieira dos Santos (courtesy of R.H. Manzanilla-Lopez)

1.8 Knowledge Transfer

Some limitations to uptake of fungal control agents in peri-urban and urban vegeta-
ble production in Latin America and Africa included an incomplete knowledge of
the parameters affecting transmission, a lack of field and farm-scale evaluation, and
quality control problems in production, formulation and application. The EU spon-
sored project MiCoSPa (2002-2006) led by Judith Pell (Rothamsted) made signifi-
cant advances in the fundamental understanding of the transmission process,
effective mass production, and practical use in the field of beneficial entomopatho-
genic and nematophagous fungi based on stakeholder requirements (Fig. 1.3).
Socio-economic surveys of vegetable growers and biological control companies
were designed and completed to identify restrictions and enable processes for the
uptake of microbial control agents in Cuba and Mexico. Information was collected
from more than 100 farmers in Cuba who were surveyed on such parameters as farm
size, main crops and pest control strategies used, the surveys proving useful in iden-
tifying farming practices that were complementary to microbial control. Evaluation
of inundative strategies included those focused on inundative application of P. chla-
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Fig. 1.3 MiCoSPa Project (2005). Meeting with farmers in Mexico (courtesy of
F. Franco-Navarro)

mydosporia in crop rotations for M. incognita control in Cuba and Nacobbus aber-
rans control in Mexico. Such experiments provided field efficacy data for these
strategies (see Chap. 15).

Companies that produced BCA from different regions in Mexico and Cuba were
also questioned on their products, production methods, and quality control proto-
cols. Commercial production methods and Good Laboratory Practice and Standard
Operating Procedures were developed and adapted for uptake by producers of
microbial control agents (Hidalgo-Diaz 2004; Chap. 15). Laboratory and field stud-
ies allowed significant advances in the fundamental understanding of the transmis-
sion process of beneficial fungi at the population, whole organism and molecular
scales, and were used to develop epidemiological models describing the processes
and predicting the impact of perturbations in the nematode population. Field trials
evaluated the use of BCA under different strategies and the results were provided to
local farmers and producers of microbial control agents. Numerous scientists were
trained in all participating countries. In addition, the technology from the project
was transferred to local farmers and to those involved in the commercial production
of BCA in Cuba and Mexico. Training in production methods developed in Cuba
was also transferred to Brazil, Honduras, Kenya, India, and Italy. Furthermore,
some of the collaborations established are still extant (Judith Pell pers. comm.; see
also Chap. 15).
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1.9 Molecular Studies

The use of molecular tools to study genetic characterisation, diversity and parasit-
ism started in the mid-1990s at RRes with work by Tariq But and Rudy Segers.
Immunolocalization of the serine protease VCP1 at the penetration site indicated
that it degraded the vitelline membrane on the surface of the egg shell and exposed
the chitin layer, thus playing an important role in the infection process (see Sect.
1.4). Its expression was induced by the nematode host and depletion of nutrients in
vitro. The enzyme was repressed by glucose and easily metabolized N sources and
induced by nitrate and insoluble proteins. It was considered that polymorphism dif-
ferences observed in VCPI1 could contribute to host preference (see Segers et al.
1995; Morton et al. 2003 and Chaps. 3, 4, 6, 13).

Penny R. Hirsch and her team of microbiologists at RRes developed the use of
fingerprinting protocols, the design of specific primers to discriminate between P.
chlamydosporia var. chlamydosporia and P. chlamydosporia var. catenulata, quan-
titative PCR primers, study of VCP1 polymorphisms, and RNA expression studies
(see Chaps. 5 and 13). PCR-based DNA fingerprinting techniques provided a rapid
means to examine the genetic variation of fungal isolates from various geographi-
cal regions and nematode hosts and also to monitor biocontrol agents after their
release into soil. The development of KlamiC® more or less coincided with the
re-classification of the fungus, which was subsequently known as Pochonia chla-
mydosporia (see Chap. 2). By the time of the release, diagnostic bands had been
identified for the species in polymerase chain reaction (PCR) using specific prim-
ers. DNA fingerprinting using PCR with arbitrary primers showed that isolates (of
which Rothamsted was holding more than 400 by this time) tended to group on the
basis of their original host and, to a lesser extent, on their geographic origin (see
Chap. 13).

Molecular tools have been used increasingly in identification and taxonomy
studies of Pochonia (Clavicipitaceae). In recent years there have been important
advances in Clavicipitaceae taxonomy, including resolving the differences between
Verticillium and Pochonia through ITS sequence molecular analysis (Chaps. 2 and
13). Pochonia chlamydosporia has at least five different varieties and some former
species of Pochonia are now placed in the genus Metapochonia (see Chap. 2).

1.10 Genomics

Genomics aims to study a living organism’s genome, taking into account its primary
structure in order to understand its organization and gene functions, as well as trying
to establish its phylogenetic relationships with other organisms (Finetti-Sialer and
Manzanilla-Lépez 2011). The advent of new technologies has opened an era for
Pochonia studies on gene expression (Transcriptomics, Chap. 5), protein synthesis
and interactions (Proteomics, Chap. 6), secondary metabolites (Metabolomics,
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Chap. 8), whole genome studies (Genomics, Chaps. 9 and 10), and the possibility of
assessing the DNA biodiversity at any community level (Metagenomics, Chap. 13).

Although the genome annotation of isolate Pc10 could not be completed due to
the closure of nematology at RRes in 2011 (Evans and Manzanilla-Lépez 2017),
Pochonia chlamydosporia var. chlamydosporia isolate Pc10 (IMI 331547 / CBS
101244) had been sequenced in collaboration between RRes and The Genome
Analysis Centre (TGAC, BBSRC sequencing facility, UK) obtaining a ~ 45 Mb
genome estimate (E. Ward et al. unpub. data; Manzanilla-Lépez et al. 2013).
Meanwhile, researchers in Spain carried out the sequencing, gene validation (using
RNA-seq of barley colonized endophytically by the fungus), and annotation of the
genome (~41 Mb) of the Spanish P. chlamydosporia isolate 123 (Larriba et al. 2014;
Chap. 10). The mitogenome or mitochondrial genome of P. chlamydosporia strain
170 (~25,615 bp) was sequenced in China (Lin et al. 2015; Chap. 9).

1.11 Molecular Discoveries and Integrated Pest Management
Approaches

Invasion of host tissues by P. chlamydosporia via appressoria formation was thought
to be a nutritional response with low C:N ratios influencing egg pathogenicity
(Chaps. 3, 4 and 5). The change from the saprophytic to the parasitic phase of the
fungus was therefore thought to be related to nutrients (including C and N) that
were either released by plants into their rhizosphere or available in nematode eggs.
The C:N ratio is an important issue since incorporation into the soil via organic
manures of nutrients that are of easy access to the fungus reduces the parasitic activ-
ity of the fungus. Hence, there is a need to assess the effects of adding different
organic amendments to check their compatibility with the fungus without reducing
the control it exerts (Chaps. 4 and 15).

At the molecular level, an analysis of serine protease enzyme production, as
related to nutrients available for the fungus in the presence or absence of nematode
eggs, found that the enzyme VCP1, a serine protease involved in the early stages of
egg penetration, was repressed by glucose and stimulated by ammonium chloride,
but there was also evidence of an increase in VCP1 mRNA when glucose and eggs
were present, with VCP1 expression higher in more alkaline pH conditions (Ward
et al. 2012).

1.12 Endophytism

For a long time it was considered that P. chlamydosporia remained localized in the
more peripheral layers of root tissues and did not colonize the vascular system, a
feature that differentiated P. chlamydosporia from plant pathogenic species of
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Verticillium. Subsequent studies by researchers in Spain discovered the endophytic
behaviour of P. chlamydosporia in both monocotyledonous and dicotyledonous
crop plants (Bordallo et al. 2002). This behaviour of the fungus was confirmed
through genetic transformation of isolates with the green fluorescent protein (GFP)
gene by Macié-Vicente et al. (2009) using an Agrobacterium tumefasciens-mediated
transformation protocol. This allowed laser confocal microscopy analysis of plant
responses and patterns of root colonization in tomato (Escudero and Lopez-Llorca
2012). The discovery of the endophytic root colonization by egg-parasitic fungi
such as Pochonia has implications for the infection process of eggs and females of
plant endoparasitic nematodes, which may occur not only via external root coloni-
zation of females and nematode eggs external to the root but also through internal
colonization (Chap. 4), thus opening the way for new application methods of the
fungus to the plant and soil (Lopez-Llorca et al. 2008; Larriba et al. 2014). Some
isolates of P. chlamydosporia promote root growth and reduce flowering time of
tomato (Zavala-Gonzalez et al. 2015). Recently, endophytism studies have taken
advantage of Arabidopsis thaliana as a model system to understand this mutualistic
phase of the fungus as P. chlamydosporia readily colonizes A. thaliana. Fungal
inoculation reduces flowering time, measured by the number of days of rosette
leaves produced at bolting stage and leaves produced at the time of appearance of
the first open flowers, stimulating plant growth and increasing seed/plant yield
(Zavala-Gonzalez et al. 2017). Jasmonate signalling is an important factor modulat-
ing A. thaliana colonization by the fungus (Zavala-Gonzalez et al. 2017).

1.13 Inducing Plant Defences

The Pochonia research group of Spain led by Luis Lopez-Llorca (www.fungalinter-
actions.org) in collaboration with Prof. Sivasithamparam from the University of
Western Australia, found that P. chlamydosporia can reduce the colonisation, root
damage and associated stress (peroxidase activity) in wheat roots caused by the
fungal root pathogen Gaeumannomyces graminis var. tritici (Monfort et al. 2005).
Lopez-Llorca and his research team later found that induction of genes involved in
stress response (e.g., heat-shock proteins), biosynthesis of hormones, and plant
immunity were enriched in barley roots colonised endophytically by P. chlamydo-
sporia (Larriba et al. 2015). This demonstrates another role of the fungus in induc-
ing plant growth and defences. There are two recognized types of induced resistance:
systemic acquired resistance and induced systemic resistance, which are differenti-
ated by their signal transduction pathways (Timper 2014). Research carried out in
Portugal and the UK on combining the fungus with jasmonic acid treatments has
shown promising results in controlling RKN (Chap. 14; see also Sect. 1.12).
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1.14 Future Perspectives

The search for isolates that parasitize PPN females and eggs continues worldwide
(Chap. 12) with the aim of taking advantage of natural biological control agents for
biopesticide development. However, research on the fungus has evolved from being
purely focused on applied nematode management to other, more novel, research
areas such as molecular and -omics technologies, which are being carried out mainly
in China, Spain and Italy, and other areas, such as secondary metabolites with
nematicidal or drug potential development, which are being investigated in China.
Transcriptomics, proteomics, metabolomics, genomics and other -omics approaches
are currently applied to the study of P. chlamydosporia (Chaps. 5, 6, 8, 9 and 10).
Genome sequencing and informative technology tools will support analyses that
may range from a broad, biodiverse community down to single organisms. In the
study of fungal parasitism, such approaches supply information of great value in
terms of host or parasite biology, providing opportunity for detailed comparisons
between different organisms, especially when few genetic or molecular data are
available (Finneti-Sialer and Manzanilla-L6pez 2011). There is also increasing evi-
dence relating to the role of chitosan as a modulator of P. chlamydosporia gene
expression and pathogenicity (Escudero et al. 2016).

1.15 Concluding Remarks

Biological control is complex and requires in-depth knowledge of the biology and
ecology of the biological control agent, crop and target host. One of the practical
aims of the research led by B.R. Kerry (Fig. 1.4) was how to develop and increase
suppressiveness to PPN through inoculation and establishment of the fungus in the
soil and plant rhizosphere. The strategy should be accompanied by a careful selec-
tion of fungal isolates according to nematode biotype, host plant, and population
levels of PPN. Equally important is the need to provide the best conditions to
enhance fungus performance as a nematode parasite through habitat manipulations,
thereby providing favourable conditions that are either lacking in the habitat or pres-
ent at inadequate levels (Barbosa 1998). This kind of strategy promoted a number of
studies on the effect of adding compost and manures to modify C:N ratios in order
to retain activity or even enhance the parasitic phase of the fungus (see Chaps. 15
and 16). With this purpose in mind, experiments were carried out in laboratory,
glasshouse and field plots in countries such as Cuba and Mexico (peri-urban agri-
culture) and Kenya. Results of the research were also intended to be made available
to small and medium farmers, thus making possible the inclusion of biological con-
trol in the IPM of RKN (Gowen 2002, 2005). Therefore, substrates other than rice
(and also cheaper) were tested to find alternatives for production of the fungus in an
affordable manner in parts of Africa and Latin America (Pérez-Rodriguez et al.
2007). The development of a reliable production method of the fungus has not
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Fig. 1.4 Brian R. Kerry
(Copyright Rothamsted
Research Ltd.)

remained limited to cottage industries as larger scale production is now carried out
(see Chaps. 9 and 14). Successful industrial production and workable formulations
have been achieved in Brazil, China, Cuba and Italy (Manzanilla-Lépez et al. 2013).

Secondary metabolite production from P. chlamydosporia strains (and those
from other Pochonia spp.) may vary across geographical and smaller spatial scales.
It would therefore appear important to explore further the role of environmental
variation in the production of secondary metabolites by P. chlamydosporia (Chap.
7).

A better understanding of the fungus-nematode-plant association and interaction
at different molecular levels, i.e., from the whole genome (-omics) to the single gene
(molecular), will improve and drive management programmes and assist in the
development of alternative methods, including biological control, to manage major
plant-parasitic nematode species.
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Chapter 2
Systematics of Pochonia

Harry C. Evans and Paul M. Kirk

Abstract The history of the genus Pochonia (Clavicipitaceae, Hypocreales) is
charted from the pre- to post-molecular era. The relatively recent use of more
sophisticated molecular techniques — as exemplified by multigene phylogenetics —
has enabled the unravelling of this convoluted taxonomic tale and there is now light
at the end of the tunnel, especially with the realisation of the ‘One fungus, One
name’ (1F, 1 N) initiative. The present status of the genus — and its near relatives on
nematode hosts — is discussed. Currently, only one species, Pochonia chlamydospo-
ria, is recognised within the genus, with five varieties being delimited, two of
which — var. chlamydosporia and var. catenulata — produce sexual morphs on alter-
nate hosts: molluscs (snail eggs) and insects (beetle larvae), respectively. Species
originally assigned to Pochonia are now accommodated in the genus Metapochonia.
Pochonia chlamydosporia is a multitrophic species, parasitic on, or pathogenic to,
both invertebrate and nematode hosts, as well as being a plant symbiont. Finally,
recommendations are made for future research: it is expected that the varieties of P.
chlamydosporia will be elevated to species rank, whilst it is predicted that many
more species will be identified within the genus as intensive and more focused,
selective sampling is undertaken, particularly of soils and plant roots in tropical for-
est ecosystems.

2.1 Introduction

Systematics is often viewed as a ‘dry’ subject of little interest and relevance to non-
taxonomists, no more so than in mycology with the added confusion between, and
the multiplicity of, names for the asexual and sexual states or morphs of the same
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organism. The order Hypocreales — and, in particular, the genus Pochonia Bat. &
O.M. Fonseca — is a prime example of seemingly baffling nomenclatural changes,
but which in fact demonstrates that far from being passive, systematic mycology is
constantly on the move and can even be said to have reached supersonic speeds with
the now routine use of the latest molecular techniques to advance and clarify fungal
phylogeny. Exemplified, perhaps, by the fact that mycology was an integral part of
botany — whereas, nowadays it would ‘phylogenetically’ fall within zoology, if such
disciplines were still included in the university curriculum — whilst some of the
infamous ‘fungal plagues’ of history are now consigned to Kingdom Straminipila
(Chromista) — allied to the algae — rather than to the Animalia-related Kingdom
Fungi (Kirk et al. 2008).

Thus, mycological systematics can be said to be in a state of flux, especially with
the recent revision of and changes made to Article 59 in the ICN or International
Code of Nomenclature for algae, fungi, and plants (McNeill 2012). The original
Article allowed for the naming of both sexual and asexual states of many fungal
species with unique Latin binomials, known as the dual system of fungal nomencla-
ture. The ICN now states that “for a taxon of non-lichen-forming Ascomycota and
Basidiomycota [all names] compete for priority”, regardless of their particular
morph. Thus, each species of fungus should now have only one scientific name in
accordance with the other groups of organisms governed by the ICN, with the sci-
entific name based on the principle of priority. However, this is not so straightfor-
ward in mycology since situations exist in which applying a strict principle of
priority does not always contribute to nomenclatural stability, the raison d’étre for
the Code. This has put a major onus on mycologists, who must now decide on a
unified name for the various possible names existing for different states or morphs
of the same species of fungus (Hibbett and Taylor 2013). Specialist groups or com-
mittees have already begun to propose names which should be protected or sup-
pressed within the Hypocreales in accordance with the ‘one fungus one name’
policy (Kepleretal. 2014; Quandtet al. 2014) and others are in progress. Historically,
the general rule has been to give priority to the generic name typified by the sexual
morph (teleomorph).

However, further splitting of ‘sexual’ genera may become advisable in some
cases rather than simply assimilating multiple, disparate asexual genera within one
teleomorphic genus. This situation is exemplified by the recently introduced teleo-
morphic genus Metacordyceps G.H. Sung et al. (Hypocreales: Clavicipitaceae;
Sung et al. 2007a; see also Kepler et al. 2012), whose asexual morphs or anamorphs
include the much older, globally distributed and commercially important entomo-
pathogenic species of the genera Metarhizium Sorokin 1883 and Nomuraea Maubl.
1903, as well as Pochonia Bat. & O.M. Fonseca 1965; note that the citations for
authors of fungal names have been standardised throughout the text, in accordance
with Kirk and Ansell (1992). As Gams et al. (2012) have concluded: “That these
anamorph genera are phylogenetically and ecologically distinct may justify the
preferential use of the anamorph names. Nevertheless, the younger teleomorph
name Metacordyceps also carries relevant information”. In the light of these recent
events, the convoluted history of the genus Pochonia — and, in particular, of the
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‘flagship’ species P. chlamydosporia — is now unravelled and the current systematic
status is discussed.

2.2 Historical: Pre-molecular

The first comprehensive scientific description of the fungus eventually referred to as
P. chlamydosporia was by Goddard (1913) who isolated it from garden soil in Ann
Arbor (Michigan, USA) during a study of the soil mycobiota and recognised it as a
new species within the asexual (Hyphomycete) genus Verticillium, based on the
“verticillate, conidial fructification” (see Fig. 2.1A), in which the sporogenous
structures (phialides) are produced in whorls or verticils. The full diagnosis is pre-
sented below:

Mycelium orbicular, spreading into a thick mat with little zonation, at first white, later
cream, and finally ochroleucous to ochraceous forming a firm crust; surface powdery with
age; reverse color yellow (flavus) to orange; no coloration of the medium. Hyphae
branched, septate, hyaline, 2-3.3 um broad. Conidiophores upright, branched verticil-
lately; end branches 15-30 um long, in whorls of 3 or 4, tapering to a knobbed end which
bears a single spore. Conidia oval, hyaline, 2.2-3.5 um in diameter, easily falling away.
Chlamydospore formation especially common; chlamydospores multicellular, 4-9-celled,
with granular contents, thick- walled, globular, 10-25 um in diameter when mature, slightly
lobed, borne on short side branches which are 15-30 um long, very persistent.

However, he also acknowledged that the production of purported chlamydo-
spores is the main diagnostic feature of the fungus and these spores were said to
form a creamy or ochraceous powder on the surface of older colonies (Goddard
1913). From his description of Verticillium chlamydosporium Goddard, as well as
the accompanying illustrations (Fig. 2.1A), there is little doubt as to the identity of
the fungus. Nevertheless, his observation of the conidia (asexual dispersal spores or
mitospores) being formed singly and “easily falling away”, is at odds with the real-
ity of the spores clumped in mucoid heads. There is also some ambiguity about the
use of the term chlamydospore which is defined as: “an asexual 1-celled spore (pri-
marily for perennation, not dissemination) originating endogenously and singly
within part of a pre-existing cell, by the contraction of the protoplast” (Kirk et al.
2008). Clearly, this is not the form or the function of the ‘chlamydospores’ in this
fungus.

The next description of the fungus was by Petch (1939) in Ceylon (now Sri
Lanka), who isolated it from egg masses of the giant African land snail, Achatina
fulica, and placed it in the genus Stemphyliopsis, as S. ovorum Petch, with the origi-
nal Latin diagnosis:

Mpycelio tenui, albo, farinoso; hyphis regularibus, septatis, hyalinis, 1.5u diam.; conidio-

phoris lateralibus, simplicibus, unisporis, ad 10y alt., 1u diam., apice leniter incrassates,

Jjuxta apicem septatis; conidiis terminalibus, 3—6 cellulosis, globosis, 9u diam., vel ovoid-

eis, ad 16 x 12u, hyalinis, levibus, cellulis cuneatis, exterior convexis, parietibus 2—3u
crassis.
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Fig. 2.1 Original illustrations of Pochonia chlamydosporia. (A) Type of Verticillium chlamydo-
sporium from Goddard (1913); (B) Type of Stemphyliopsis ovorum from Petch (1939); (C) Type
of Pochonia humicola from Batista and Fonseca (1965); (D) Neotype of Pochonia chlamydosporia
from Zare et al. (2001)

Post-1935, it became obligatory to give the description of a new fungal species
in Latin for the name to be validly published, and Petch gives a succinct account of
the ‘chlamydospore’ stage — accompanied by a simple illustration (see Fig. 2.1B) —
which he described as a compound conidium or dispersal spore, rather than a chla-
mydospore, which detaches readily from a short pedicel. However, the verticillate
conidial stage was not included in the description and was either overlooked or
overgrown by the ‘chlamydospores’. There are some disparities with Goddard’s
description: smaller spores, 9—16 pm compared to 10-25 pm; fewer cells, 3—6 com-
pared to 4-9; and, the easily detached rather than on “very persistent” side branches



2 Systematics of Pochonia 25

(Goddard 1913), which could question the synonymy. Fortunately, the single collec-
tion on which Petch based his description was deposited in the Fungarium at the
Royal Botanic gardens, Kew (K(M) 156,674) — although designating a holotype did
not become obligatory until 1958, a single collection is always the holotype — and,
later, this was examined by Barron and Onions (1966) who, on finding the charac-
teristic verticillate stage, identified it as Verticillium chlamydosporium. Of particu-
lar relevance about this Sri Lankan specimen is that it appears to be the first record
of the fungus as a pathogen of invertebrates. Petch (1939) had investigated and
isolated the fungus from eggs of the snail — which “interfered with breeding experi-
ments during investigations into the life history of that pest” — but had not consid-
ered the potential importance of the pathogen as a biocontrol agent of this highly
invasive alien mollusc. And, in fact, he even delayed formalising the new species
“which is not an entomogenous fungus...but its description has been awaiting pub-
lication for more than ten years” (Petch 1939). The giant African land snail has
since become a major pest in many parts of the tropics (CABI 2014), where it had
been introduced deliberately as a protein source (Van der Weijden et al. 2007) or
accidentally, and is now known more correctly under the name Lissachatina fulica.
Interestingly, S. ovorum is still recognised in MycoBank as a distinct species:

MycoBank 273177 - Stemphyliopsis ovorum Petch, n.sp., Genus: Stemphyliopsis, Species:
ovorum, Country: Sri Lanka, Collection Year: 1927, Associated Organism: Achatina fulica
(giant African land snail), Substratum: on (snail) eggs. Type Status: Holotype of
Stemphyliopsis ovorum Petch 1939, Collector: T. Petch.

The next description of the fungus was over 25 years later, when Batista and
Fonseca (1965) introduced the genus Pochonia to accommodate the new species P.
humicola — “uma curiosa entidade fungica” [a strange fungal entity] — isolated from
soils in the States of Paraiba, Pernambuco and Rio Grande do Norte in north-east
Brazil, and which they considered to be an integral part of the soil microbiota. The
genus was named in honour of Prof. J. Pochon (Pasteur Institute, France) and was
recognised as being polymorphic (pleomorphic) since it has two asexual stages,
designated as the Verticillium-like, micro-conidial state and the macro-conidial or
dictyospore state (Fig. 2.1C). This is the first use of the term dictyospore — “divided
by intersecting septa in more than one plane” (Kirk et al. 2008), “septa running both
transversely and longitudinally” (Seifert et al. 2011) — to describe these structures.

Shortly afterwards, Barron and Onions (1966) investigated cultures and fungar-
ium material deposited in the IMI collections at the Commonwealth Mycological
Institute (now CABI) under the name Verticillium chlamydosporium, and compared
them to cultures deposited under the generic names Diheterospora, Paecilomyces
and Stemphyliopsis. As reported above, they concluded that Stemphyliopsis ovorum
is a later synonym, and that the type species of the genus Diheterospora, D. heteros-
pora Kamyschko, is also conspecific with V. chlamydosporium. The new genus was
proposed by Kamyschko (1962) to accommodate two species, isolated from soil in
Russia, with multicellular chlamydospores — termed aleuriospores by Barron and
Onions (1966) — but each with different conidial or phialospore (spores produced
from phialides) states: Verticillium in D. heterospora and Paecilomyces in D.
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catenulata. In addition, although type material could not be obtained for study,
Barron and Onions (1966) considered that these taxa had been validly published and
that, from the illustrations and description, there was no doubt that the type species
of the genus is the same as that described much earlier by Goddard (1913). They
further concluded that the aleuriospore state — ““a thick-walled terminal spore formed
from the blown out end of a sporogenous cell” (Barron 1968) — which was described
as muriform — “longitudinally and transversely septate” (Barron 1968) — is the dom-
inant and consistent spore form and, therefore, that V. chlamydosporium should be
transferred to Diheterospora, as D. chlamydosporia (Goddard) G.L. Barron &
Onions. They also noted that, although these fungi have been isolated from soil over
a wide geographic area, their true role may be as parasites of snail eggs: “an inter-
esting ecological speciality” (Barron and Onions 1966). None of the records, thus
far, had been from nematodes.

Subsequently, Barron (1968) included the genus Diheterospora in his book on
‘The genera of Hyphomycetes from soil’, but, unfortunately, the type species was
designated erroneously as D. chlamydosporia (Kamyschko) Barron & Onions, and
with the generic diagnosis:

Aleuriospore state conspicuous: aleuriospores large, muriform, at first thin-walled and

hyaline, later becoming yellowish or golden brown and very thick-walled, smooth, borne on

short pedicels arising more or less at right angles to the vegetative hyphae; accessory
phialide state of the Verticillium or Paecilomyces types also produced.

An aleuriospore, however, has subsequently been considered to be a ‘confused
term’ and should be regarded as obsolete (Kirk et al. 2008); although Seifert et al.
(2011) have retained the term to describe “solitary, thallic conidia; usually with
thickened and darkened walls”. Once again, none of the aforementioned definitions
of aleuriospores correspond to the dominant spores produced by V. chlamydospo-
rium. Barron (1968) was the first to recognise — based on the illustrations (see
Fig. 2.1D) and description (Batista and Fonseca 1965) — that Pochonia humicola is
identical and, therefore, that this name should be regarded as a synonym. Presumably,
in the earlier publication by Barron (Barron and Onions 1966), there had been no
opportunity to examine the paper by Batista and Fonseca (1965).

However, shortly after, Gams (1971) re-assessed the genus Verticillium Nees and
reduced the genus Diheterospora, as well as Pochonia, to synonymy; establishing
the new section Verticillium sect. Prostrata to accommodate the entomopathogenic
fungi with verticillate asexual states, to which V. chlamydosporium was re-assigned,
along with Diheterospora catenulata under the new combination Verticillium caten-
ulatum (Kamyschko ex G.L. Barron & Onions) W. Gams. He also included another
synonym, Dictyoarthrinopsis kelleyi Dominik & Majchrowicz, for a fungus isolated
from soils in Guinea, in which the diagnostic dictyospores were described and illus-
trated but not the verticillate state (Dominik and Majchrowicz 1966). Interestingly,
at this stage, all of the records examined by Gams (1971) of both V. chlamydospo-
rium (five isolates) and V. catenulatum (eight isolates) were from soil — predomi-
nantly in Europe — with no suggestion that they were parasitic on nematodes. The
term chosen by Gams (1971) for the previously designated chlamydospore or
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aleuriospore state was dictyochlamydospore: “a non-deciduous multicelled chla-
mydospore composed of an outer wall separable from the walls of the component
cells” (Kirk et al. 2008).

Nevertheless, Barron (1980a, 1985) continued to use the name Diheterospora
and described new endoparasites of rotifers within the genus. Gams (1988), in his
revision of nematophagous species of Verticillium, revisited the controversy and
rejected the separation of Verticillium and Diheterospora based on the presence of
dictyochlamydospores; arguing that “these structures can occur in quite variable
densities and can be completely absent in some cases” and, moreover, that the phi-
alidic states “of these fungi are quite indistinguishable from those of other
Verticillium species” (Gams 1988). He did accept, however, that the rotifer parasites
were distinct from the Verticillium species parasitic on, and isolated from, nema-
todes and merited further study. By now, of course, the nematophagous habit of V.
chlamydosporium had been well established — following studies in Europe (Bursnall
and Tribe 1974; Tribe 1977; Kerry 1980) and later in North America (Morgan-Jones
et al. 1981) — rather than simply being a soil saprobe.

In his key to the nematophagous species of Verticillium sect. Prostrata, Gams
(1988) separated V. chlamydosporium from the other taxa based on the abundance
of yellowish, very thick-walled dictyochlamydospores in the aerial mycelium and
recognised two varieties: V. chlamydosporium Goddard var. chlamydosporium and
V. chlamydosporium var. catenulatum (Kamyschko ex Barron & Onions) W. Gams.
He concluded that separation at the species level was no longer warranted — in con-
trast to previous taxonomic treatments (Barron and Onions 1966; Gams 1971) —
because the cultures and dichtyochlamydospore are more or less identical, and that
“the distinction between conidial chains and heads has limited weight” (Gams
1988). Another nematophagous, dichtyochlamydospore-producing fungus was also
recognised and delimited as a separate taxon — V. suchlasporium W. Gams &
Dackman — in which these spores are far less numerous and submerged in the
medium rather than aerial. The specific epithet reflects this characteristic — being a
contraction of ‘subchlamydosporium’ (fide Gams 1988) —and V. suchlasporium was
considered to be the commonest taxon isolated from cysts of Heterodera in northern
Europe. Nevertheless, this separation was not supported by subsequent studies on
secreted enzyme activities and RFLP (restriction fragment length polymorphism)
analysis (Carder et al. 1993). When Gams (1971) proposed the new section
Verticillium sect. Prostrata, he recognised the uniqueness of the verticillate species
accommodated within it compared to other Verticillium species. However, because
of the simplistic generic diagnostic features — phialides in whorls — there were no
tools available to permit further separation of this obviously polyphyletic genus.
Later, Jun et al. (1991) attempted to resolve the taxonomy of the genus Verticillium
through an integrated approach employing morphological, physiological and bio-
chemical characters. They concluded that the plant pathogenic species, such as V.
alboatrum, were significantly different from the species from Verticillium sect.
Prostrata and that — from an UPGMA dendrogram based on over 40 physiological
and morphological characters — six cluster groups could be separated. However, an
isolate of V. chlamydosporium from mollusc eggs remained ungrouped and sat well
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apart from other ungrouped isolates. With the routine use of more sophisticated
molecular techniques in the last 20 years, generic concepts have been refined and
phylogenetic relationships are now being resolved.

2.3 Historical: Post-molecular

2.3.1 Asexual Morph

When Zare et al. (2000) used ITS sequences they were able to distinguish three
major clades (B, C and D) within Verticillium sect. Prostrata, which could be sub-
divided further (D1-3) employing ribosomal DNA sequences (Sung et al. 2001).
The commonest and most distinctive species of group D2, V. chlamydosporium, was
found to be remote from the other taxa —based on both ITS and LSU+SSU sequences
of rDNA — making the group paraphyletic. However, Gams and Zare (2001) elected
to classify all the D2 species in Pochonia, since this was considered to be the oldest
generic name (Batista and Fonseca 1965). Diheterospora pre-dated Pochonia but,
because no type was designated by Kamyschko (1962), the name was not validly
published (Art. 40.1, ICN) — it was validated later by Barron and Onions (1966) —
and they chose not to propose the name for conservation. In addition, Zare et al.
(2001) also argued that the name Pochonia was simpler, as well as nomenclaturally
correct, and, therefore, preferable to Diheterospora — the change was also supported
since “the dictyochlamydospores are subordinate in importance” (Gams and Zare
2001). As previously discussed, Gams (1971, 1988) did not recognise Pochonia as
a distinct genus because separation was based only on the presence or absence of
dictyochlamydospores, which is an unstable or variable character, and reduced it to
synonymy with Verticillium. Following further molecular analyses of small and
large rDNA subunits, the 5.8S and ITS regions (Gams and Zare 2001), the concept
of the genus Verticillium was restricted to plant pathogenic and plant-associated
species. Subsequently, it was proposed to conserve the generic name — with a con-
served type Verticillium dahliae Kleb. (Gams et al. 2005) — and, finally, the new
family Plectosphaerellaceae W. Gams, Summerb. & Zare 2007 (Zare et al. 2007)
was erected to accommodate Verticillium and related genera. This is a sister family
to Glomerellaceae, both of which are of uncertain taxonomic position (incertae
sedis), but far removed from the Clavicipitaceae in the Hypocreales (Zhang et al.
20006).

The generic description of Pochonia, as envisaged and modified by Zare et al.
(2001), is thus:

Colonies rather fast-growing, reaching 15—40 mm diam in 10 days. Conidiophores usually
prostrate and little differentiated from the vegetative hyphae, but sometimes erect and dif-
ferentiated. Conidiogenous cells phialides, aculeate, verticillate or solitary. Conidia adher-
ing in globose heads or chains, subglobose, ellipsoidal to rod-shaped,
isodiametric-polyhedric, or falcate with blunt ends. Dictyochlamydospores produced on
the surface of the colony or submerged in the agar, three-dimensional, pluricellular, thick-
walled structures, usually formed on short stalks.
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The type species is cited as Pochonia humicola [= Verticillium chlamydosporium
var. chlamydosporium]. However, in proposing the new combination, Pochonia
chlamydosporia (Goddard) Zare & W. Gams var. chlamydosporia, P. humicola was
not listed in the synonyms by Zare and Gams (2001), whilst it appeared in the list
compiled by Zare et al. (2001). And, to compound the confusion, although the type
of P. humicola from Brazil had been available and examined in both studies (Gams
1988; Zare et al. 2001), it was decided to select a neotype, based on an isolate from
soil in Germany, which is not permitted under the rules in the ICN. Goddard (1913)
had not designated a type in the original protologue although this was not manda-
tory for valid publication at this time. Moreover, there are still doubts about the
correct citation for the genus type — due to confusion between nomenclature and
taxonomy — since, in consecutive book chapters, it is given initially as P. humicola
(Gams and Zare 2003) and then as P. chlamydosporia (Hodge 2003).

In their revision, six species of Pochonia were accepted and distinguished on the
basis of conidial shape — all with dictyochlamydospores, “or at least some irregularly
swollen hyphae” (Gams and Zare 2001) — and were keyed out: P. chlamydosporia,
P. suchlasporia (W. Gams & Dackman) Zare & W. Gams, P. rubescens Zare,
W. Gams & Lépez-Llorca, P. gonioides (Drechsler) Zare & W. Gams, P. bulbillosa
(W. Gams & Malla) Zare & W. Gams, and P. microbactrospora W. Gams & Zare,
with two varieties being recognised in both P. chlamydosporia and P. suchlasporia
(Zare et al. 2001). Taxa of the genus were said to be mainly parasites of nematode
cysts, although only the first four species had been associated with or isolated from
nematode hosts. In a subsequent review of the clavicipitaceous fungi parasitizing
nematodes, Gams and Zare (2003) modified the key, but still retained the same spe-
cies structure. However, they added the rider that, in the molecular analyses, P. chla-
mydosporia proved to be heterogeneous and concluded that: “This species is not
very closely related to the remaining taxa of the genus”, as suggested previously by
Sung et al. (2001). This heterogeneity of, or variation between, isolates of P. chla-
mydosporia had first been highlighted by Kerry et al. (1986) and Irving and Kerry
(1986), following in vitro growth studies, and was confirmed later by Arora et al.
(1996), using PCR-based molecular analysis. Apart from producing dictyochla-
mydospores, species of Pochonia were also distinguished from those of the closely
related genus Lecanicillium Zare & Gams by the cyanophilic nature — readily absorb-
ing blue stains such as cotton blue — of the conidia (Zare and Gams 2001, 2004).

Subsequently, Zare and Gams (2007) added another species, P. globispora Zare
& W. Gams, distinguished by its globose spores in berry-like heads and apparent
absence of dictyochlamydospores. In addition, it is a root endophyte, rather than a
nematode parasite, although they acknowledged that more studies were needed and
that a nematophagous habit may be established. The cyanophilic phialides and the
very high ITS sequence similarities (99%) with P. chlamydosporia placed it in the
genus Pochonia rather than Lecanicillium. In fact, it was concluded that the ITS
sequences of P. globispora establish a link between P. chlamydosporia and the
other species in the genus, which is well illustrated in the neighbour-joining tree
based on ITS1-5.8S-ITS2 (Zare and Gams 2007). At the same time, Sung et al.
(2007a, b) also added a further species, P. parasitica (G.L. Barron) G.H. Sung,
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J.M. Sung, Hywel-Jones & Spatafora — based on a fungus originally isolated from
rotifers (Barron 1980a, b) — since it clustered with other Pochonia species in the
phylogenetic tree. This tree examined phylogenetic relationships between more
than 160 taxa in the Clavicipitaceae (Lindau) Earle ex Rogerson sensu stricto, and
related families in the Hypocreales — based on Bayesian analyses of five genes
(nrSSU, nrLL.SU, tefl, rpb1 and rpb2) — and separated the Clavicipitaceae into three
clades. Species of Pochonia, including isolates of P. chlamydosporia from mollusc
and nematode hosts, clustered in clade A within the subclade Cordyceps taii along
with Metarhizium, although it was concluded from the analysis that Pochonia,
unlike Metarhizium, is not a monophyletic lineage.

During surveys in Japan for novel fungal metabolites, Nonaka et al. (2013) tar-
geted soil fungi associated with plant roots and, of the 118 Verticillium-like isolates,
50 were identified as Pochonia, based on morphology and multigene (SSU, LSU,
tef, rpbl and rpb2) phylogenetics. All the strains of P. chlamydosporia formed a
strongly supported monophyletic clade which was further divided into four sub-
clades corresponding to: P. chlamydosporia var. chlamydosporia, P. chlamydospo-
ria var. catenulata, P. chlamydosporia var. ellipsospora Nonaka, Kaifuchi &
Masuma and P. chlamydosporia var. spinulospora Nonaka, Kaifuchi & Masuma.
As the varietal epithets indicate, the latter two varieties have a radically different
micro-conidial morphology to the original and much older nematophagous variet-
ies; although both produce similar dictyochlamydospores, albeit significantly larger
in P. chlamydosporia var. spinulospora. A new species, P. boninensis Nonaka,
Kaifuchi & Masuma — with irregularly swollen hyphae rather than dictyochlamydo-
spores — clustered in a separate clade. Even more recently, an additional new vari-
ety — P. chlamydosporia var. mexicana — has been recognised, isolated from eggs of
Meloidogyne in Mexico (Medina-Canales et al. 2014). In the phylogenetic tree pre-
sented — based on the ITS1-5.8S-1TS2 region — isolates of this new variety clustered
in a separate subgroup from the much older nematophagous varieties, separated by
the subgroup defined by P. bulbillosa, the whole being interpreted as a monophy-
letic group or clade. This is somewhat at odds with the findings of Nonaka et al.
(2013) who placed P. bulbillosa in a distinct and distant clade and concluded that
“the inclusion of new Pochonia taxa from Japan failed to reconstruct the genus as
monophyletic”’; confirming the results obtained by Sung et al. (2007a, b). In addi-
tion, because this new variety lacked a description and designation of a type, it was
not validly published. Shortly afterwards, however, this error was recognised and
rectified, when a holotype was designated (Medina-Canales et al. 2015).

2.3.2 Sexual Morph

More confusion was added to the ‘nomenclatural mix” when a sexual stage (sexual
morph or teleomorph), Cordyceps chlamydosporia H.C. Evans, was described from
and associated with P. chlamydosporia on mollusc eggs from tropical forests in
Ecuador (both western and eastern) and Amazonian Brazil (Zare et al. 2001; see
Figs 2.2 and 2.3). The designated holotype, with abundant dictyochlamydospores
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Fig. 2.2 SEM of Pochonia chlamydosporia isolated from mollusc eggs from Amazonian forest,
Ronddnia, Brazil. (A) Solitary phialide with terminal group of conidia; (B) Verticil of phialides
(arrow) with conidia in a mucoid head; (C) Close up of mucoid spore head; (D) Developing dic-
tyochlamydospore, note solitary phialide on left; (E) Mature dictyochlamydospore (Bars: A,
B=4pm; C=15pm; D, E =3 pm)
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Fig. 2.3 Metacordyceps chlamydosporia, type on mollusc eggs from tropical forest, western
Ecuador. (A) Sexual structure (clava or ascostroma) emerging from egg mass buried in soil, bear-
ing rows of erumpent or superficial perithecia (arrow); (B) Close up of above, showing flask-
shaped perithecia; (C) Light microscope image of perithecium at tip of clava; (D) Close up of neck
region, with two cylindrical sexual spores (ascospores) emerging from apical pore of ostiole (Bars:
C =90 pm; D =25 pm)
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covering the egg masses — as well as forming on well-defined aerial structures
(synnemata) — provided circumstantial evidence of a sexual-asexual connection,
which was later confirmed by isolation of the asexual morph from ascospores. The
following diagnosis was given:

Mpycelium white to yellow densely covering the egg mass. Stromata single, unbranched,
white to pale orange, narrow cylindrical, 12—16 x 0.5—-1.25 mm, widening towards the tip.
Fertile area terminal, 2.0-3.5 mm in length, white to pale orange. Perithecia crowded, ini-
tially immersed in the mycelium, becoming erumpent and superficial; smooth, pale yellow,
occasionally brownish orange, broadly flask-shaped, (500—) 600-650 x 250-300 pum, with
a prominent ostiole and a long neck region, 150-200 x 80—120 um, lined with periphyses.
Asci 8-spored, cylindrical, (160-) 200-500 x (2—) 3—4 (4.5) um, with a prominent cap.
Ascospores hyaline, filiform, two fascicles of four, somewhat distended in the ascus, septa
indistinct, not fragmenting into part-spores, 150-350 x 1.0 um.

DNA sequences of Cordyceps chlamydosporia from these mollusc isolates were
not included in the phylogenetic tree constructed during this study (Zare et al. 2001),
but isolates from mollusc and nematode hosts were subsequently compared in a
more comprehensive five-gene phylogenetic classification (Sung et al. 2007a, b)
and the sequences found to be identical. These clustered in a clade containing spe-
cies of Metarhizium within the Clavicipitaceae sensu stricto for which sexual
morphs had been assigned previously to the genus Cordyceps. However, since
Cordyceps sensu stricto clustered in a separate clade — within the new family
Cordycipitaceae Kreisel ex G.H. Sung, J.M. Sung, Hywel-Jones & Spatafora — the
new genus Metacordyceps was established, not only to accommodate species with
Metarhizium asexual morphs, but also P. chlamydosporia, resulting in the publica-
tion of the new combination Metacordyceps chlamydosporia (H.C. Evans)
G.H. Sung, J.M. Sung, Hywel-Jones & Spatafora (Sung et al. 2007a, b). With the
creation of this new teleomorph-typified genus, the question of name priority
quickly became an issue — not only for the well-known and long established genus
Metarhizium, but also for Pochonia — as the lobbying increased for the One fungus,
One name (1F, 1 N) initiative, this concern being highlighted by Gams et al. (2012).

Metacordyceps chlamydosporia was included in a systematic study of the ento-
mopathogenic genus Torrubiella using multi-gene phylogeny, and this mollusc iso-
late fell within the Clavicipitaceae sensu stricto, although it clustered with a species
of Rotiferophthora rather than with another species of Pochonia, P. gonioides
(Johnson et al. 2013). Similarly, Kepler et al. (2013) included M. chlamydosporia
from a mollusc host and P. chlamydosporia from a nematode host, as well as four
other species of Pochonia, in another phylogenetic study of clavicipitioid genera
andthe P. chlamydosporiaisolates grouped together nextto species of Rotiferophthora
and Metarhizium, but somewhat distant from the other species of Pochonia.

This distinction between the type of Pochonia and other species assigned to the
genus had been noted earlier in a phylogenetic study of the genus Metacordyceps
(Kepler et al. 2012). A core Metacordyceps clade was identified — with pigmented
ascostromata and immersed or buried ascomata — in which the asexual morphs per-
tain predominantly to species of Metarhizium, and which could readily be separated
from the other species in the clade with non-pigmented ascostromata and superficial
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or strongly erumpent ascomata, as typified by Metacordyceps chlamydosporia. As
noted previously, in all recent multi-gene phylogenetic studies M. chlamydosporia
clusters nearer to species of Rotiferophthora — parasites of bdelloid rotifers with
similarly prominent but flattened, two-dimensional dictyochlamydospores — than to
other species of Pochonia. These taxa group in a clade basal to the rest of the
Metacordyceps clade for which a sexual morph has never been associated. Following
on from this study, Kepler et al. (2014) employed a molecular dataset of the protein-
coding genes — beta-tubulin (BTUB), largest and second largest RNA Polymerase 11
subunit (RPB1 and RPB2) and translation elongation factor 1-alpha (TEF) — in
order to clarify relationships between Metarhizium and related taxa, including
Pochonia. In a far reaching decision — for research communities in general, and for
biocontrol practitioners in particular — it was proposed that Metarhizium should take
priority rather than the sexual morph, Metacordyceps, which was made in order “to
limit disruption and to maintain the utility of currently recognised names” (Kepler
et al. 2014). Metacordyceps has now been subsumed as a synonym within the
emended genus Metarhizium Sorokin. Moreover, as long suspected, it was found
that the genus Pochonia is polyphyletic and forms two strongly supported but sig-
nificantly different clades. Based on this evidence, it was proposed that Pochonia
should be restricted to those taxa forming a monophyletic clade with the type, P.
chlamydosporia. Most of the other Pochonia-like species grouped in a clade that
sub-tended the rest of the non-outgroup taxa and these are now accommodated in
the new genus Metapochonia Kepler, S.A. Rehner & Humber (Kepler et al. 2014).
Nevertheless, it was also conceded that this is not the final word since the systemat-
ics of Pochonia is still in a state of transition and it was predicted that, with more
comprehensive sampling and molecular data, there will probably be sufficient sup-
port to elevate the varieties of P. chlamydosporia to species status. This continues a
trend not to recognise infraspecific taxa.

2.4 Present Taxonomic Status: One Fungus,
One Name (1F, 1N)

This section summarises the current situation regarding the Pochonia-like fungi
associated with plant-parasitic nematodes. However, there are several issues con-
cerning the correct terminology to be used for certain critical morphological fea-
tures, specifically the spore stages. As discussed previously, various words have
been used to describe the macrospore stage in species of Pochonia, from chlamydo-
spore or dictyochlamydospore to aleuriospore or dictyospore: the former names
imply non-dispersed, usually non-infective, resting structures; the latter names are
used for asexual dispersal spores or conidia. Campbell and Griffiths (1975) used
SEM to study the development of these spores and concluded that they are not aleu-
riospores and that the multicellular structure would be better classified as a dictyo-
chlamydospore. However, this terminology is confusing since it implies that the
spore function is exclusively for perennation and not for dispersal. It is obvious from
the morphology that these aerial spores are liberated freely and have a dispersal
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function. In fact, they are usually the dominant spore form and the propagule of
choice in mass production. Therefore, by definition, this spore would be classified
as a type of conidium. In the latest taxonomic treatment of Pochonia (Seifert et al.
2011), it is described as “A dimorphic anamorph genus for species with verticillium-
like conidiophores and often dictychlamydospores”. The spore states are described,
thus: A-anamorph [asexual morph] — ameroconidia (aseptate spores), hyaline, slimy;
B-anamorph, hyaline, stalked dictyochlamydospore. In the glossary, a chlamydo-
spore is defined as “thick-walled, resistant; persistent, not being liberated by a
dehiscence mechanism” (Seifert et al. 2011). Clearly, there is considerable ambigu-
ity, and it is suggested here that a working compromise would be to adopt the dimor-
phic terminology for the two asexual morphs: A-anamorph (ameroconidium);
B-anamorph (dictyoconidium); the latter being defined as a “conidium with septa
running both transversally and longitudinally” (Seifert et al. 2011).

Pochonia Bat. & O.M. Fonseca, Publ Inst Micol Recife 462: 4, 1965

Clavicipitaceae, Hypocreales, Hypocreomycetidae, Sordariomycetes,
Pezizomycotina, Ascomycota, Fungi

= Diheterospora Kamyschko, Bot Mater Otd Sporov Rast Bot Inst Komarova Akad
Nauk USSR 15: 137, 1962 (nomen invalidum) ex G.L. Barron & Onions, Can J
Bot 44: 866, 1966

Type Species: Pochonia humicola Bat. & O.M. Fonseca 1965 = P. chlamydosporia
(Goddard) Zare & W. Gams (Zare et al. 2001).
The following varieties are recognised:

Pochonia chlamydosporia (Goddard) Zare & W Gams var. chlamydosporia, Nova
Hedwigia 72: 334, 2001

= Verticillium chlamydosporium Goddard, Bot Gaz 56: 275, 1913

= Diheterospora chlamydosporia (Goddard) G.L. Barron & Onions, Can J Bot 44:
866, 1966

= Stemphyliopsis ovorum Petch, Trans Br Mycol Soc 23: 146, 1939

= Diheterospora heterospora Kamyschko, Bot Mater Otd Sporov Rast Bot Inst
Komarova Akad Nauk USSR 15: 138, 1962 (nomen invalidum) ex G.L. Barron
& Onions, Can J Bot 44: 866, 1966

= Pochonia humicola Bat. & O.M. Fonseca, Publ Inst Micol Recife 462: 5,1965

= Dictyoarthrinopsis kelleyi Dominik & Majchr., Mycopath Mycol Appl 28: 210,
1966

= Cordyceps chlamydosporia H.C. Evans, Nova Hedwigia 72: 59, 2001

= Metacordyceps chlamydosporia (H.C. Evans) G.H. Sung, J.M. Sung, Hywel-
Jones & Spatafora, Stud Mycol 57: 35, 2007

Cosmopolitan: isolated directly from soil, and as a parasite on nematode eggs,
cysts and egg masses within galls (Heterodera, Meloidogyne, Globodera), as well
as on eggs of molluscs — including the giant African snail (Achatina fulica) — from
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the rhizosphere, and as a root endophyte from dicots (Barron and Onions 1966;
Lopez-Llorca and Boag 1993a; Zare et al. 2001; Zare and Gams 2003a).

Zare and Gams (2003a) also listed it from insect hosts (Aphididae), and from
tapeworm (Ascaris) eggs, but these are considered to be dubious records or from
laboratory infection experiments.

Pochonia chlamydosporia var. catenulata (Kamyschko ex G.L. Barron & Onions)
Zare & W. Gams, Nova Hedwigia 72: 334, 2001

= Diheterospora catenulata Kamyschko, Bot Mater Otd Sporov Rast Bot Inst
Komarova Akad Nauk USSR 15: 138, 1962 (nomen invalidum) ex G.L. Barron
& Onions, Can J Bot 44: 868, 1966

= Verticillium catenulatum (Kamyschko ex G.L. Barron & Onions) W. Gams, Neth
J P1 Pathol 94: 134, 1988

Cosmopolitan: isolated from soil, eggs of Heterodera, slug eggs (Agriolimax
agrestis) and as an entomopathogen associated with a Cordyceps sexual morph on a
beetle larva (Barron and Onions 1966; Gams 1988; Zare et al. 2001; Zare and Gams
2003a).

The phialidic asexual morph (A-anamorph) was considered by Barron and
Onions (1966) as pertaining to the genus Paecilomyces rather than to Verticillium,
because of the common occurrence of primary and secondary verticils and the dry
spores in chains rather than in mucoid heads, and separated it from V. chlamydospo-
rium at the species level within the genus Diheterospora, and based on the aleurio-
spore asexual morph (= B-anamorph or dictyospore). Subsequently, as noted earlier,
Gams (1971, 1988) and Zare et al. (2001) rejected this generic and species concept
and chose to classify these taxa at the varietal rank within Verticillium and then in
Pochonia, with the dictyochlamydospores becoming a secondary character.
However, as well as differences in conidiogenesis, the phialospores can also be
distinguished morphologically; those of P. chlamydosporia var. catenulata being
subglobose to limoniform, compared to the ovoid to short cylindric or ellipsoidal
and slightly larger spores of P. chlamydosporia var. chlamydosporia.

Pochonia chlamydosporia var. ellipsospora Nonaka, Kaifuchi & Masuma,
Mycologia 105: 1207, 2013

Pochonia chlamydosporia var. spinulospora Nonaka, Kaifuchi & Masuma,
Mycologia 105: 1209, 2013

Japan: isolated from soil.

As described by Nonaka et al. (2013), in P. chlamydosporia var. ellipsospora the
predominantly ellipsoidal phialospores are produced in small heads, contrasting
strongly with those of P. chlamydosporia var. spinulosa which are globose to sub-
globose, as well as markedly ornamented or spiny, and produced in chains.

Pochonia  chlamydosporia  var.  mexicana  M.G.  Medina-Canales,
A.V. Rodriguez-Tovar, R.H. Manzanilla-Lépez, G. Zufiga, A. Tovar-Soto, Index
Fungorum 239: 1, 2015
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Mexico: isolated from soil, rhizosphere and plant roots, as well as from galls of
Meloidogyne (Medina-Canales et al. 2014). Isolates were shown to be parasitic on
eggs of various root-knot nematodes (Meloidogyne spp.) and were considered to
have biological control potential.

The following is an abridged description from the protologue (Medina-Canales
et al. 2015): Phialides solitary. Conidia of different size and shape; elongate conidia
of two sizes, the smaller (1 + 0.25 x 0.3 = 0.09 um), termed microconidia, and the
larger (3.2 +0.83 X 0.9 + 0.26 pm); and globose conidia (2.4 = 0.55 x 1.5 £0.37 pm).
Colonies white becoming beige with pale yellow to orange reverse. A description of
the ‘chlamydospores’ was lacking in this protologue, although SEM images of these
appeared in the original publication (Medina-Canales et al. 2014). It is obvious from
the description of the phialospores that this taxon is morphologically, as well as
molecularly distinct from the type species of Pochonia.

Metapochonia Kepler, S.A. Rehner & Humber, Mycologia 106: 820, 2014

Verticillium-like, producing conidia on slender awl-shaped phialides, solitary or
in whorls; dictyochlamydospores often present, but scarce and typically submerged
in the substrate; phylogenetic position near to but outside the true Pochonia clade.
Unlike Pochonia, the macrospores are true resting spores with no other function
other than perennation; having no form of dehiscence and being buried. In fact, their
relative scarcity and simple structure suggests that they are primitive compared to
the dictyospores of Pochonia which may have evolved from them to function as the
dominant aerial, dispersal, infective spore and to play a key role in the life cycle.

Type Species: Pochonia suchlasporia (W. Gams & Dackman) Zare & W. Gams,
Nova Hedwigia 73: 67, 2001.

According to Kepler et al. (2014), the genus “Encompasses at least seven spe-
cies”, however, only those associated with nematodes are included here.

Metapochonia gonoides (Drechsler) Kepler, S.A. Rehner & Humber, Mycologia
106: 820, 2014

= Acrostalagmus goniodes Drechsler, ] Washington Acad Sci 32: 347, 1942

= Verticillium goniodes [as gonioides] (Drechsler) W. Gams & Stalpers, Neth J Pl
Pathol 94:

143, 1988

= Pochonia gonoides [as gonioides] (Drechsler) Zare & W. Gams, Nova Hedwigia
73: 72,2001

Temperate: isolated from plants and leaf litter; originally described from cysts and
eggs of Heterodera, as well as an endoparasite of Rhabditis, and from free-living
nematodes, such as Bunonema (Gams 1988; Zare et al. 2001).

Metapochonia rubescens (Zare, W. Gams & Ldpez-Llorca) Kepler, S.A. Rehner &
Humber, Mycologia 106: 820, 2014

= Pochonia rubescens Zare, W.Gams & Lopez-Llorca, Nova Hedwigia 73: 69, 2001
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Temperate: isolated from soil; from cysts and eggs of Heterodera, culture filtrates
have been shown to be nematicidal to Globodera rostochiensis (Lopez-Llorca and
Boag 1993b).

Metapochonia suchlasporia (W. Gams & Dackman) Kepler, S.A. Rehner &
Humber, Mycologia 106: 820, 2014

= Verticillium suchlasporia W. Gams & Dackman, Neth J PI Pathol 94: 136, 1988
= Pochonia suchlasporia (W. Gams & Dackman) Zare & W. Gams, Nova Hedwigia
73: 67,2001

Temperate: isolated from soil; from cysts and eggs of Heterodera and Globodera
(Gams 1988; Zare et al. 2001; Zare and Gams 2003b).

The latter authors distinguished two varieties within this species, Metapochonia
suchlasporia var. suchlasporia and M. suchlasporia var. catenata, with almost the
same morphological characters — conidia produced in heads as opposed to chains —
used to separate Pochonia chlamydosporia var. chlamydosporia and P. chlamydo-
sporia var. catenulata.

2.5 Future Taxonomic Status?

As emphasised in the introduction, fungal systematics is in a state of flux, no more
so than in the Hypocreales to which many of the fungal pathogens or parasites of
invertebrates belong: a still largely untapped source of potential biological control
agents and novel metabolites. The following areas are identified where future
actions would be needed to clarify the taxonomic status of Pochonia chlamydospo-
ria, and its nematode-parasitising relatives, as well as its biology and relationship
with other groups within the Hypocreales:

e Itis obvious from Sect. 4, that the differences — both morphological and molecu-
lar — between the five varieties of P. chlamydosporia justify their elevation to
species rank, as happened in the genus Metarhizium (Bischoff et al. 2009; Kepler
et al. 2014). This trend has also been adopted for hypocrealean pathogens of ants
which previously had been afforded varietal status within ant complexes (Evans
and Samson 1982, 1984), but latterly — with the inclusion of more characters,
including spore germination patterns, and the advent of molecular phylogenet-
ics — species can readily been delimited (Evans et al. 2011; Aratjo et al. 2015).
Indeed, there is now the probability that these Ophiocordyceps-ant complexes
contain numerous, even hundreds of ‘hidden’ species, rather than the simplistic
view of one over-arching species with many varieties, which could be compara-
ble to the situation in the Pochonia-nematode complex. More robust sampling
and phlylogenetic analyses could reveal an equivalent richness of species, espe-
cially in the tropics, as shown by recent in-depth studies of the soil mycobiota in
Japan and Mexico (Nonaka et al. 2013; Medina-Canales et al. 2014). Indeed, this
richness and potential megadiversity of the genus Pochonia has been exemplified
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recently by the isolation of a species from a Myrmica ant in the UK — originally
listed as P. chlamydosporia (Evans et al. 2010) — which, following a detailed
morphological analysis, was found to produce four spore types; including dic-
tyospores and conidia with prominent ornamentation, as well as true thick-
walled, aseptate resting spores (H.C. Evans, unpublished).

e The association of P. chlamydosporia var. chlamydosporia with hosts as diverse
as plant-parasitic nematodes and molluscs — and the production of a well-defined
sexual morph on the latter — is intriguing, as well as puzzling. Moreover, this link
has been supported consistently by phylogenetic analyses, leading to the sugges-
tion that such a connection points to novel heteroxenous — having more than one
host — life cycles within these fungi (Hodge 2003). Indeed, there is an example
of such a life cycle with the discovery of a new species of Harposporium on an
arboreal coleopteran larva, which produced compound synnemata together with
a synanamorph in the genus Hirsutella (= Ophiocordyceps), with the former
prominent within the bark and the latter emerging onto the surface (Evans and
Whitehead 2005). Until recently, Harposporium was considered to be predomi-
nantly a nematophagous genus — parasitic on saprophagous nematode genera in
which the characteristic crescent-shaped or lunate conidia are ingested and lodge
in the digestive tract and thereby initiate infection — and there are several other
examples of this potential heteroxenous habit (Hodge 2003; Zare and Gams
2003a, b). It was posited that the Harposporium conidia are deposited between
the inner bark and infect free-living nematodes feeding on the detritus, whilst the
Hirsutella conidia infect beetle larvae crawling over the bark (Evans and
Whitehead 2005). The Ophiocordyceps sexual morph with forcibly discharged
aerial spores (ascospores) would be eventually produced on the mummified
cadaver. This is mirrored in Pochonia chlamydosporia var. chlamydosporia on
mollusc eggs in the tropics: the conidia of the A-asexual morph may be exclu-
sively to infect the snail eggs, whilst those of the B-asexual morph (dictyospores)
may function to infect soil nematodes, as well as to serve as survival structures.
Given the size and complexity of the sexual morph, there is no way that this stage
can ever form on nematode hosts and hence genetic variation within the species
is dependent on the ‘intermediate’ mollusc (or insect) host. The same occurs with
P. chlamydosporia var. catenulata which has been isolated on several occasions
from ascospores of a robust Cordyceps-like species on beetle larvae in tropical
forests; producing typical A-asexual and B-asexual morphs in culture
(H.C. Evans, unpublished). Isolates have been included in phylogenetic analyses
(Zare and Gams 2001; Zare and Gams 2007), and proved to be indistinguishable
from strains isolated from temperate soil. A recent analysis of the mitochondrial
genome of P. chlamydosporia has confirmed this close relationship with the
invertebrate-pathogenic fungi in the Hypocreales and they form a monophyletic
group sharing a common ancestor (Lin et al. 2015). Further surveys in the tropics
should reveal similar links with other varieties/species in the P. chlamydosporia
complex producing sexual morphs on insect and mollusc hosts.

e The ability of P. chlamydosporia to live as a true or coevolved endophyte within
plant roots is now being recognised; offering intriguing biological control pos-
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sibilities, as well as indicating a potential additional role as a plant growth pro-
moter (Bordallo et al. 2002; Monfort et al. 2005; Larriba et al. 2014). The
multitrophic habit of this fungus means it functions both as a pathogen of inver-
tebrates (insect, nematodes and molluscs) and as a plant symbiont, which it
shares with its close relatives in the genus Metarhizium (Sasan and Bidochka
2012), and may even extend to movement of nitrogen from the soil into the plant
(Behie and Bidochka 2014). Most genera of the entomopathogenic Hypocreales
show a high tolerance to fungicides, such as dodine (Beilharz et al. 1982), and
both P. chlamydosporia and Metapochonia suchlasporia have also demonstrated
a degree of tolerance to copper (Baath 1991). During experiments with fungicide-
based selective media to isolate species of Metarhizium from root systems of
mature coffee trees in Brazil, the plates were dominated by P. chlamydosporia
sensu lato; however, in previous studies with coffee soil, the plates were domi-
nated by Metarhizium (H.C. Evans, unpublished). It appears highly likely, there-
fore, that P. chlamydosporia is a common resident of plant roots, especially in
the tropics, and future surveys should concentrate on plant root systems — as well
as soils — in tropical forest ecosystems in order to measure the true diversity
within the P. chlamydosporia complex.
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Chapter 3
Biology and Management of Pochonia
chlamydosporia and Plant-Parasitic Nematodes

Rosa H. Manzanilla-Lépez, Ivania Esteves, and Jean Devonshire

Abstract The nematophagous fungus Pochonia chlamydosporia (Clavicipitaceae)
is a facultative parasite of major plant-parasitic nematodes pests such as cyst
(Globodera spp., Heterodera spp.), root-knot (Meloidogyne spp.), false root-knot
(Nacobbus spp.) and reniform (Rotylenchulus reniformis) nematodes. The potential
of P. chlamydosporia as a biological control agent and biopesticide has been the
subject of numerous studies aimed at understanding the micro-ecological condi-
tions that allow the fungus to thrive in the soil and rhizosphere environments.
Pochonia survives in soil in the absence of plant and nematode hosts and can also
behave as an endophyte. Research evidence points to a physiological ‘switch’ from
the saprophytic to the parasitic stage that is triggered by nutrition. The basic biology
of the fungus and sedentary endoparasitic plant nematodes is reviewed to provide
insights into the fungus multitrophic behaviour, as well as its importance as a bio-
control agent within an integrated pest management approach.
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3.1 Introduction

Large-scale estimate of crop loss due to plant-parasitic nematodes (PPN) probably
exceed US$ 100 billion annually (Sasser and Freckman 1987). Losses may be even
higher at present costs but PPN interactions with other disease-causing agents has
made it difficult accurately to measure their impact on yield. Plant-parasitic nema-
todes are often regarded as capable of producing a single, recognizable disease, but
may also facilitate the entry and establishment of other microorganisms, including
plant pathogens. Often the nematode partner is affected, either to its benefit or dis-
advantage, leading to ‘interrelationships’ and ‘interactions’ with viruses, fungi and
bacteria (Manzanilla-Lépez and Hunt 2008). Pochonia chlamydosporia and its vari-
eties are facultative parasites of eggs of potato cyst (Globodera pallida, G. rosto-
chiensis), cereal cyst (Heterodera avenae), beet cyst (H. schachtii), soybean cyst (H.
glycines), root-knot (Meloidogyne spp.), false root-knot (Nacobbus aberrans sensu
lato) and reniform (Rotylenchulus reniformis) nematodes. Other potential hosts
include helminth eggs and eggs of animal-parasitic nematodes in which the ovicidal
activity of the fungus has been demonstrated experimentally (see Chap. 17).

Among other factors, the phasing out of nematicides and the increasing need for
environment-friendly alternatives that are compatible with integrated pest manage-
ment (IPM) and integrated biology soil management approaches (Stirling 2014)
have encouraged the screening and testing of numerous isolates of the fungus in
order to find those that can work as potential biocontrol agents against PPN (see
Chap. 12). However, only a few strains of P. chlamydosporia are commercially
available (see Chap. 15). In this chapter, we will review the biology of the fungus,
selected ecological factors within the tritrophic (plant, fungus and nematode) and
multitrophic interactions, and how they may affect the effectiveness of two of the
most studied varieties of the fungus: P. chlamydosporia var. chlamydosporia and P.
chlamydosporia var. catenulata as biological control agents (BCA) and their inclu-
sion as part of a nematode IPM programme (see Chaps. 15 and 16). Relevant infor-
mation on other species that formerly belonged to Pochonia, but which are now
placed in Metapochonia (see Chap. 2), is also included.

3.2 C(Classification

Pochonia chlamydosporia has been isolated worldwide from soils as fungal spores
and as a parasite of eggs of various invertebrates. The genus Pochonia Bat. &
O.M. Fonseca 1965 is included in the order Hypocreales (Clavicipitaceae) and
closely related to Verticillium. Molecular studies have allowed the recognition of at
least five Pochonia chlamydosporia varieties: P. chlamydosporia var. chlamydospo-
ria, P. chlamydosporia. var. catenulata, P. chlamydosporia var. ellipsospora, P.
chlamydosporia var. mexicana and P. chlamydosporia var. spinulospora.
Classification of former Pochonia spp. that are now placed within the genus
Metapochonia and teleomorphs of the fungus (i.e., Cordyceps chlamydosporia,
Metacordyceps chlamydosporia) have been revised by Evans and Kirk in Chap. 2.
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3.3 Morphology

Pochonia colonies on agar are white or whitish to ochre yellow and cottony. It is a
relatively slow growing fungus achieving up to 0.3 cm per day according to incubat-
ing temperature (Kerry 1991; Clyde 1993). Conidiophores are prostrate and little
differentiated from vegetative hyphae or erect and differentiated, verticillate or soli-
tary. Conidia adhere to form globose mucoid spore heads or chains (Gams 1988).
Chlamydospores (dictyochlamydospores) are variable in shape, formed on short
stalks, or less differentiated and without a stalk. Chlamydospores are commonly
referred to as the resting structure of the fungus although the term ‘dictyochlamydo-
spores’ is more accurate (see Chap. 2). Perithecia (subglobose or flask-like ostiolate
ascomas; Kirk et al. 2008) are known to be formed only in the sexual phase of the
fungus occurring in mollusc eggs (see Chap. 2).

Sporulation may be controlled by genetic switches triggered by environmental
conditions — spores (conidia and chlamydospores) germinate in soil giving rise to
propagules (Clyde 1993). The individual conidium has one nucleus (Fig. 3.1).
However, during germination the conidium can give the impression of having two
nuclei. The germinating conidia produce one germinating tube that can be followed by
a second. The germination tube grows and gives rise to hyphae (Fig. 3.2). Hyphae of
P. chlamydosporia var. chlamydosporia isolates form loops, anastomosing hyphae,
hyphae webs, and other structures when grown in agar cultures (Fig. 3.3A-F). An
individual hypha can twist and intertwine with other hyphae to form a sort of filamen-
tous aggregation of hyphae that may also anastomose (Fig. 3.3B). Hyphal anastomosis
(i.e., fusion between different branches of the same or different hyphae) is an impor-
tant feature in intra-hyphal communication, translocation of water, nutrients and col-
ony homeostasis (Hickey et al. 2002). Pochonia chlamydosporia var. chlamydosporia

Fig. 3.1 Pochonia chlamydosporia var. chlamydosporia conidia, conidiophores and hyphae
stained with fluorescence stain HOE 33258. conidia (CO), conidium nucleus (N; arrow), anasto-
mosing hyphae (ANH), hypha septum (HS; arrow), multinucleate (HN; arrow) hypha cells
(Copyright Rothamsted Research Ltd.)
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Fig. 3.2 Pochonia
chlamydosporia conidium
(Co), germination tube
(Gt) and budding hyphae
(BH) (arrows).
Fluorescence stain HOE
33258 (Copyright
Rothamsted Research Ltd.)

hyphal cells are multinucleate as shown when stained with HOE 33258 (Fig. 3.1).
Appressoria are formed by hyphae in contact with the epidermal cell walls to penetrate
the root epidermis cells and nematode eggs (Lopez-Llorca et al. 2002a, b).

The mycelial biomass growing in liquid cultures can aggregate to form pellets
(Sykes 1994; Ward et al. 2012; see Chap. 11, Sect. 11.4). Mycelia pellets (Fig. 3.4A)
are similar to ‘microsclerotia’ of the entomopathogenic fungus Metarhizium aniso-
pliae (Jackson and Jaronski 2009). Some isolates of P. chlamydosporia also produce
microsclerotia-like structures formed by aggregates of hyphae and conidia (Fig. 3.4B
Manzanilla-Lépez unpublished data) when cultured in a basal salts liquid media
supplemented with 81 g/l of glucose and 9.0 g/l casamino acids, trace elements, and
vitamins according to the method described by Jackson and Jaronski (2009); similar
structures were occasionally found in old cultures of the fungus. The capacity to
produce microsclerotia has been reported recently in the nematophagous fungus
Purpureocilliumlilacinum (Songetal. 2016). However, production of microsclerotia-
like structures by different isolates of P. chlamydosporia var. chlamydosporia
requires further study.

Crystals were observed when isolates Pc60 (UK), Pc190 (Kenya), Pc280 (Jersey),
and Pc309 (Zimbabwe) of P. chlamydosporia from the Rothamsted culture collec-
tion were grown in glass slides covered with a thin layer of agar composed of
Czapek Dox Broth and Daishin agar (see Chap. 11, Sect. 11.4) and kept in a humid
chamber for 3—4 days at 26 °C (Fig. 3.5A) (Manzanilla-Lépez unpublished infor-
mation). Crystals have also been observed on the surface of colonized eggs
(Fig. 3.5B). Energy dispersive spectrometry (EDS) of crystals of isolate Pc190
indicates the presence of calcium in the crystals (Fig. 3.5C, D). The presence of
calcium, oxygen and carbon indicate calcium oxalate (CaC,0,) composition. The
octahedral crystals (dihydrate form) and rhomboid ‘picket fence’ crystals (monohy-
drate form) of calcium oxalate are observed in light and scanning electron
microscopy of Pc190 (Fig. 3.5A). A flat surface exhibited in the monohydrate form
makes it suitable for analysis in an SEM using EDS. Calcium oxalate crystals have
been identified using SME and EDS in other fungi such as Lecanicillium fungicola
(see Santana Nunes et al. 2017).
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Fig. 3.3 Pochonia chlamydosporia var. chlamydosporia hyphae and mucoid heads of conidia
(Cryo SEM micrographs). (A) Hyphal loops and conidiophores (phialides); (B) Hyphae inter-
twined and anastomosed; (C) Two hyphae branching out from the swollen tip of a hypha; (D)
Chlamydospore; (E) Mucoid spore heads supported by conidiophores. The mucoid spore heads
can be pushed between hyphae (right corner) or become stuck on the surface of other hyphae; (F)
Note the hole (scar) produced on a mucoid spore head as a result of the detachment of the conid-
iophore tip. Anastomosing hyphae (ANH); conidiophores (Coph); conidia (CO); conidia mucoid
head (COMH); hyphae (H); hyphal loops (HL); swollen hyphal tip (SHT) (Copyright Rothamsted
Research Ltd.)

The absence of crystals has been considered one of the features that can distin-
guish Pochonia from Lecanicillium species (Zare and Gams 2007). Crystals have
been reported for Pochonia microbactrospora (= Metapochonia microbactrospora)
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Fig. 3.4 Pochonia chlamydosporia var. chlamydosporia mycelia pellets and ‘microsclerotia-like’
structures produced in liquid culture. (A) Mycelia pellet (spherical mycelia aggregate) with
Meloidogyne incognita eggs (arrow). Eggs were added to the fungus culture media and incubated
at 28 °C for 1-2 days (Ward et al. 2012); (B) ‘Micro-sclerotia-like’ structures produced in liquid
media (Jackson and Jaronski 2009) (Copyright Rothamsted Research Ltd.)

but not for P. chlamydosporia (Zare et al. 2001). The presence/absence of crystals
in P. chlamydosporia varieties also deserves further investigation.

3.3.1 Virulence of Fungal Propagules to Nematodes

According to the Dictionary of the Fungi (Kirk et al. 2008) a pathogen is “a parasite
able to cause disease in a particular host or range of hosts” and virulence refers to
“the degree or measure of pathogenicity of the parasite”. The fungus can infect
nematodes with conidia and hyphae but the pathogenicity to nematodes of propa-
gules of P. chlamydosporia, produced under different nutritional conditions, has not
been fully assessed (Mo et al. 2005; see also Chaps. 11 and 12). The fungus does not
produce chlamydospores in liquid culture but conidia on phialides. Although some
isolates do not produce chlamydospores in solid media, this does not indicate that
they are never produced. It is possible that isolates can produce chlamydospores
given the appropriate environmental stimulus; for example, P. chlamydosporia iso-
late 149 produced chlamydospores (‘spores’) in vitro only after 7 months of incuba-
tion at the optimum growth temperature (Clyde 1993). Chlamydospores have
sufficient food reserves to enable the fungus to establish without the addition of
other energy sources (Kerry et al. 1993; Mauchline et al. 2002). They are one of the
commonest inocula sources for adding the fungus to soil to control PPN.

3.4 Trophic Interactions

The biology of P. chlamydosporia is more complex than previously thought, the
fungus being potentially able to display multitrophic (multimodal) and symbiotic
abilities according to available substrata, hosts, and environmental conditions (see
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Fig. 3.5 Pochonia chlamydosporia var. chlamydosporia crystals. (A) Light microscopy indicating
octahedral crystals (arrows); (B) SEM Cluster of octahedral crystals adjacent to P. chlamydosporia
hyphae on the surface of a colonized Meloidogyne incognita egg. The fungus was cultured on a
nuclepore filter (Millipore, 10 mm diam., 3 pm pore) coated with one drop of Czapek Dox broth
agar medium; (C) SEM with rhomboid crystals adjacent to hypha of Pochonia chlamydosporia
cultured on a nuclepore filter and indicating the Energy Dispersive Spectrometry (EDS) site of
examination. Spectrum obtained from site of interest indicated in SME micrograph of crystals; (D)
Energy dispersive spectrometry of crystals of P. chlamydosporia var. chlamydosporia isolate
Pc190 of the fungus. Calcium (Ca) is identified in the crystals. The gold (Au) peaks arise from the
coating the sample received during preparation. Scale bar: A 35 pm; B 2 pm; C 5 pm (Copyright
Rothamsted Research Ltd.)

Chap. 2). Fungi adapted to different mutualism and parasitism interactions, such as
Pochonia, are likely to have developed different strategies to overcome their host’s
defence (Stadler et al. 2003; see Chaps. 5 and 7). The parasitic phase of P. chla-
mydosporia has not been so extensively studied in invertebrate hosts such as mol-
luscs and insects, and there are currently very few data available for this aspect (see
Chap. 2). By contrast the tritrophic interaction between the fungus, the plant and the
nematode is amongst the most studied. Pochonia can survive in its saprophytic stage
in the absence of both the plant and nematode hosts (see Chap. 4). As a soil sapro-
troph, the fungus is able to compete effectively with other soil microflora (Kerry
1988). Kerry et al. (1993) have noted that, once established in soil, factors that affect
rhizosphere colonization are likely to determine the efficacy of the fungus. Screening
of isolates as potential BCA has also shown that isolates can behave as good or poor
saprophytes, rhizosphere colonizers, and parasites (see Chap. 12). Some isolates of
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P. chlamydosporia grow rapidly while others grow poorly in different soils follow-
ing application, as shown by root-knot nematode biotype Pc392 which had a higher
growth rate than potato cyst nematode biotype Pc280 (Manzanilla-Lépez et al.
2011a). The phase of the fungus as a rhizosphere colonizer, and/or as an endophyte,
occurs through interaction with plant roots (see Chap. 5). Pochonia can colonize the
epidermis of some species of Gramineae and Solanaceae, but they do not invade the
vascular cylinder in comparison to plant pathogenic fungi. Research has shown that
the fungus also displays an endophytic behaviour (Macia-Vicente et al. 2009a). This
endophytic ability needs to be added to the BCA screening process of isolates.

3.4.1 Rhizosphere Colonization

Hyphal growth can be a limited means of spread for the fungus but it may be more
important in the rhizosphere than in surrounding soil (Clyde 1993). Early establish-
ment on host crops may give P. chlamydosporia an advantage over competitive
rhizosphere microflora; it may also maximise infective potential by being present at
high densities when nematode females first appear (Clyde 1993). Furthermore,
some Pochonia spp. isolates have shown an endophytic behaviour that may be ben-
eficial to the host plant’s defence against other soil borne pathogens (Bordallo et al.
2002; Macia-Vicente et al. 2009a, b; see also Chap. 5).

Fungal root colonization produces intra- and inter-cellular hyphal nets. Root sur-
face colonization is higher than internal colonization (Fig. 3.6A, B), the latter reach-
ing as far as the inner cortical cells of the root tissues. Root colonization also shows
differences between mono- and dicotyledonous plants. In barley roots (Hordeum
vulgare, monocotyledon) intercellular hyphae form ‘steps’ along the cell walls;
hyphal penetration occurs through the longitudinal cell walls of the root (Lopez-
Llorca et al. 2002a, b). Hyphal loops, which have being associated with nutrients
absorption, also occur within root cells in both epidermal and cortical cells. Nuclei
of epidermal cells have been sometimes found to be colonised by the fungus (Lopez-
Llorca et al. 2002b). Chlamydospores occur in the rhizoplane (Fig. 3.6A) but they
are sometimes produced within epidermal cells. On tomato roots (Solanum lycoper-
sicum, dicotyledon), conidia and chlamydospores can be produced 1 month after
inoculation (Bordallo et al. 2002). Lignitubers ensheath hyphae in tomato roots but
not in barley, a feature that may partly explain the different extent of root coloniza-
tion and host defence mechanisms acting in both plant hosts, including stress
(Bordallo et al. 2002). The histochemistry of colonized roots has shown deposits of
lignin and phenolics in papillae and cell walls related to host defence reactions
(Bordallo et al. 2002). Guaiacol peroxidase is associated with many important bio-
synthetic processes and defence against abiotic and biotic stresses (Sharma et al.
2012). Guaiacol peroxidase (GPO) activity was significantly lower in barley seed-
lings inoculated with Gaeumannomyces graminis combined with P. chlamydospo-
ria or Lecanicillium lecanii isolate 4629 than in seedlings inoculated with G.
graminis alone. Hence, reduction in peroxidase production was considered stress-
decrease related (Monfort et al. 2005).
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Fig. 3.6 Rhizosphere colonization of wheat by Pochonia chlamydosporia var. chlamydosporia.
(A) Hypha (left arrow) and chlamydospore (right arrow); (B) Hyphae inside an epidermal root cell
(arrow). Scale bar: (A) 10 pm; (B) 35 pm (After Manzanilla-Lopez et al. 2011a. Copyright
Rothamsted Research Ltd.)

Monitoring of root colonization by Green Fluorescent Protein GFP-expressing
transformants has provided further evidence of a plant response against endophyte
colonization in barley roots (Macid-Vicente et al. 2009a). Laser scanning confocal
microscopy showed that 3 days after inoculation (dai), transformant Pc123gfp
formed discrete hyphae aggregates close to root hairs on the root surface. Penetration
of the epidermis cells was through appressorium-like structures, which elicited
papilla formation to prevent fungal penetration. Hyphal death resulted from the host
response but living hyphae developed in other parts of the root to escape the defence
reaction. It has been suggested that long-term endophytic root colonization depends
on reaching an equilibrium between the plant defence mechanisms and the fungal
rhizosphere competence of Pochonia (See Chap. 4). Root endophytic performance
by biocontrol fungi is an important factor for control of root pathogens, through
phenomena such as escape from competition with soil microbiota, enhancement of
plant growth and modulation of plant defences (see Chap. 14).

3.4.2 Crop Growth Enhancement

Increased growth occurred with a single application of a native isolate of P. chla-
mydosporia (5 x 10° chlamydospore/g soil) to reduce the numbers of R. reniformis
on cotton roots and soil under glasshouse conditions (Wang et al. 2005). Longer roots
and shoots are produced in potato plants inoculated with P. chlamydosporia var.
chlamydosporia in the absence of nematodes. However, a negative effect occurred on
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potato plant growth when the fungus and M. incognita were inoculated simultane-
ously on plants (Manzanilla-L6pez et al. 2011a). Other species, such as Pochonia
[Metapochonia] rubescens, apparently induce changes in the host plant that increase
root length of barley seedlings (Monfort et al. 2005; Lopez-Llorca et al. 2008).

Although the parasitic effect of the fungus on eggs of sedentary endoparasitic
plant nematodes is better known, there is no information about how the control of
migratory plant-parasitic nematodes is affected by the fungus (see Chaps. 4 and 15).
It has been proposed that, since the fungus is a root endophyte, it can affect migratory
endo-parasitic nematodes such as Pratylenchus spp. and Radopholus similis by pro-
ducing a toxin or by inducing resistance in plants such as banana (Freitas et al. 2009).
Combination of the fungus with treatments of jasmonic acid, a plant signalling mol-
ecule that mediates plant defence responses (Cheng-Gang and Chuan-Chao 2012),
has shown promising results in controlling root-knot nematodes (see Chap. 14).

3.5 Plant-Parasitic Nematodes and Pochonia chlamydosporia
Parasitism

Different evolutionary strategies within the phylum Nematoda encompass a wide
range of trophic habits, including plant parasitism. Endoparasites (migratory or sed-
entary) conduct most of their vital processes inside the roots (except during the
dispersive stages), their mobility and feeding habits resulting in death of cells and
disruption of root function. Migration through roots characterizes the first level of
obligate endoparasitism (Pratylenchus, Radopholus), the next stage being sessile
endoparasitism. The development of females that induce trophic nurse cells and
galls allowed the sedentary habit to develop free of the necrotic reaction caused by
the migratory habit, the second-stage juveniles (J2) and males being the only mobile
stages. Such sedentary females may be transformed into a tough cyst containing J2
within eggs (Heterodera spp., Globodera spp.), or the females may be non-cyst-
forming (Meloidogyne spp.) but protected within a gall formed from proliferation of
the cortical root cells. Nurse cells include uninucleate giant cells (Meloidodera
floridensis, Rotylenchulus macrosoma); multinucleate giant cells (Meloidogyne); or
multinucleate syncytia (Globodera spp., Heterodera spp., R. reniformis, Nacobbus
spp.) (Baldwin et al. 2004; Jones et al. 2013).

The rectal glands of Meloidogyne females produce a gelatinous matrix where
eggs are laid down forming an egg mass. Nacobbus aberrans s.1. also lays eggs in a
gelatinous matrix but no glands have been identified (Manzanilla-Lopez et al. 1998).
Rotylenchus reniformis gelatinous matrix is secreted by uterine glands (Jones et al.
2013) and by the excretory system in Tylenchulus semipenetrans (another host for
Pochonia sp.). The gelatinous matrix contains glycoproteins (Sharon and Spiegel
1993; Sharon et al. 1993; Manzanilla-Lépez et al. 1998; Agudelo et al. 2004). The
egg mass and components of the egg shell are important for the survival of the
developing embryo and the fully formed juvenile stages within the egg. The egg
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mass provides ‘a first line of defence’ against hostile soil elements, predators, para-
sites, low oxygen levels and desiccation (Evans and Perry 2009).

The body wall of Meloidogyne spp., which protects the female from the outside
environment, has three major layers: the cuticle, the hypodermis and somatic mus-
cles. The non-cellular, elastic, cuticle is secreted by the hypodermis and covers the
entire body and all the openings (Eisenback and Hunt 2009). The external cuticular
or epicuticle is covered in many species by a surface coat material composed of
protein, carbohydrates and lipids (Spiegel and McClure 1995). The ability to shed
and renew the surface coat continuously may help the nematode avoid recognition
and the induction of resistance in the host plant (Curtis et al. 2009; see also Chap.
14). The parasitic relation of Pochonia spp. with nematode hosts has a nutritional
basis (see Chap. 4). Both fungus and nematode share the habitat provided by the
host plant and different nutrients can be obtained by the fungus, not only from the
body and eggs of the nematode, but from other substrates such as the gelatinous
matrix, nematode secretions and metabolites produced in root exudation as a result
of the plant-nematode interaction. Differences in native microhabitats and niches
occupied by fungal isolates, e.g., nematode females, nematode eggs, or soil, can be
related to production of different secondary metabolites and inhibitory activities
displayed by isolates (see Chap. 7).

3.5.1 Cyst Nematode Infection

The fungus may get into the cysts (female) through the natural body openings and/
or cuticle. Infection of H. avenae immature females and cysts is followed by inter-
nal body colonization and subsequent destruction of the body contents leaving only
resting spores (Lopez-Llorca and Duncan 1991). Cyst colonization of H. schachtii
has shown that V. chlamydosporium (= P. chlamydosporia) infection may be age-
related, primarily occurring in young females (<8 days post-emergence). Infected
females tan prematurely, their body wall shrivels and the whole female may even
disintegrate. Fungal colonization in 60% of white females was usually confined to
the vulva (Clyde 1993). The mucilaginous drop at the vulva, produced by cells of
the uterine wall (MacKintosh 1960), is often colonised by the fungus and eggs
extruded into this mucilage are vulnerable to fungal parasitism (Fig. 3.7). The pos-
sibility that the fungus may have also direct access via the nematode mouth which
is embedded in the host root tissue deserves further investigation since the endo-
phytic behaviour of the fungus has been demonstrated and the fungus has been
observed, for example, within M. incognita giant cells (see Chap. 4).

The root cap mucigel surrounding the root tip may also be exploited by the fun-
gus as a nutrient source. Clyde (1993) found that rhizosphere-competent isolates
were most abundant in the region of the root tip whereas hyphae were sparse or
absent on older roots; isolated propagules along the root also could infect females
as they emerged (Clyde 1993). However, in the case of P. chlamydosporia stable
transformant Pc123gfp, root colonization was low when close to the root cap but
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Fig. 3.7 Root cap
colonization by Pochonia
chlamydosporia var.
chlamydosporia isolate 133
as seen with conventional
epifluorescence. Scale bar
70 pm (Image from Clyde
1993; courtesy of

H. Atkinson, Leeds
University, UK)

increased away from the root cap forming a patchy hyphal network (Escudero and
Lopez-Llorca 2012).

3.5.2 Meloidogyne spp. Fungal Infection and Plant Host
Interaction

Plants and their rhizodeposits are an important source of C and N for soil microbiota
and to maintain some entomopathogenic and nematophagous fungi in the sapro-
phytic stage within soil (Bruck 2010). Root exudates include a variety of low molec-
ular weight compounds that may influence nematode behaviour at the rhizoplane
(Curtis et al. 2009). Most root exudation from young plants and healthy plants come
from the root cap region. Second-stage juveniles of Meloidogyne spp. are attracted
to growing root tips and invade the roots through the elongation zone behind the
root tip. Root hairs and lateral roots also produce exudates as do areas where tissue
damage, perhaps caused by J2 penetration, cause leakage of cell contents (Curtis
et al. 2009).

3.5.3 Root Colonization and Infection of Nematode Females
and Eggs

Differences in cyst and root-knot nematodes biology and their adaptations to plant
parasitism may affect fungal infection (Morgan-Jones et al. 1983; Lopez-Llorca and
Duncan 1991). Although fecundity can be reduced by fungal infection, differences
could be due not only to a fungal effect, but to other factors such as host plant status
of the target nematode, rate of nematode development on the host, environment
temperature, and position on roots of females or developing juveniles (Clyde 1993).
As a parasite of eggs, colonization of the root surface by the fungus has been linked
to egg production and also to changes in root exudation due to nematode infection
of the roots (Bourne and Kerry 1999).
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Fig. 3.8 Diagram of Pochonia chlamydosporia fungal colonization of root-knot female and egg
mass laid outside the roots. Chlamydospores are the resting stage of the fungus in soil (Copyright
Rothamsted Research Ltd.)

Chlamydospore

Most studies of egg infection by Pochonia spp. have been done on cyst nema-
todes (Lopez-Llorca and Claugher, 1990; Lopez-Llorca and Robertson, 1992) and
only a few on infection of root-knot species (RKN) species (Morgan-Jones et al.
1983; Manzanilla-Lépez et al. 2014) or N. aberrans s.l. (Flores-Camacho et al.
2007). Little is known of the infection process in R. reniformis (Wang et al. 2005).
Differences in biology and embryogenesis time between nematode hosts can affect
egg parasitism. Root-knot nematode eggs are laid inside a gelatinous matrix that is
pushed outside the root galls leaving the egg-mass exposed in the rhizosphere
(Fig. 3.8). Eggs within the gelatinous matrix of Meloidogyne spp. and Nacobbus
spp. can be found in different stages of embryogenesis, e.g., from segmentation to
fully developed J2. The embryogenesis period varies according to nematode species
but is shorter at higher temperatures. In contrast to RKN, cyst nematode eggs are not
directly exposed to the rhizosphere since they remain inside the encysted female
until they develop into J2. Therefore, it is considered that the time that the fungus
has to infect and kill RKN eggs is shorter than that for cyst nematode eggs (Kerry
1997). However, other anatomical and physiological factors affect the infection pro-
cess, e.g., egg shell thickness, nutrient availability for the fungus, and enzymatic
activity within fungal isolates (see Chap. 4). For example, conidia in vitro infection
tests of eggs of root-knot and cyst nematodes in a yeast extract liquid medium has
shown differences in percentage of egg parasitism within 48 h depending on the
biotype and isolate of cyst or root-knot nematode (Esteves 2007; Ward et al. 2012;
Lumbuano-Nyoni et al. 2015).

Newly formed cysts of H. avenae exposed to fungal infection contain a mixture
of healthy eggs, eggs containing hyphae, hatched J2, and/or only hyphae (Lopez-
Llorca and Duncan 1991). A similar variation in egg and fungal colonization occurs
in RKN eggs (Fig. 3.9A-D). It is generally accepted that eggs in the earlier stages
of embryogenesis are more susceptible to infection than those containing J2 (Lopez-
Llorca and Duncan 1991; Kerry 2000) but all stages of egg development (Fig. 3.9E)
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can be attacked (Kerry and Crump 1977; Lopez-Llorca and Duncan 1988, 1991) as
also shown in RKN eggs containing viable J2, which were susceptible to parasitism
(Morgan-Jones et al. 1983). Egg location within the egg mass (more external or
internal) and gelatinous matrix (Fig. 3.9F), egg mass age, and fungal biotype may
all affect susceptibility of the egg to infection (Manzanilla-L6pez et al. 2014).
Hyphae in contact with the egg (Fig. 3.9B) can form a net of anastomosing
hyphae around the egg (Fig. 3.9C). Enzymes secreted in situ by the fungus weaken
the egg shell before vegetative hyphae can penetrate (Fig. 3.9D). Egg shell penetra-
tion occurs via an appressorium followed by a penetration hypha that perforates the
egg shell and forms an infection bulb (see Chap. 4). Penetration of the eggs can also
occur through the germ tube of conidia attached to the outside of the egg shell
(Lopez-Llorca and Robertson 1992). Infection bulbs develop into trophic hyphae
that destroy the egg contents and degrade the egg shell (Fig. 3.10) from the inside
(Lopez-Llorca and Robertson 1992). The change, or ‘switch’, from the saprophytic
to the parasitic phase of the fungus may be related to nutrients. Adhesion, penetra-
tion and colonization processes involving serine proteases VCP1, P32, SCP1, chi-
tinase and other enzymes are reviewed in Chap. 4, and proteomics in Chap. 6.

3.6 Host Preference

Fungal isolates are often referred to as biotypes according to the nematode hosts
from which they were originally isolated: root-knot nematode (RKN biotype),
potato cyst nematode (PCN biotype), cereal cyst (CN biotype). Biotypes can show
a host preference, a feature that is related to differences in egg parasitism associated
with specific amino acid polymorphisms in the fungal serine protease VCP1, at least
for root-knot and cyst nematodes (Morton et al. 2003a, b). Serine proteases enzymes
are putative determinants of pathogenicity or virulence (Butt et al. 1998). VCP1 is
repressed by glucose and stimulated by ammonium chloride and there is evidence
for an increase in VCP1 mRNA when glucose and eggs are present (Ward et al.
2012). Gene expression profiles in P. chlamydosporia have shown significant tran-
scriptional reprogramming between the ‘switch’ from saprophytic to parasitic phase
in two isolates of RKN and PCN biotypes in which some genes were induced/
expressed or repressed, thereby suggesting a concerted regulation, especially when
activated after exposure to eggs (Rosso et al. 2011; see also Chap. 5).

3.6.1 Virulence and Saprophytic Fitness Cost

Increased dependence of the fungus on nematodes as a source of nutrition has been
associated with a decrease in saprotrophic competitiveness (Siddiqui et al. 2009). A
negative correlation was shown between population densities in soil of different P.
chlamydosporia biotypes and their parasitism of M. hapla and G. pallida eggs in
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Fig. 3.9 Pochonia chlamydosporia Cryo-SEM. (A) Meloidogyne incognita egg displaying a
clean, smooth surface before inoculation of the fungus; (B) Egg surface showing mycelium and
conidia of the fungus after inoculation; (C) Net of hyphae on the egg surface; (D) Micrograph
showing VCP1 erosion of the egg surface (arrow); (E) Hyphae on the J2 cuticle surface; (F) Egg
mass gelatinous matrix and eggs colonized by the fungus (arrows). Scale bars: (A) 20 um; (B-E)
10 pm; (F) 5 pm (J. Devonshire; B and F after Manzanilla-Lopez et al. 2014. Copyright Rothamsted
Research Ltd.)
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Fig. 3.10 Cryoplaned SEM micrographs of Pochonia chlamydosporia showing colonization of
Meloidogyne incognita eggs. (A) Before fungus inoculation; (B) Egg colonized by the fungus
showing no recognizable internal organs of the nematode embryo. Egg shell (es); external hyphae
(eh); internal hyphae (ih); lipid deposits of the nematode embryo (Id); multi-layered egg shell
(mes). Scale bars: 4 pm (After Manzanilla-Lépez et al. 2014. Copyright Rothamsted Research
Ltd.)

tests using compatible biotypes. The cyst nematode biotype was the most virulent
against both nematode eggs, but was a less effective soil and rhizosphere colonizer
in comparison to other isolates tested, thereby suggesting that virulence may have a
fitness cost (Siddiqui et al. 2009).

3.6.2 Nematicidal and Nematostatic Effect of the Fungus
on Juvenile Stages

Many fungi produce nematicidal or nematostatic compounds that can help regulate
nematode densities in soil (Shamim et al. 2012). It is possible that long association
and coevolution has resulted in native fungal strains better adapted to their host and
that such strains may occur in the geographic area of origin and domestication of the
crop and/or nematode (Meyer et al. 2004). To obtain a sample of these native fungal
strains, fungi were isolated from soybean cyst nematode (SCN) eggs collected in
Chinese agricultural fields. Filtrates of culture broths of isolates were screened for
effects on SCN and the RKN, M. incognita. Compounds effects were inhibitory or
stimulatory to egg hatch and affected J2 mobility. Pochonia chlamydosporia isolate
L247 filtrates strongly stimulated SCN hatch (162%) but inhibited M. incognita
hatch (Meyer et al. 2004). The nematicidal action of the fungal filtrate of P. chla-
mydosporia has been reported to produce ca 13% J2 mortality in M. javanica
(Mukhtar and Pervaz 2003) and H. schachtii (Ayatollahy et al. 2008). In another
study, P. chlamydosporia culture filtrate caused 60% mortality in M. javanica J2
after 48 h exposure to 1:10 filtrate dilution, or 73% mortality if undiluted (Shamim
et al. 2012). The red pigment produced by Pochonia [Metapochonia] suchlasporia
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(= Verticillium suchlasporium) can reduce the mobility of the J2 of G. rostochiensis
(Lopez-Llorca and Boag 1993). The effect of filtrates and pigments may be partly
due to the compounds and secondary metabolites found in the filtrates (see Chap. 7).
There are few reports on the effect of the fungus on the juvenile stages of animal-
parasitic nematodes (see Chap. 17).

3.7 Habitat and Niche

Pochonia chlamydosporia has multitrophic and symbiotic abilities: soil saprotroph,
rhizosphere colonizer, root endophyte, facultative parasite of invertebrates, and
hyperparasite of other fungi. When released in soil, P. chlamydosporia is exposed
to fluctuating abiotic factors which can have a great impact on establishment in the
field and compromise its efficacy in controlling nematodes. Some of these factors
include soil pH, temperature, soil type, fungistatic activity (reviewed in Chap. 4),
and water potential (Chap. 11). In general, the mean numbers of colony forming
units (cfu) that proliferate from chlamydospores are greater in organic than in min-
eral soils (Kerry et al. 1993). Establishment and reproduction of the fungus follow-
ing an adequate initial level of fungal inoculum applied to soil can build up levels
found in naturally suppressive soils (i.e. 2-8 x 10° cfu/g soil) under proper manage-
ment conditions (Kerry et al. 1993), and eventually produce long-term efficacy in
the control of nematodes. However, density dependent mechanisms may operate
(Clyde 1993; Mauchline et al. 2002). The combination of the nematode interaction
with the host plant (i.e., resistant, susceptible, tolerant) will determine nematode
reproduction, as well as the extent of damage and yield loss caused to the host.
Plants that are good hosts for Pochonia chlamydosporia can be good or bad (poor)
hosts for the nematode. Crops and plant species that can support more than 200
colony forming units (cfu)/cm? of root are considered good hosts, among them:
beans (Phaseolus vulgaris), cabbage (Brassica oleracea var. capitata), Crotalaria
spp., kale (Brassica oleracea var. sabellica), pigeonpea (Cajanus cajan), potato
(Solanum tuberosum), pumpkin (Cucurbita pepo), and tomato (De Leij et al. 1992a;
Bourne et al. 1996). In general, fungal control can be higher in plants that are poor
hosts for the nematode but which also support extensive rhizosphere fungal growth.
A relatively poor host for the nematode produces small galls that results in most egg
masses being exposed in the rhizosphere, thus reducing the potential ‘escape’ of
fungal infection by those eggs retained, and hence protected, inside the large galls
formed on good hosts (Atkins et al. 2003a).

3.7.1 Compatibility and Competition Between Isolates

Different P. chlamydosporia strains have been fingerprinted and identified using
ERIC PCR (Enterobacterial Repetitive Intergenic Consensus) showing that under
experimental conditions they can occur together in the same niche and may compete
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with each other within the rhizosphere, although their capabilities as root colonizers
or egg parasites can vary when they are applied singly or in combination (Mauchline
et al. 2004; Manzanilla-Lopez et al. 2009). However, the question remains as to
whether diversity of isolates can be maintained in shared habitats (i.e., soil, rhizo-
sphere, eggs) with other native/non-native populations when non-native populations
of the fungus are introduced to the soil. Preliminary studies on compatibility or anas-
tomosis of selected isolates of P. chlamydosporia biotypes (from Meloidogyne sp.,
Heterodera sp. and Globodera sp.) to assess vegetative or heterokaryon compatibil-
ity suggested that biotypes isolated from different hosts did not anastomose but fur-
ther studies are required to confirm incompatibility (Manzanilla-Lépez et al. 2011b).

3.8 Multitrophic Interactions

The extent of the tritrophic interaction between plant, nematode and fungus and
how it influences other rhizosphere microorganisms and soil organisms through
multitrophic interactions is largely unknown. The fungus does not affect the abun-
dance of other nematodes and microbes on different plant species (Tahseen et al.
2005). However, it is likely that changes to root morphology and root exudation
alter the composition of the saprophytic microflora (O’Flaherty et al. 2003).

Pochonia chlamydosporia (= V. chlamydosporium) is a mycoparasite of several
species of Puccinia (rust fungi), and an antagonistic to soil borne fungal plant
pathogens such as Pythium aphanidermatum (Lumsden et al. 1982), Fusarium oxy-
sporum and Rhizoctonia solani [= Thanatephorus cucumeris] (Leinhos and
Buchenauer 1992; Jacobs et al. 2003; Monfort et al. 2005). Pochonia chlamydospo-
ria also has antagonistic effects against Phytophthora capsici when applied as a root
dip (Sutherland and Papavizas 1991; see also Chap. 7).

Different species of nematophagous fungi, such as Paecilomyces lilacinus (=
Purpureocillium lilacinum) and Monographella cucumerina, can occur with
Pochonia in nematode infested soils (Gaspard et al. 1990; Olivares-Bernabeu and
Lopez-Llorca 2002; Atkins et al. 2004; Manzanilla-Lépez et al. 2009). Puertas et al.
(2006) tested the compatibility of P. chlamydosporia var. catenulata with Rhizobium
sp., Trichoderma harzianum and Glomus clarum (= Rhizophagus clarus) to control
M. incognita, the parasitic activity of P. chlamydosporia var. catenulata being
enhanced in combined applications with the other microbia (see Chap. 15).

Pre-colonization of H. glycines cysts by Chaeotomium cochliodes (= Chaetomium
globosum), a saprophytic or weakly parasitic fungus, reduced parasitism of eggs in
cysts that were subsequently treated with Verticillium chlamydosporium (= Pochonia
chlamydosporia). However, in another soil test egg parasitism was not affected by
the pre-colonizing fungi Cylindrocarpon destructans, F. oxysporum and F. solani,
but was reduced by Mortierella sp., Pyrenochaeta terrestris (= Setophoma terres-
tris), and C. cochliodes (Chen and Chen 2003). It was unclear whether the cyst pre-
colonizer fungus: i) prevented other fungi from entering the cysts, or ii) inhibited
infection of eggs after they entered the cysts, but an inhibitory effect on the growth
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of post-colonizer parasitic fungi was considered since the presence of some fungi
may affect other fungi through nutritional depletion, space occupation, and toxic
effects (Chen and Chen 2003).

In a study to assess P. chlamydosporia potential interactions and compatibility
with the nematophagous fungi P. lilacinum (= Paecilomyces lilacinus),
Monographella cucumerina (= Plectosphaerella cucumerina) and the soil fungi
Rhizoctonia solani [= Thanatephorus cucumeris], Chaetomium globosum, Fusarium
oxysporum, Penicillium bilaiaie and T. harzianum, showed that Pochonia chlamyd-
osporia radial growth was the least susceptible to growth inhibition by the other
fungi (Jacobs et al. 2003). Application of P. chlamydosporia and Hirsutella rhos-
siliensis, alone or in combination did not reduce final population densities of M.
hapla on lettuce (Viaene and Abawi 2000). Other interaction studies have included
nematode trapping fungi (Campos and Campos 1997; D’ Angieri and Campos 1997;
Stirling and Smith 1998). Compatibility studies between Pochonia and other BCA
microbia are becoming increasingly important, especially in the case of formula-
tions including more than one BCA (see Chap. 4).

3.8.1 Rhizosphere Bacteria

Pasteuria penetrans and P. chlamydosporia (= Verticillium chlamydosporium) tend
to complement each other providing up to 92% control of M. incognita (De Leij
et al. 1992b). Pseudomonad bacteria can cause growth inhibition of Verticillium
[Metapochonia] suchlasporium (Lopez-Llorca and Boag 1990). Pochonia chlamyd-
osporia germination and mycelia growth can be inhibited by volatile compounds
produced by different genera of bacteria (Zou et al. 2007). Mycostasis by rhizo-
sphere bacteria may act to protect young females from parasitism by nematopha-
gous fungi egg parasites (Lopez-Llorca and Boag 1990). On the other hand,
Verticillium chlamydosporium (= P. chlamydosporia) has shown antibacterial activ-
ity (Filipello-Marchisio 1976).

The effect of M. incognita, in comparison to that of P. chlamydosporia (Pc10)
and the nematicide aldicarb (carbamate), on the size and diversity of the rhizosphere
population of heterotrophic bacteria in cabbage and tomato, showed that there was
little difference between the treatments in the number of cultivable bacteria and
fungi in the rhizospheres (O’Flaherty et al. 2003). Tomato roots infested with nema-
todes supported a different bacterial population from roots on which infestation is
controlled either by fungus or by nematicide. Aldicarb and isolate Vc10 (= Pc10)
gave a degree of control similar to that provided by the nematicide, neither treat-
ment having a distinct impact on the rhizosphere bacteria compared to that of the
nematode. Other interactions between P. chlamydosporia and soil microorganisms
are revised in Chaps. 4 and 15.
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3.8.2 Microflora of the Gelatinous Matrix

The microflora of the gelatinous matrix of the egg mass (i.e., eggs embedded in a
gelatinous matrix) has been largely ignored as a factor influencing egg parasites of
nematodes (Papert and Kok 2000). One of the gelatinous matrix functions is egg
protection through antimicrobial activity (Orion and Kritzman 1991; Niblack and
Karr 1994). The bacteria populations of egg masses can be much greater than that
of rhizosphere soil, which may indicate a protection role against antagonists, includ-
ing P. chlamydosporia (Papert and Kok 2000; Kok et al. 2001). The resident micro-
bial population of egg masses is apparently adapted to the antimicrobial properties
of the gelatinous matrix compounds as more than 50% of the bacteria species iso-
lated from gelatinous matrix are unidentified species that may be more strictly asso-
ciated with the egg mass niche (Kok et al. 2001).

The egg masses also contain fungi that have been associated with nematode eggs
and cysts (Rodriguez-Kédbana and Morgan-Jones 1988; Crump 1991; Kok et al. 2001;
Meyer et al. 2004). Some fungi, such as 7. harzianum, have shown a strong reaction
against P. chlamydosporia (Kok et al. 2001) although this negative effect can appar-
ently be overcome (Puertas et al. 2006; see Chap. 15). The distinct behaviours
reported for interactions between 7. harzianum and P. chlamydosporia strains serve
to exemplify the need that 7. harzianum-, nematophagous fungi- or bacteria-based
products should be assessed for their effect on other egg parasitic fungi when formu-
lated or applied together with P. chlamydosporia (see also Chap. 15). The inhibitory
nature of the egg mass microflora should be considered in programmes to develop
biological control of Meloidogyne spp. with nematode egg parasites (Kok et al. 2001).

3.8.3 Soil Microarthropods

Nematodes have a diverse range of natural enemies but biological control has been
dominated by research on microbial antagonists (Stirling 2014). Collembola and
mites are the most widely studied predators of nematodes. However, these groups
are often neglected when screening for BCA although these generalist predators
dominate the higher trophic levels in the soil food web and provide a background
level of nematode suppression in all soils, including plant-parasitic nematodes
(Sanchez-Moreno et al. 2009). The effect of microarthropod foraging on soil fungi,
such as Pochonia and other nematophagous and entomopathogenic related genera,
remains to be investigated. Fungi that have been cultivated from oribatid mites or
identified in DNA extracts obtained from the mites include: Trichoderma koningii
isolated from Oribatella quadricornuta, Verticillium sp. from Oribatula tibialis,
and Beauveria bassiana and Plectosphaerella cucumerina from Paradamaeus cla-
vipes. Beauveria has often been found associated with oribatid mites and other soil
microarthropods — the fungus is able to degrade chitin of the living, and later that of
dead, animals (Renker et al. 2005).
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3.9 Epidemiology of Biological Control Agents

The development of models incorporating multiple variables is critical to get a bet-
ter understanding of the factors that operate together to affect fungal BCA efficacy
(Jaronsky 2010). However, there is limited knowledge of the epidemiology and
quantitative relations of the fungus with its hosts. It has been proposed that levels of
fungal parasitism increase as inoculum densities increase and that P. chlamydospo-
ria may be adapted to take advantages of the exponential increase in food supply
that becomes available with second and subsequent generations of the RKN popula-
tions and increased nematode levels resulting from susceptible crops being grown
in consecutive growing seasons. The reproductive capacity of PPN is strongly influ-
enced by the host and temperature, both of which may affect the number of nema-
tode generations in a single crop season. The nematode population structure is
pyramidal with relatively few of the large number of eggs and J2 at the base of the
pyramid developing into egg-laying adults (Stirling 1991).

Modelling fungal attack and the effect of parasitic fungi on numbers of H. avenae
has been done for Nematophthora gynophila (Perry 1978). Epidemiological models
are not yet available for P. chlamydosporia, although there have been attempts to
model the parasitic activity of the fungus using the Lotka-Volterra system of equa-
tions (Ana Puertas unpublished data). The assumptions for the model for N. gynoph-
ila (Perry 1978) were that: i) the two stages of infection (resting and infective
spores) do not overlap in time; ii) spores are randomly distributed in soil; iii) dis-
tances between females are large compared with the distances over which spores
can infect; iv) ability of resting spores to infect is independent of that of infected
spores; V) the number of resting spores produced by females is the same whether
infection was by resting spores or not; and vi) all infected females and their eggs are
killed. Most of the above assumptions can apply to P. chlamydosporia epidemics
and illustrate the complexity faced when producing epidemiological models of fun-
gal attack of eggs and female nematodes.

Fungal transmission rate depend upon host threshold and parasite population den-
sities (Anderson and May 1981). A nematode host threshold refers to the density of
hosts required to insure that the pathogen does not become locally extinct (Jaffee et al.
1992). Results from a long term field study to evaluate the effect of P. chlamydosporia
and other biocontrol agents on slow decline of black pepper (Piper nigrum), empha-
sised the importance of the density-dependant multiplication of RKN to suppress
nematode populations through time following application of BCA alone or in combi-
nation (Eapen et al. 2009). Egg mortality caused by fungal parasitism can effectively
reduce the primary inoculum, or pool of eggs, available in the soil to produce the next
generation of J2 to infect the plant. However, BCA removal of surplus individuals
does not necessarily reduce the number of nematodes in roots (Stirling 1991).

The number of nematode generations should be accounted for when assessing
fungus-plant-nematode interactions in a particular crop since increasing nematode
population and root galling cannot be prevented in the short term by the fungus,
although multiplication of the nematode can be significantly reduced. Viaene and
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Abawi (2000) reported that the percentage of M. hapla egg masses colonized by P.
chlamydosporia (= Verticillium chlamydosporium) increased with increasing fun-
gus application levels. However, in M. hapla infested soils at population levels
equivalent to the threshold damage level (8 eggs/cm? soil), no difference in coloni-
zation could be detected when 5000 or 10,000 chlamydospores were added to soils.

Host plant susceptibility is likely to be a critical factor determining incidence of
infection of females as it affects nematode development, and the fungus will have
an advantage on plants where egg laying is prolonged (Clyde 1993). Presence of
cyst females on roots may result in increased colonisation, particularly by rhizo-
sphere competent isolates. However, this is not always the case for rhizosphere
competent isolates. Pochonia chlamydosporia isolates 133 or 177 are rhizosphere
competent but were not detected by cfu counts of roots with H. schachtii, possibly
because the fungus was at levels close to the carrying capacity of the environment.

Population densities and epidemiology of the introduced BCA should be tested
and monitored to ensure that it has survived through the period that activity against
the nematode target is required. This can be achieved by using a combination of
classic and molecular methods (see Chap. 13) that also enable the detection of
molecularly fingerprinted specific isolates of fungi (Atkins et al. 2003b; Sidiqqui
et al. 2009). Population dynamics and epidemiological models for some plant-
parasitic nematodes have been produced (Cristébal-Alejo et al. 2006; Schomaker
and Been 2013) and can potentially be integrated with epidemiology models for the
fungus so as to help application timing and BCA management.

3.10 Nematophagous and Entomopathogenic Multitrophic
Mode of Action

Phylogenetic analysis of 18S ribosomal DNA sequences indicates a close relation-
ship between arthropods, nematodes, and all other moulting phyla which are
included in the clade Ecdysozoa (Aguinaldo et al. 1997; Dunn et al. 2008).
Nematodes and insects share the presence of chitin in their cuticle (insects) or egg
shell (nematodes). The nematode egg shell middle layer has a chitin microfibril core
with a collagen-like protein coat (Perry 2002).

Nematophagous and entomopathogenic fungi belong to a wide range of taxa of
parasites or facultative parasites of invertebrates which have similar infection pat-
terns and enzymes that help to penetrate and colonize the host. Proteases of P. chla-
mydosporia, Pochonia [Metapochonia] rubescens and M. anisopliae are serologically
and functionally related (Segers et al. 1995). The proteases involved in the infection
processes are extracellular subtilisin-type serine-proteases class II, capable of digest-
ing the protein component of nematode eggs (Figs. 3.9 and 3.10) and insect cuticle
and are usually under induction-derepression-repression control (Butt et al. 1998;
Segers et al. 1999; Ward et al. 2012). Most invertebrate pathogen fungal strains,
including P. chlamydosporia, secrete a single subtilisin but some strains produce
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multiple isoforms that potentially provide the fungus with the tools to hydrolyse
additional substrates, possibly increasing the potential host range and/or enabling
them to exploit both a parasitic and saprophytic mode of nutrition (Butt et al. 1998).
The role of hydrolytic enzymes of P. chlamydosporia in the infection process is
becoming a subject for genetic engineering; for example, a chitinase-encoding gene
pcchi44 was cloned from P. chlamydosporia and over-expressed in Escherichia coli
BL21. The recombinant chitinase PCCHI44 showed potent antagonistic effect
against eggs of M. incognita and the silk worm, Bombyx mori (Mi et al. 2010).

The similarities in enzymatic capacities and infection mechanisms of entomo-
pathogenic and nematophagous fungi may indicate that both groups are phylogeneti-
cally related (see Chaps. 2 and 13). Plant pathogenic fungi produce enzymes that
degrade cellulose, xylan or cutin, but do not show chitinolytic or proteolytic activity
towards elastine and mucine, whereas entomopathogenic fungi are able to degrade
both these and a wider array of proteins (Lopez-Llorca and Jansson 2007). Recent
studies have confirmed that the invertebrate-pathogenic fungi and the plant pathogens
form a monophyletic group sharing a recent common ancestor (see Lin et al. 2015
and Chap. 9). The multitrophic or multimodal behaviour of these fungi can broad in
practical terms, their commonest use as biocontrol agents (i.e., parasites) including
their plant symbiont activities, such as modulation of plant defences and crop growth
enhancement (Lopez-Llorca and Jansson 2007; see also Chaps. 2, 4, 14 and 15).

3.11 Biological Control and Integrated Pest Management
of Nematodes

To combine a BCA with other IPM strategies is important to understand how a BCA
interacts with the resident microbiota, including non-target pathogens, chemical
pesticides and botanical extracts (Vilchis-Martinez et al. 2013). The fungus can be
tolerant to some fungicides (see Jacobs et al. 2003; Tobin et al. 2008 and Chap. 16)
and herbicides, e.g., Sencorex (metribuzin), Basagran (bentazone), and Stomp (pen-
dimethalin), which produce no significant effects on the growth of P. chlamydospo-
ria (Keith G Davies and Ivania Esteves unpublished data).

The combined use of poor nematode hosts and the soil application of selected
fungus biotypes may be a useful strategy for the management of RKN and PCN (see
Chaps. 15 and 16). Effectiveness of Pochonia for controlling RKN has been tested in
different crops (see also Chap. 15) and plastic-house vegetable production (Verdejo-
Lucas et al. 2003; van Damme et al. 2005; Giné et al. 2016). Inclusion of BCA
within the preferred (or acceptable) cropping system in combination with other com-
patible pest control strategies, such as crop rotation, cover crops, addition of organic
amendments, biofumigation, plant resistance to nematodes, and other IPM tactics, is
becoming a more common and effective practice. At present, the fungus is mainly
applied as chlamydospores on colonised substrates, but dose and application meth-
ods can vary greatly depending on the formulation of the fungus (see Chaps. 15 and
16), either alone or in combination with other microbes (see Sellitto et al. 2016).
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3.12 Future Perspectives

Pochonia chlamydosporia is an important enemy of nematodes in suppressive soils,
hence its potential use to control nematode pests. Bio-management strategies for
controlling nematodes should incorporate the use of P. chlamydosporia based upon
a deep understanding of the biology of the fungus, and the careful selection and
combination of the fungal isolate biotype with selected cultivars of host plants that
are less susceptible or resistant to the nematode and which support extensive growth
of the fungus in their rhizosphere. Hosts that could support fungal growth in the
rhizosphere and/or an endophytic behaviour will also need to be considered. From
the ecological perspective it is important to understand how a BCA interacts with
the resident microbiota (e.g., competition, predation and parasitism by other micro-
organisms), including non-target pathogens, and other potential biocontrol agents,
as well as their response to chemical or non-chemical pesticides. More research is
needed on the multitrophic abilities of the fungus, including the effect or function
that soil isolates may have on the sustainability of agroecosystems. There is also a
need to build up infrastructure capability to follow the establishment, dynamics and,
if possible, the epidemiology of the fungus in the soil and rhizosphere using molec-
ular tools once an isolate is introduced for biocontrol purposes. Genomics, pro-
teomics, transcriptomics and other —omics are opening new research opportunities
for the fungus (see Chaps. 5, 6, 8, 9 and 10). Sequencing of fungal isolates and
characterization of structure and function of the genome is expected to reveal new
genes and mechanisms involved in the host-parasite relationship that lead to a more
efficient and effective use of this biocontrol agent. Biological control as part of IPM
of PPN is increasingly becoming part of a more holistic approach of integrated soil
biology management (Stirling 2014), an approach capable of delivering a sustained
crop yield while preserving soil health.
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Chapter 4
Interactions Between Pochonia chlamydosporia
and Nematodes

Thalita S. Avelar Monteiro, Everaldo A. Lopes, Harry C. Evans,
and Leandro Grassi de Freitas

Abstract Pochonia parasitizes the eggs and females of plant-parasitic nematodes
(PPN). The fungus-nematode interaction involves a complex series of events which
can be affected by the environment. Thus, an understanding of the bionomics of this
interaction is essential in order to improve the efficiency of the biological manage-
ment of PPN. In this chapter, we provide an overview of the process of infection of
nematodes by Pochonia and the role of the environment on the fungus-nematode
interaction. Firstly, we focus on the events and the mechanisms underlying adhe-
sion, penetration and colonisation of nematodes by Pochonia. We discuss how the
infection process is driven by both mechanical forces, induced by the appressoria,
and enzymatic activity, specifically by the serine proteases (P32, VCP1, SCP1) and
chitinases. Environmental factors have a profound influence on the Pochonia-
nematode interaction and these are discussed in detail. Temperature, pH, soil type,
soil microbiota and roots can enhance or reduce the parasitism of the nematode by
the fungal antagonist. Finally, we discuss how the method of application of Pochonia
and its timing can impact on the establishment of the fungus in the soil and, conse-
quently, on the control of nematodes.
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4.1 Introduction

The genus Pochonia was created by the Brazilian mycologists A.C. Batista and
O.M. Fonseca, over 50 years ago (Batista and Fonseca 1965), based on the type spe-
cies P. humicola isolated from soil in North-east Brazil. However, it was not until
decades later that it was realised that this taxon had been described much earlier and
assigned to the genus Verticillium, under the name V. chlamydosporium (Zare et al.
2000). Based on both morphological and molecular characteristics, V. chlamydo-
sporium was transferred to Pochonia (Zare et al. 2001). Currently, the genus
Pochonia comprises a single species split into five varieties (see Chap. 2). Due to its
potential as a biocontrol agent of PPN and its worldwide occurrence, P. chlamydo-
sporia var. chlamydosporia has been the most studied taxon in the genus.

Pochonia chlamydosporia is associated with the rhizosphere, a micro-habitat
formed by roots and their associated microbiota. The rhizosphere is subject to modi-
fications resulting from the interactions of the plant and its environment. Therefore,
this biocontrol agent needs to establish specific interactions with its host and also
requires phenotypic plasticity to deal with competition from other organisms and
pressures due to the continual modifications to its habitat.

This fungus has a multitrophic lifestyle, behaving as a saprophyte, a parasite and
an endophyte. Behavioural alterations are regulated by complex interactions. The
change from the saprophytic to the parasitic phase, for example, can occur for nutri-
tional reasons, which is evidenced by an increase in the density of P. chlamydospo-
ria as a consequence of an increase in the population of nematodes in the roots. This
stimulation can be affected by changes in the exudation profile of the root system
(Kerry 2000; Manzanilla-Lopez et al. 2011).

The interactions of Pochonia with plants are linked to diverse phenomena of both
scientific and practical interest. Induction of resistance, priming for enhanced
defence, growth promotion and absorption of nutrients, such as phosphorus, are
some of the known effects of the endophytic colonisation by the fungus in plants
(Monteiro 2013; dos Santos et al. 2014; Escudero et al. 2014; Dallemole-Giareta
et al. 2015; Larriba et al. 2015; Medeiros et al. 2015; Zavala-Gonzalez et al. 2015).

This chapter deals with the bionomics of this interaction and considers the vari-
ous events in the infection process, notably those involving the mechanisms of para-
sitism and the factors that influence this interaction.

4.2 Parasitic Events

Pochonia chlamydosporia parasitizes the eggs and females of PPN (Morgan-Jones
et al. 1983; Lopez-Llorca et al. 2002). The fungus preferentially colonizes fertilised
eggs and also those with developed juveniles (Morgan-Jones et al. 1983; Manzanilla-
Lépez et al. 2013). The events involved in parasitism by Pochonia comprise adhe-
sion, penetration and colonization.
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Fig. 4.1 Cryo-Scanning
Electron Microscopy
micrograph showing hypha
of Pochonia
chlamydosporia on the
surface of Meloidogyne
incognita eggs, 24 h after
inoculation. Scale bar 10
pm (After Manzanilla-
Lépez et al. 2014.
Copyright Rothamsted
Research Ltd.)

4.2.1 Adhesion

Adhesion is a critical step in the infection process allowing the fungus to gain a
foothold for successful parasitism and, ultimately, for its survival. Pochonia pro-
duces glycoproteins that are responsible for the adhesion of conidia and hyphae to
the eggs (Fig. 4.1) (Lopez-Llorca et al. 2002). These metabolites aid the fixation of
the spore germ tube or the hypha to the substrate whilst also offering protection
against desiccation. In general, the adhesion process begins in a moist environment,
suggesting that the adhesive substances may be insoluble in water (Nicholson and
Moraes 1980).

The development of the fungal germ tube and its differentiation — especially the
formation of the appressoria — can occur in response to surface signals; including
hardness, hydrophobicity and topography (Tucker and Talbot 2001). A study of the
effect of hydrophobicity on the formation of appressoria by P. rubescens (=
Metapochonia, Kepler et al. 2014; see Chapter 2) and P. chlamydosporia indicated
that hydrophobic surfaces induced more appressoria differentiation than hydro-
philic ones (Lopez-Llorca et al. 2002), despite the capacity of these fungi to produce
appressoria on all surfaces.

4.2.2 Penetration

Pochonia produces appressoria and secretes extracellular enzymes for host penetra-
tion, i.e., the same strategy as used by entomopathogenic and plant-pathogenic
fungi. This similarity in pathogenesis mechanisms may explain why the genetic
homology between P. chlamydosporia and the entomopathogenic fungus
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Fig. 4.2 Diagrammatic reconstruction of a cross section of the egg shell of plant-parasitic nema-
todes (Adapted from Bird and Bird 1991)
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Fig. 4.3 (A, B) Cryo-Scanning Electron Microscopy micrograph showing appressoria (arrows) of
Pochonia chlamydosporia on the surface of Meloidogyne incognita eggs 24 h after inoculation
(Copyright Rothamsted Research Ltd.)

Metarhizium is higher than that between P. chlamydosporia and the nematode-trap-
ping fungus Arthrobotrys oligospora, which produces adhesive trapping nets to cap-
ture motile nematode stages (Larriba et al. 2014).

The processes regulating the mechanical force used by the appressoria of
Pochonia to penetrate the egg shell have not yet been determined, but the secreted
enzymes play an important role in overcoming the vitelline membrane and exposing
the chitin layer (Fig. 4.2). The physical and chemical processes work together for
the penetration of the germ tube into the egg (Lopez-Llorca et al. 2002; Manzanilla-
Loépez et al. 2011).

Appressoria can develop at the tip of the germ tubes, as well as on the lateral and
terminal hyphae of Pochonia (Fig. 4.3). This was first reported by Lopez-Llorca and
Claugher in 1990 (Lopez-Llorca and Robertson 1992a; Segers et al. 1996). The
morphology and number of appressoria formed depends on the nematode host. For
example, on the egg surface of Meloidogyne incognita appressoria are more numer-
ous and larger than on the eggs of Globodera rostochiensis (Segers et al. 1996).
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Appressoria formed by Pochonia are rudimentary, similar to those produced by
necrotrophic plant pathogens (Gayad 1961) such as Bipolaris sorokiniana (Kumar
et al. 2002). These fungi do not need to produce complex appressoria — expending
more energy or resources — since they also release enzymes that destroy the plant
tissues, facilitating host penetration and colonisation. Similarly, Pochonia also pro-
duces extracellular enzymes that facilitate parasitism of nematode eggs and does not
depend solely on the formation of appressoria.

4.2.3 Colonization

Following penetration, the fungus colonizes the host tissues in order to obtain nutri-
ents and thereby increase its reproductive capacity. Pochonia chlamydosporia uses
available sugars in the egg as a carbon source. Trehalose, for example, is a disac-
charide commonly found in the egg shell and in the juveniles, that plays an impor-
tant role in protecting nematodes against desiccation and which is associated with
anhydrobiosis and the maintenance of second-stage juvenile (J2) dormancy within
the egg shell (Yen et al. 1996; Wharton 2011).

Pochonia chlamydosporia colonizes both the eggs and embryos, as well as J2
within the eggs (Morgan-Jones et al. 1983). The fungus also parasitizes females and
colonizes the specialized feeding cells of sedentary endoparasitic nematodes that
accumulate plant nutrients (Fig. 4.4) (Nasu 2013).

Fig. 4.4 Micrograph of a
soybean root inoculated
with the nematode
Meloidogyne incognita and
the fungus Pochonia
chlamydosporia, showing a
female nematode body
(NE) and giant cells (GC),
with fungal hyphae (Pc)
inside the giant cells.
Micrograph material
embedded in methacrylate
and stained with toluidine
blue (Source: Nasu 2013)
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4.3 Enzymes

Extracellular enzymes secreted by nematophagous fungi are important in all stages
of the parasitism of eggs (Huang et al. 2004; Morton et al. 2004; Yang et al. 2007,
Lopez-Llorca et al. 2010) and also during endophytism (Lopez-Llorca et al. 2010;
Larriba et al. 2014). The nematode egg shell is composed of an outer proteinaceous
vitelline layer; a middle chitinous layer, composed of a protein matrix embedded
with chitin microfibrils; and an inner lipid layer (Fig. 4.2) (Bird and McClure 1976).
Proteins and chitin account for about 80% of the dry weight of the egg shell of M.
incognita (Bird and McClure 1976). Thus, the simultaneous production of proteases
and chitinases is fundamental in the process of penetration and colonization of eggs
by Pochonia (Clarke et al. 1967; Olivares-Bernabeu and Lopez-Llorca 2002;
Esteves et al. 2009).

4.3.1 Serine Proteases

The primary amino acid serine is a non-essential component of proteins that serves
as the nucleophilic amino acid at the active site of serine proteases. These enzymes
cut the peptide bonds in proteins and are divided into various families which are
grouped according to their structural similarity and biological function (Di Cera
2009). Serine proteases are the largest category of proteases encoded by the P. chla-
mydosporia genome (Larriba et al. 2014). The serine proteases P32 (Lopez-Llorca
1990), VCPI (Segers et al. 1994) and SCP1 (Lopez-Llorca et al. 2010) have already
been identified in Pochonia.

4.3.1.1 P32 Serine Protease

This enzyme was first purified in 1990 and its molecular mass was empirically esti-
mated at 32 kDa (Lopez-Llorca 1990), although this value was predicted as 28.7 kDa
after cloning and analysis of the P32 gene and its encoded protein (Larriba et al.
2012). The role of P32 in the pathogenicity of P. [= Metapochonia] suchlasporia to
eggs of Heterodera schachtii was reported 2 years later (Lopez-Llorca and Robertson
1992a). P32 belongs to the S8 family (Lopez-Llorca 1990), which is also known as
the subtilisin family. Nematophagous and entomopathogenic fungi produce
subtilisin-like serine proteases to disrupt the outer layers of the hosts during the
infection process (Li et al. 2010). P32 shows homology with the subtilisin-like ser-
ine proteases VCP1 (76%) of P. chlamydosporia, and with Pr1A (86%) of the ento-
mopathogenic fungus Metarhizium anisopliae (Larriba et al. 2012). VCP1 removes
the vitelline membrane of the egg shell (Segers et al. 1994, 1996; Ward et al. 2012)
and exposes the chitin layer (Fig. 4.2). Thus, P32 may also have a similar function
in the parasitism of P. [= Metapochonia] rubescens.
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4.3.1.2 VCP1 Serine Protease

This 33 kDa serine protease was first purified in 1994 (Segers et al. 1994) and also
belongs to the S8 family. It is produced by P. chlamydosporia during the initial
stages of egg infection, causing the disruption of the vitelline layer (Fig. 4.2), facili-
tating hyphal penetration and subsequent infection of the nematode (Segers et al.
1994, 1996; Ward et al. 2012). Thus, this enzyme can act as a pathogenicity factor.
Eggs of M. incognita pre-treated with purified VCP1 are colonized more rapidly
than non-treated ones (Segers et al. 1996). VCP1 is also important in the endophytic
phase of the fungus (Lopez-Llorca et al. 2010).

Carbon and nitrogen sources, as well as pH, regulate the production of many of
the extracellular enzymes produced by fungi (Aro et al. 2005). The presence of
ammonium chloride initially reduces VCP1 expression but then rapidly increases its
production (Ward et al. 2012). In a glucose-rich environment, the fungus reduces
the production of VCP1. Pochonia chlamydosporia prefers to use the readily avail-
able carbon source rather than to colonize nematode eggs (Ward et al. 2012). Thus,
readily-metabolisable carbon sources and low pH in the environment may compro-
mise nematode parasitism by P. chlamydosporia (Ward et al. 2012).

Genetic variation in VCP1 between isolates from different nematode hosts may
explain host preference in P. chlamydosporia. Amino acid polymorphisms were
found between VCP1 in isolates of the fungus obtained from root-knot nematodes
(Meloidogyne spp.) and from cyst nematodes (Heterodera schachtii and Globodera
rostochiensis). The presence of a glycine in isolates from root-knot nematodes,
instead of an alanine in isolates from cyst nematodes, changes the amino acid affini-
ties at the S3 substrate-binding region (Morton et al. 2003). Differences in amino
acid sequences affect enzyme properties and substrate use (Segers et al. 1995; Liu
et al. 2007). Thus, amino acid polymorphisms in VCP1 may have an influence on
host preference between biotypes of P. chlamydosporia.

4.3.1.3 Serine Protease SCP1

The serine protease carboxypeptidase (SCP1) belongs to the S10 family (serine
carboxypeptidases) and it was first purified in 2010 (Lopez-Llorca et al. 2010). The
secreted form of this enzyme has a molecular mass of 60.5 kDa (Larriba et al. 2012).
It belongs to a different protease subfamily (Lopez-Llorca et al. 2010) and it has
homology of 88.1% and 86.5% with serine carboxypeptidases of Metarhizium
anisopliae and M. acridum, respectively (Larriba et al. 2012). SCP1 is produced
during the endophytic colonization of roots by P. chlamydosporia (Lopez-Llorca
et al. 2010) and during the parasitism of root-knot nematode eggs (Escudero et al.
2016). Furthermore, activity of this protease is increased in the presence of chito-
san. The serine protease SCP1 is involved in the endophytic and parasitic phases of
the fungus (Lopez-Llorca et al. 2010; Escudero et al. 2016).
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4.3.2 Chitinases

Through the action of VCP1 and P32 on the egg shell, the chitinous layer is exposed
(Fig. 4.2). Chitin is a polymer of N-acetylglucosamine present in the intermediate
layer of the shell of nematode eggs (Yang et al. 2007; Perry and Wharton 2011).
Thus, in order to breach this barrier, the fungus needs to produce endochitinases,
exochitinases and N-acetyl-fB-D-glucosaminidases (Segers et al. 1994; Tikhonov
et al. 2002; Khan et al. 2004; Mi et al. 2010; Palma-Guerrero et al. 2010).
Endochitinases randomly cut the chitin chain, then exochitinases cleave chitobiose,
and finally glucosamine monomers are excised from chitobiose by the N-acetyl-f-
D-glucosaminidases (Morton et al. 2004).

The first chitinase purified from Pochonia was a 43 kDa endochitinase — CHI43
(Tikhonov et al. 2002). This enzyme was shown to have a synergistic interaction
with the serine protease P32 in damaging eggs of Globodera pallida (Tikhonov
et al. 2002). Pochonia chlamydosporia and P. [Metapochonia] rubescens both pro-
duce chitinases, although the activity of N-acetyl-B-D-glucosaminidases from M.
rubescens on Globodera egg shells is higher than that of P. chlamydosporia
(Tikhonov et al. 2002). This difference in the expression of chitinases between these
two fungal species may explain the apparent specialization of M. rubescens and P.
chlamydosporia for infection of Globodera and Meloidogyne, respectively.

The 44 kDa endochitinase PCCHI44 from P. chlamydosporia was cloned by Mi
et al. (2010) who noted that this enzyme may be a potential virulence factor. This
chitinase causes furrowing and flaking of the shell of M. incognita eggs followed by
the appearance of large vacuoles which can interfere with the normal development
of nematodes (Mi et al. 2010).

Entomopathogenic fungi can transform chitin from the cuticle of their hosts into
chitosan using chitin deacetylases. The chitosan formed is then degraded by fungal
chitosanases during host penetration (Nahar et al. 2004). Possibly, this process also
occurs during parasitism of nematodes because the composition of the nematode egg
shell is similar to the insect cuticle and P. chlamydosporia has the capacity to pro-
duce chitosanases in vitro (Palma-Guerrero et al. 2008, 2010). Pochonia chlamydo-
sporia produces chitosanases only in culture media containing chitosan, whereas
chitinases are produced in media containing either chitosan or chitin (Palma-Guerrero
et al. 2010). Interestingly, the chitinase concentration was greater, approximately
twice as much, in the medium with chitosan, suggesting that this medium induces the
production of chitinase (Palma-Guerrero et al. 2010). Chitosan also induces the pro-
duction of enzymes besides chitinase, such as VCP1 and SPC1, which is important
for egg parasitism (Palma-Guerrero et al. 2010; Escudero et al. 2016).

Information on the pathway involved is lacking, however, and this warrants fur-
ther research. Chitosan has been used in the control of plant pathogens and could
possibly be integrated with Pochonia for the management of plant disease com-
plexes caused by fungi and nematodes. Transgenic plants expressing Pochonia
enzymes may be another alternative for the management of nematodes. For instance,
tomato plants expressing the PjCHI-1 chitinase gene, isolated from the non-
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nematophagous fungus Paecilomyces javanicus (= Isaria javanica), suppressed the
reproduction and the embryonic development of M. incognita (Chan et al. 2010).

4.3.3 Other Enzymes

Pochonia secretes other enzymes during parasitism and endophytism. However,
little is known about these metabolites and their role in the fungus-nematode and
fungus-plant interactions. It is likely that the degradation of the inner lipid layer of
the egg shell (Fig. 4.2) involves the activity of lipases (Perry and Trett 1986). Proline
represents 32.8% of the amino acid content of tylenchid egg shell (Bird and McClure
1976) and prolyl aminopeptidases (S33) are the most abundant serine protease fam-
ily in the P. chlamydosporia genome (Larriba et al. 2014). Several families of
expressed proteases in Pochonia have relation to the endophytic behaviour of fungi,
such as rhomboid proteases (S54) and metalloproteases (M28, M35, M36 and M43)
(Larriba et al. 2014).

4.4 Secondary Metabolites

Secondary metabolites are structurally heterogeneous molecules, usually of low
molecular weight, that are not directly required for the growth of the producer
organism. Fungal and bacterial inhabitants of the soil produce a range of secondary
metabolites, principally to compete with other organisms for space and nutrients
(Brakhage 2013).

Pochonia is known to produce secondary metabolites (Khambay et al. 2000;
Hellwig et al. 2003; Niu et al. 2010). Some of these have been investigated for their
medicinal uses, for example, for the treatment of herpes and cancer (Hellwing et al.
2003; Moulin et al. 2005; Huang et al. 2008), whilst others, such as phomalactone
and aurovertin, have been tested as nematicides (Khambay et al. 2000; Wang et al.
2015). Phomalactone has nematicidal activity in vitro, and can kill 84% J2 of M.
incognita within 96 h. Aurovertins A3 and A4 have shown toxicity to the free-living
nematode Panagrellus redivivus, although none of the aurovertin-type metabolites
studied thus far has been found to inhibit eclosion of M. incognita juveniles
(Khambay et al. 2000; Niu et al. 2010). Aurovertin D has lethal activity against M.
incognita juveniles (Wang et al. 2015). Nevertheless, more research is necessary in
order to elucidate the role of secondary metabolites in nematode control and the
ability of these toxins to function under natural conditions (see Chap. 7, Secondary
metabolites).
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4.5 Factors Affecting the Parasitic Activity of Pochonia
chlamydosporia

Different conditions favour the establishment and guaranteed efficacy of biological
control against soil pathogens. There is a considerable amount of information on the
conditions favouring the development of Pochonia and of nematodes. However, our
knowledge of the factors that affect Pochonia-nematode interactions is inadequate
and further research is necessary.

Soil conditions (pH, temperature and soil type), fungistatic activity of the soil,
endophytic activity and induced resistance, interactions of Pochonia with nematode
hosts and other organisms, timing and methods of application of the fungus to the
soil, are all increasingly important factors which need to be investigated for the
appropriate management of PPN.

4.5.1 SoilpH

The pH is a critical variable for the establishment of compatible interactions.
Indirectly, pH regulates enzymatic activity since each enzyme has an optimum pH
at which this activity is maximized. VCP1, an enzyme which has been well studied
and characterized, is produced by P. chlamydosporia during egg parasitism and has
its greatest activity at high pH values (Ward et al. 2012). However, the percentage
of M. incognita eggs infected by P. chlamydosporia was about four times higher at
pH 6.6 than at pH 5.8 or 7.1 (Luambano et al. 2015).

Pochonia grows between pH 3.0-7.0 in artificial conditions and most strains pre-
fer an alkaline pH (Lopez-Llorca et al. 1993; Olivares-Bernabeu and Lopez-Llorca
2002). Current data show that the results are complex when the pH is variable. It is
also important to take into consideration the fact that different fungal isolates can
have different optimum conditions for growth and development (Kerry et al. 1986).
Thus, more research is necessary in order to understand better this factor and thereby
improve nematode management.

4.5.2 Temperature

Another important factor affecting enzymatic activity is temperature. Nagesh and
co-workers (2007), working with isolates from fields infested with root-knot and
reniform nematodes in tropical regions of India, found that P. chlamydosporia
grows well at temperatures between 25-35 °C, with an optimum at 30 °C. However,
Kerry et al. (1986), working with isolates from Heterodera avenae in England,
found differences for optimum temperature ranging from 18-25 °C. Unfortunately,
the relationship between the optimum temperature for growth and that for parasit-
ism has not been made. For one of the studied isolates, optimum growth occurred at
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25 °C, whilst for parasitism the optimum was 12 °C (Kerry et al. 1986; Irving and
Kerry 1986). Isolates of P. chlamydosporia differ in their climatic requirements
according to the environmental conditions where the nematode host and fungus co-
evolved. Nevertheless, fungi are generally less efficient when soil temperatures are
either too low, because of the reduced rate of fungus development, or when tem-
peratures are over 30 °C, because it accelerates embryonic development of the nem-
atode, thereby allowing the target to escape fungal colonization after hatching
(Kerry 2000; Verdejo-Lucas et al. 2003).

4.5.3 Soil Type

Soil is the medium that supports and supplies the plants with water and nutrients, as
well as the microorganisms that live there. The importance of soil in the survival of
microorganisms is so critical that soil type and its properties determine the inhabit-
ants of this complex environment. An example of this is the preference of nema-
todes for sandy soils, which is why they usually cause most damage to crops
cultivated in this soil type. This phenomenon is considered to be due to the relative
ease of locomotion in these soils and the low organic matter content which decreases
the number, and therefore impact, of natural enemies of the nematodes whilst stress-
ing the plant due to poor nutrition. Just like nematodes and other soil organisms, P.
chlamydosporia also shows preferences for soil type and it develops best in sandy
soil, although it is also capable of growing in clay and highly saline soils (Nasu
2013; Ceiro et al. 2014). Pochonia chlamydosporia penetrates into the deeper layers
in both sandy and clay soils, although it develops best in the former (Nasu 2013).

Various factors could be involved in this preference for sandy soils, including
better porosity and thus good aeration, lower levels of toxic elements, such as alu-
minium, iron and manganese, and better drainage, which helps the fungus to move
freely within the soil profile and reducing the chances of anoxia or lack of oxygen,
since the fungus is an aerobic organism. The nematode also develops best in sandy
soils. Thus, the highest parasitism of nematodes by P. chlamydosporia also occurs
in these soils, as the nematode presence increases the cfu (colony forming units) of
the fungus in the soil (Nasu 2013). Pochonia chlamydosporia can also grow in
Luvisol — a soil type with a high level of NaCIl — which makes this biological control
agent a suitable candidate for the management of plant-parasitic nematodes in soils
with salinity problems (Ceiro et al. 2014).

4.5.4 Fungistatic Activity of the Soil

The fungistatic activity of the soil dictates the establishment of biocontrol agents
introduced into the new environment for management of nematodes. This activity
refers to the biotic and/or abiotic properties of the soils that inhibit germination of
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the fungal propagules. In sterile soil, P. chlamydosporia develops better than in
natural soils and, as a consequence, nematode control is more efficient (Monfort
et al. 2006; Zou et al. 2007; Podestd et al. 2009). Native soil microorganisms may
produce toxic metabolites that inhibit or harm other organisms. For example,
Verticillium suchlasporium (= Metapochonia suchlasporia) has its growth sup-
pressed in the presence of Pseudomonas spp. (Lopez-Llorca and Boag 1990).

4.5.5 Endophytic Activity and Plant Induced Resistance

The host plant is very important for the establishment of the fungus in the soil, and,
as a consequence, it can facilitate the control of nematodes. Pochonia chlamydospo-
ria grows endophytically within the roots and plant species can either be good or
bad hosts, as indicated by the cfu of the fungus within the root. When the roots sup-
port more than 200 cfu/cm? of root, it is considered a good host, but if lower than
this it is categorized as a bad host (Kerry 2000). Beans, cabbage, crotalaria, kale,
pigeon pea, potato, pumpkin, and tomato are good hosts for P. chlamydosporia.
Aubergine, okra, soybean, sorghum, and wheat are considered bad hosts, whilst
chilli, sweet potato, cowpea, rye, tobacco, and cotton are moderate hosts (Bourne
et al. 1996; Kerry 2000).

The fungus protects the plant against nematode action in the rhizosphere and has
the ability to colonise the roots and thus to affect control. In addition, the fungus
promotes plant growth by increasing the uptake of nutrients. For example, P. chla-
mydosporia increases by up to 24.5% the absorption of phosphorus by the plant
(Monteiro 2013). This could be explained, at least in part, by its ability to solubilise
this nutrient. This can lead to a cascade of benefits for the plant, for example,
improved growth and reduced flowering time, so that the plant becomes productive
earlier (Zavala-Gonzalez et al. 2015).

Endophytic colonization by P. chlamydosporia induces the formation of plant
structures resistant to plant pathogens, such as papillae (Fig. 4.5). Interestingly, the
presence of callose is not related to the colonization of roots by the fungus, indicat-
ing that Pochonia has an indirect action in the induction of host defences to patho-
gens (Bordallo et al. 2002; Lopez-Llorca et al. 2002b; Monfort et al. 2005; Escudero
and Lopez-Llorca 2012). This phenomenon was observed by Medeiros et al. (2015)
when P. chlamydosporia induced localized resistance to M. javanica and activated
priming in tomato plants, as witnessed by an increase of polyphenoloxidase and
peroxidase enzyme activities. Larriba et al. (2015) also reported a moderate induced
resistance in barley by P. chlamydosporia through gene up-regulation of the genes
involved in the jasmonic acid metabolism, amongst other factors.

Another intriguing phenomenon observed in the rhizosphere is that the popula-
tion density of P. chlamydosporia increases with the nematode population in the
roots. As a result of nematode infection and production of the egg mass, root exuda-
tion increases and enhances the colonization of the root surface by the fungus (Wang
and Bergeson 1974; Kerry and Bourne 1996; Bourne and Kerry 1999).
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Fig. 4.5 Papilla (arrow)
associated with root
colonization by Pochonia
chlamydosporia
(transformed with GFP)
(Courtesy N. Escudero)

4.5.6 Interactions with Other Soil Organisms

The use of combinations or ‘cocktails’ of biocontrol agents can be an interesting
option, because the employment of different organisms — often having different
mechanisms of control — can result in synergistic interactions that promote the man-
agement of plant pathogens. However, some combinations of antagonists may be
incompatible. Therefore, prior to implementing a management strategy it is impor-
tant to understand the interactions between biocontrol agents. Thus, studies of com-
patibility between antagonists will be essential in the development of novel methods,
for the management of plant-parasitic nematodes.

The combined use of P. chlamydosporia and Duddingtonia flagrans — a nema-
tophagous fungus studied for the control of important helminths of domestic ani-
mals (see Chap. 17) —increased the control of the root-knot nematodes compared to
when these fungi were tested separately (Monteiro 2013). This synergism can be
explained by the fact that these two fungi possess distinct mechanisms of action, P.
chlamydosporia parasitizing eggs and females whereas D. flagrans is a predator of
juveniles, capturing them with hyphae on sticky three-dimensional nets. The ideal
conditions for the development of each organism are variable and, in this way, the
use of more than one organism can help to stabilize biocontrol given that, when field
conditions are unfavourable for one organism, they might be favourable for another.

The mycoparasite Trichoderma may reduce the mycelial growth of P. chlamydo-
sporia by the production of volatile metabolites in vitro (Ferreira et al. 2008).
However, when they are applied to the soil together for the control of root-knot
nematodes, P. chlamydosporia and Trichoderma cause a greater reduction in the
number of eggs than when they are applied separately (Alves 2016), indicating that
the simultaneous use of these fungi could be considered commercially (see also
Chap. 3).

In all probability, most cases of natural control are the result of mixtures of
antagonists and not by large populations of a single agent, complexes of microor-
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Table 4.1 Thickness (um) of some plant-parasitic nematode egg shells

Approx. total thickness
Species (pm) References
Meloidogyne javanica 600 Bird and McClure (1976)
Globodera pallida 500 Lopez-Llorca and Robertson (1992b)
Heterodera glycines 400 Perry and Trett (1986)
Tylenchulus semipenetrans 400 Bird and McClure (1976)
Rotylenchulus reniformis 350 Bird and McClure (1976)
Heterodera schachtii 310 Perry and Trett (1986)
Heterodera avenae 250 Lopez-Llorca and Robertson (1992b)
Pratylenchus neglectus 210 Bird and McClure (1976)

ganisms being more stable and tending to have a better ecological balance com-
pared to single organisms (Cook and Baker 1983). Thus, when environmental
conditions are unfavourable for one antagonist, but not for another, natural control
can still operate and vice versa (Cook and Baker 1983).

4.5.7 Interactions of Pochonia with Nematode Hosts

Different species of nematodes are parasitized by P. chlamydosporia, although there
is variation in the Pochonia-nematode host interaction (Arora et al. 1996; Morton
et al. 2003; Manzanilla-Lopez et al. 2009a, b). The fungus infects eggs and for this
it needs to breach the various layers or barriers in the egg shell (Fig. 4.2). The thick-
ness of the egg shell varies among different plant-parasitic nematodes (Table 4.1).
In some genera of nematodes, the egg shell is thicker and can hinder parasitism as,
for example, in Meloidogyne.

The cross-linking of the egg shell proteins and polymorphism in serine proteases
may have an influence on the susceptibility of nematodes to infection by Pochonia
(Lopez-Llorca and Fry 1988; Segers et al. 1994, 1996; Morton et al. 2003). VCP1
removes the outer vitelline membrane of M. incognita eggs (Segers et al. 1994), but
does not cause the same effect on G. pallida eggs (Segers et al. 1996). It is likely,
therefore, that host preference is driven by differences in the composition of the
nematode egg shell (Morton et al. 2004).

4.5.8 Timing and Methods of Application of Pochonia
chlamydosporia to the Soil

The factors that influence the performance of P. chlamydosporia are not only geno-
typic or environmental: management practices are also fundamental. The method of
application and its timing are essential for good establishment of the fungus in the
soil and, ultimately, for successful biological control of PPN targets.
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A study has shown that when the fungus is applied to sterile soil up to 20 days
before the tomato crop, there is improved control of gall nematodes and, as a conse-
quence, less damage when compared to application at planting (Podestd 2010). The
explanation behind this is that the fungus has more time to colonize the soil and
parasitise the nematode in the absence of the plant host and so, when the crop is
sown, the nematode population is likely lower.

4.6 Concluding Remarks

Pochonia chlamydosporia has been effective in reducing root-knot and cyst nema-
tode populations and increasing soybean and carrot yields in field tests in Brazil. In
order to improve our understanding of the fungal mode of action in nature under
different cropping systems, new techniques such as DNA probes, Real Time PCR,
and handheld devices that can read strands of DNA could help to detect and to quan-
tify strains of the fungus, both in the soil and in the roots of different plant species.
The resulting information would help scientists, agronomists and farmers to plan
management schemes that would enhance Pochonia populations and thus nema-
tophagous activity for a more sustainable agriculture. We expect to see some grow-
ers replacing chemical nematicides with P. chlamydosporia in their production
systems in the future. The simple implementation of changing to biological prod-
ucts to reduce the use of chemicals, and the amount of toxic residues in nature,
would be a good start for a more environmentally-friendly farming system. A study
of combining P. chlamydosporia with other biocontrol microorganisms, such as
Trichoderma, Metarhizium, Beauveria, Bacillus, and other, as yet undiscovered
taxa, has the potential to reduce nematodes, as well as other pathogens and pests, in
an integrated pest management strategy. New technologies in the biopesticide
industry are needed in order to improve mass production and formulation, thus
helping the fungus to express its full potential in the field for better control of nema-
todes. Pochonia, due to its suspected high diversity (see Chapter 2), and potential
for biocontrol, presents a challenge to researchers in terms of what remains to be
discovered, especially about its interactions with nematodes in different
agroecosystems.
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Chapter 5
Regulatory Factors in Pochonia
chlamydosporia-Induced Gene Expression

Aurelio Ciancio, Isabella Pentimone, Mariantonietta Colagiero,
and Laura Rosso

Abstract Soil microorganisms respond to, and release signals in, the rhizosphere,
affecting root growth and their interactions with parasites. Understanding the gene
expression patterns that are active in roots is fundamental for successful exploita-
tion of beneficial associations. Pochonia chlamydosporia is a facultative parasite of
nematode eggs and a growth-promoting endophyte. Transcriptomic studies from
roots colonized by P. chlamydosporia showed that the fungus differentially regu-
lates several genes. These included transcription factors and microRNAs differen-
tially expressed during root endophytism. Both are transcriptional regulators and
form integral parts of signalling webs, modulating many biological processes. The
transcription factors involved in defence, resistance and plant growth include
WRKYs, a family of genes expressed either in P. chlamydosporia-colonized or con-
trol roots. In vitro studies on endophytism also showed differential expression of 26
miRNAs, with 154 potential target genes involved in apoptosis, metabolism and
binding, including transcription factors. The differential gene expression induced
by P. chlamydosporia in the presence of nematodes or other pathogens may disclose
novel pest and disease management strategies. The fungus transcriptomic analyses
also support the production of industrial and commercial bioformulations for plant
protection, through the induction of endogenous plant defence mechanisms.
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5.1 Introduction

Biological pest management is a promising field in crop protection, providing alter-
native tools that appear to be more sustainable and safer than the majority of pesti-
cides currently in use. Although the use of beneficial fungi in nematode management
is a relatively ‘old’ idea — discussed by L.C. Duddington as early as 1956 — many
aspects concerning their biology and interactions with roots and nematodes have
been only recently explored. Data are required at the biochemical and molecular
levels on the several fungi interacting with plants and other soil organisms, in order
to warrant reproducible and consistent exploitation of most useful associations.
Pochonia chlamydosporia is a rhizosphere colonizer of many plants where it
occurs as a facultative parasite of nematode eggs. The fungus is also a widespread
root endophyte with growth-promoting effects observed on different plant species
(Macia-Vicente et al. 2009; Escudero and Lopez-Llorca 2012). Its capacity for root
colonization may vary depending on isolate and host plants. Rotations have been
proposed as a means to increase its density in soil, treating winter crops with chla-
mydospores (Kerry and Bourne 1996; Kerry 2000). A detailed insight into the fungus
biology is, however, needed to determine its potential and validate its application.
Recent studies have shown that the genome of P. chlamydosporia is highly
enriched in genes encoding hydrolytic enzymes, expressed during root colonization
or egg degradation (Larriba et al. 2014). In many isolates of P. chlamydosporia, a
high endophytic capacity is coupled to high rates of root colonization and root-knot
nematode (RKN) parasitism. These traits suggest a potential of P. chlamydosporia
in the biocontrol of nematode pests and as a rhizosphere microbial component
underpinning both plant health and nutrition (Manzanilla-Lopez et al. 2009; 2013).
In this chapter, some aspects of the fungus biology are reviewed, with particular
attention to regulating factors affecting gene expression in colonized roots.

5.2 Transcription Factors

Significant changes are induced by P. chlamydosporia when colonizing roots, as
shown by a number of studies carried out by means of transcriptomic analyses
(Rosso et al. 2011; Ciancio et al. 2013; Larriba et al. 2014, 2015).

Microarray data on barley roots endophytically colonized by P. chlamydosporia
showed that 1.2% of the 22,792 array probesets were differentially expressed. These
included 13 upregulated probesets annotated as Gene Onthology (GO) ‘molecular
functions’ related to Transcription Factors (TF) gene families. Furthermore, a func-
tional gene classification based on MapMan onthology (Ramsak et al. 2014) showed
55 differentially regulated probesets involved in the response to biotic and abiotic
stress. These were mainly upregulated heat shock proteins (HSP) and other probe-
sets related to protein degradation, with 19 differentially regulated expressed
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sequence tags involved in the response to abiotic stress, including heat shock factors
(HSF), GATA, MADS, C2H2-ZNF and WRKY!" TFs (Larriba et al. 2015).

Next generation sequencing (NGS) data from dixenic in vitro assays with tomato
roots showed that the fungus induces a differential expression of many genes and a
deep metabolic re-programming. A number of metabolic pathways specific for
transport, secondary metabolism, stress and defence response were highly expressed
in the presence of endophytic P. chlamydosporia, while photosynthesis-related
genes were down-regulated (Ciancio et al. 2013). The study showed that, within the
87 WRKY annotated in the Solanum lycopersicum genome, 20 were differentially
expressed in the presence of P. chlamydosporia. WRKY's play a fundamental role in
the activation of the plant immune system and also affect many processes needed
for growth and development (Eulgem et al. 2000; Bhattarai et al. 2010). Mechanisms
of signalling and transcriptional regulation uncovered WRKY protein functions via
interactions with a diverse array of partners, including MAP kinases 14-3-3 pro-
teins, calmodulin, histone deacetylases, resistance proteins and others. In
Arabidopsis, more than 70% of the 100 genes forming the WRKY family respond
to infections by pathogens and to treatments with salicylic acid (Chen et al. 2010).
Actual knowledge on WRKY systems supports further studies on the genetic bases
of their activation at the cellular level.

In tomato, common mechanisms regulate the transcriptional activation of
WRKYs associated with defence response, including a group of DNA-binding pro-
teins containing WRKY domains. However, the role of these interacting proteins in
the P. chlamydosporia regulation of WRKY's and of their action is still unclear. It is
possible that these TFs act in association with specific target genes during biological
processes such as endophytism or parasitism. A particularly important aspect con-
cerns the integration of these dynamic and complex protein-protein and protein-
DNA interactions in the WRKY-mediated transcription of important target genes.
Research on this aspect is in progress, to develop a comprehensive understanding of
the WRKYs signalling and transcriptional regulatory networks, through chromatin
immunoprecipitation and other molecular or genomic tools. A framework for
WRKYs signalling pathways in the root-fungus interaction must also be constructed
based on data on regulation by signalling proteins, activating or repressing target
genes in the cell nuclei affected by the endophyte.

Since many TFs regulate a large number of genes, a further issue concerns the
identification of new TFs-target gene associations under different stress conditions, as
well as the elucidation of their regulation patterns (Table 5.1). To date, WRKY's have
been associated with many biotic and abiotic stress factors in plants (Li et al. 2012).
Among the genes involved in nematode resistance observed in tomato by microarray
analysis, WRKY72 acts as an Mi-1 gene activating factor, and utilizes gene mecha-
nisms independent from the salicylic acid defensive pathways (Bhattarai et al. 2010).
Mi-1 is also expressed in healthy tomato roots colonized endophytically by P. chla-
mydosporia (see next paragraph). This complex of resistance genes and associated

'"'WRKY: a superfamily of TFs unique for plants, involved in regulation of plant development and
response to biotic or abiotic stress.
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Table 5.1 WRKY transcription factors found as differentially expressed in tomato roots with
endophytic Pochonia chlamydosporia (Pc), with corresponding classification and functional
conditions as reported in the literature

TFs ‘ Group ‘ Associated stress conditions reported References

Up regulated

WRKY3 I n.a.

WRKYS5 I Drought Huang et al. (2012)

WRKY23 II-c Salt, Clavibacter infection or fungal Huang et al. (2012)
stress

WRKY29 II-e n.a.

WRKY34 1 Pollen-specific, male gametogenesis Guan et al. (2014)

WRKY37 II-e n.a.
WRKY73 1I-b Tomato spotted wilt virus (TSWV), in Huang et al. (2012)

roots only
WRKY75 II-c TSWV Huang et al. (2012)
Down regulated
WRKY2 1 TSWYV, in roots only Huang et al. (2012)

WRKYI12 II-c n.a.
WRKYI13 II-c n.a.

WRKY16 1I-b TSWV Huang et al. 2012

WRKY17 II-b Fungal stress (at 4 days only); negative Huang et al. (2012),
regulator of resistance in Arabidopsis Journot-Catalino et al.

(2006)

Expressed only in roots with Pc

WRKY31 1 Drought Huang et al. (2012)

WRKY32 1 Drought Huang et al. (2012)

WRKY72 1I-b RKN Bhattarai et al. (2010)

TFs suggests a possible means of exploitation in managing RKN in tomato crops.
However, Mi genes become inactivated at temperatures higher than 28 °C and in many
field situations they cannot be fully exploited for RKN control (Branch et al. 2004).

Recent data concerning the genome-wide mapping of protein-DNA interactions
enable the identification of many transcriptional regulation mechanisms. A precise
map of binding sites for TFs and other DNA binding proteins is vital for deciphering
the gene regulatory networks that underlie various biological processes, including
the plant defence response to pathogens (Zang et al. 2009; Palii et al. 2010). To date,
there are few data available on the transcriptome of P. chlamydosporia in variable
conditions, although the mechanisms of WRKY activation in the presence of differ-
ent stress factors have been identified (Li et al. 2012). These pathways possibly
underpin the growth promotion effects observed for P. chlamydosporia. The fungus
was found to promote root and shoot weight in wheat, irrespective of infection by
the root pathogenic fungus Gaeumannomyces graminis var. tritici (Monfort et al.
2005). However, details about the molecular pathways active in the response of
parasitized roots in the presence of endophytic P. chlamydosporia are as yet
unknown.
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Next generation sequencing (NGS) data from tomato roots suggest that several
WRKYs are involved in the tri-trophic plant-pathogen-endophyte interaction.
However, the beneficial role of P. chlamydosporia in eliciting an early reaction to a
root invading pathogen is just being probed. This aspect is particularly intriguing,
since the fungus activity as a defence promoter is possibly the result of an evolution-
ary adaptation to its specific telluric microhabitat. Some hypotheses may be formu-
lated in this regard. The first one considers that this behaviour might have arisen as
the adaptation of a former pathogen that evolved to become a safe endosymbiont
(eliciting a minimal defence reaction). Alternatively it may be the result of a com-
plex adaptation of a soil biocontrol agent that evolved to become a root ‘alerting’
endophyte. The fungus metabolism as an egg parasite indeed contrasts with its
activity as an early inducer of RKN resistance (see next paragraph). An early plant
defensive response would in fact reduce the number of nematode eggs produced
(limiting by this way the fungus’s own food source). This complex behaviour may
hence hide a more complex evolutionary scenario, a trace of which may be found in
the cascade of genes and TFs activated in roots. Similarities may exist with the ecol-
ogy of Metarhizium spp., a genus phylogenetically close to Pochonia (Larriba et al.
2014). These fungi act as hyperparasites of insects in soil. However, they return to
the roots (through an endophytic phase) the nutrients that the insects took away,
with a probable positive benefit (Behie et al. 2012). When this scenario can be
shown for P. chlamydosporia, it will shed light on the evolutionary adaptations
underpinning the observed interactions.

5.3 Resistance Genes

A global analysis of transcription profiles, applied to roots of tomato inoculated
with P. chlamydosporia, show that the fungus induces the expression of several
transcripts related to genes involved in a plant defence response. Up-regulated tran-
scripts include members of the disease resistance gene family encoding nucleotide-
binding site leucine-rich repeats (NBS-LRR), proteins like coiled-coil (CC) motifs
CC-NBS-LRR, TIR-NBS-LRR (Toll/Interleukin-1 Receptor homology) and bed
finger-NBS-LRR. Plant NBS-LRR proteins act through a network of signalling
pathways and induce a series of hypersensitive defence responses, such as the acti-
vation of an oxidative burst, calcium and other ion fluxes, and mitogen-associated
protein kinase cascade, as well as the induction of pathogenesis-related genes
(Hammond-Kosack and Parker 2003; Belkhadir et al. 2004; Pedley and Martin
2005). In particular, transcripts differentially expressed in tomato roots inoculated
with P. chlamydosporia encode proteins of the CC-NBS-LRR (CNLs) subfamily,
whose products contain CC motifs in the amino-terminal domain and are involved
in pathogens recognition (Rosso et al. 2013).

Genes involved in compatible or incompatible nematode responses are expressed
in P. chlamydosporia-inoculated tomato roots, including Mi, a RKN and aphid
resistance gene partially regulated by a salicylic acid (SA)-dependent defence
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pathway (Branch et al. 2004; Bhattarai et al. 2008). It confers resistance to RKN
through PRF and Mi proteins, and holds several structural motifs linked to stress
response, including a nucleotide binding site (NBS) and a carboxy-terminal LRR
region. Endophytism by P. chlamydosporia also induces expression of several genes
involved in salicylic acid (SA)-dependent signalling. The SA signal transduction
pathway is crucial for resistance to foliar pathogens, through SA-responsive PR
(Pathogenesis-related) genes, including PR-1 (unknown function), PR-2 (a $-1,3-
glucanase) and PR-5 (a thaumatin-like protein) (Cao et al. 1998; Glazebrook 2005).

Many PR-5 proteins possess antifungal activity as shown by in vitro experiments.
A PR-5 protein from Arabidopsis thaliana ATLP3, expressed in recipient bacterial
cells, showed considerable antifungal activity against pathogenic fungi such as
Verticillium alboatrum, V. dahliae and Fusarium oxysporum, as well as against non-
pathogenic fungi such as Trichoderma reesei and Candida albicans (Xu et al. 1997).
The antifungal activity was associated with an increased permeability of fungal
membranes by pore-formation mechanisms (Anzlovar et al. 1998; Selitrennikoff
2001; Anzlovar and Dermastia 2003).

In tomato roots inoculated with P. chlamydosporia, transcripts for thaumatin-like
proteins (TLP-proteins) are differentially repressed or induced at different levels.
The TLP-protein (PRS5) family includes the closely related proteins permatin, zeama-
tin, and osmotin, the latter showing up- or down-regulated transcripts. Zeamatin has
been shown to cause fungal hyphae to leak and rupture by forming pores in the
plasma membrane (Roberts and Selitrennikoff 1990). Osmotin causes membrane
leakage and dissipation of pH gradient across the membrane (Abad et al. 1996).

Gene expression studies done on P. chlamydosporia in a saprotrophic-to-parasitic
transition show differences among several genes involved in cellular signals, trans-
port or DNA repair, with a distinct cluster of genes commonly expressed during
parasitic or poor nutritional conditions (Rosso et al. 2011). In this case, the fungus
was tested on different media, simulating starvation or presence of nematode eggs,
and not in its endophytic phase. The factors inducing the switch of P. chlamydospo-
ria from a saprophytic or endophytic trophism towards parasitism are still unknown,
but soil nutrients and root exudates were observed to affect its growth and behav-
iour. As with other parasitic fungi, molecules rich in carbon inhibit the production
of enzymes involved in nematode infection, whereas high levels of organic matter
in soil appear to stimulate growth of P. chlamydosporia, but not its biocontrol
capacity (Kerry and Bourne 1996).

The chemical composition of the host surface is a key factor in the induction of
the specific hydrolytic enzymes involved in infection (Tunlid and Jansson 1991). In
the P. chlamydosporia and nematode interaction, most of the knowledge about the
fungus metabolism concerns VCPI, a specific enzyme degrading outer proteins of
the egg shell. Fast metabolised C sources like glucose or, for a few hours, ammo-
nium chloride and unfavourable acidic pH in the rhizosphere or in the egg-mass
appeared to compromise the levels of nematode parasitism by affecting the produc-
tion of VCP1 (Ward et al. 2012). The release of VCP1 is a single step in a complex
biochemical cascade of gene induction and activation processes that is largely
unknown (Lopez-Llorca et al. 2010; Ward et al. 2012). Assays on healthy and RKN-
parasitized plants showed the early induction of several specialized genes, including
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a phytase activated 4 and 8 h after incubation. Phytic acid was observed to induce a
mycelial growth stimulation at 5-10 ppm, suggesting that the fungus can rapidly
rely on this molecule as a suitable P source (Rosso et al. 2014).

5.4 Small RNAs

Small RNAs (sRNAs) regulate critical effector genes in many infection processes
(Ruiz-Ferrer and Voinnet 2009; Peldez and Sanchez 2013; Yang and Huang 2014;
Weiberg et al. 2014). In particular, the microRNAs (miRNAs), are involved in a
variety of developmental processes in plants and animals (Axtell et al. 2011). They
are endogenous 21-24 nucleotide non-coding, single-stranded RNA species that act
as gene regulators. Usually, miRNAs derive from precursor transcripts by the action
of two RNase IIl-type proteins, Drosha and Dicer. Drosha cleaves primary tran-
scripts (pri-miRNA) to yield a stem-loop structure intermediate, known as the pre-
cursor miRNA (pre-miRNA). The pre-miRNA is further cleaved by Dicer to release
the miRNA/miRNA* duplex (Ketting et al. 2001; Lee et al. 2003). One strand of the
RNA duplex, the miRNA, is incorporated stably into the RNA-induced silencing
complex (RISC), while the other strand, the miRNA*, is degraded. The RISC loaded
with miRNAs targets mRNAs for translational repression or mRNA cleavage at the
post transcriptional level. In this process mRNAs are recognized in either near per-
fect or lacking full base complementarity by their miRNAs (Schwarz et al. 2003).

The regulatory effects of miRNAs and other non-coding (nc)RNAs in the inter-
actions between plant and endophytic P. chlamydosporia were studied by NGS of
tomato roots inoculated with the fungus and controls. Endophytism affects the pat-
tern of miRNAs expression in tomato, with 26 miRNAs differentially expressed
between the two treatments. Among 154 potential tomato target genes, there are
those involved in apoptosis, primary metabolism and binding functions, i.e.
Squamosa TF proteins. Comparative analysis with previous RNAseq data show that
48 out of 5055 P. chlamydosporia down-regulated tomato genes are miRNA targets.
Furthermore, five miRNAs (sly-miR9473-5p, sly-miR169c, sly-miR169a, sly-
miR9476-5p and sly-miR1918) are only present in the fungus colonized roots
(Pentimone et al. 2015a).

Other sRNAs, including transfer RNA (tRNA)-derived sRNAs, are also differen-
tially expressed between control and fungus colonized tomato roots. Data suggest
that miRNAs and other sRNAs play an active role in the complex interactions
between roots and endophyte (Pentimone et al. 2015b).

5.5 Conclusions and Future Perspectives

A practical aspect of the P. chlamydosporia genomic studies is represented by
exploitation of the fungus as a biopesticide or as a plant growth promoter. Pochonia
chlamydosporia has already reached the stage of industrial production in the EU
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(Italy, Spain, Portugal), Cuba, Brazil and other countries, and there are efforts aimed
at optimizing its production, formulation and application (see Chap. 15). ‘Green
products’ based on P. chlamydosporia aim at IPM (integrated pest management)
practices that are competitive with the soil fumigants and pesticides which today are
almost banned in the EU. Given the lack of suitable nematode management tools,
there is a commercial interest in developing safer, biological practices that may fill
the market space left by the banned or restricted chemicals. A better understanding
of P. chlamydosporia behaviour in the rhizosphere is hence needed at the applied
level so as to improve its formulation and/or use in the field. Besides, gene expres-
sion data may represent a screening tool, for comparison of isolate suitability, based
on known fungus-root-nematode interactions.

Next generation sequencing data are expected to yield key information on plant
cellular processes and gene expression, as well as on root physiology and metabo-
lism. At the cellular level, there are still questions concerning the functioning and
activation of WRKYs and of their activated gene targets, an obligate step for the
elucidation of the plant response to biotic stress.

A practical aspect concerns the exploitation of the molecular data produced.
Many pathogens are severe limiting factors for many crops worldwide and the study
of useful soil microorganisms represents a research challenge. Actual IPM efforts
are underpinned by the quest for safe microorganisms, suitable for sustainable man-
agement of pests and diseases, as these are needed worldwide. Any new data pro-
duced will therefore useful in sustainable IPM in the field, supporting industrial
production by providing species or isolates that act as efficient and effective biopes-
ticides or as plant growth promoters.

The microbial complexity of rhizosphere and root endophytes is a natural
resource that has been poorly exploited thus far, since microorganisms represent an
advanced solution to specific crop problems. Experimental evidence has revealed
beneficial effects of treatments with fungi like P. chlamydosporia, including isolates
available for industrial production. These effects have been shown on horticultural
crops in particular, as productivity increases in the range of 30% were observed in
field assays on glasshouse zucchini in Southern Italy (Pietrantonio et al. 2013). Root
endophytes and egg parasites will therefore provide the basis for commercial prod-
ucts with rhizosphere amendment properties, reconstructing a balance in soils that
are often compromised by previous misuse or excessive pesticide use. Pochonia
chlamydosporia is not pathogenic to vertebrates and offers the double advantage of
being involved in plant nutrition and protection, yet without risks for operators and
the environment, issues that are highly attractive to the general public. These prod-
ucts therefore meet the demand from growers and consumers concerning ‘green’
technical factors in sustainable agriculture and to increase the productivity of nurs-
eries and horticultural crops.

The molecular studies on P. chlamydosporia and related species are justified by
possible benefits that may be derived from their application. MiRNAs or other prod-
ucts may be also proposed as putative signal molecules, useful in management of
pests and diseases and/or promoting plant growth. Given their specifically targeted
effects, artificial manipulation of miRNAs through differential gene expression may
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emerge as a novel alternative approach in crop management or pest control. The
development of research activities in this field will undoubtedly contribute to
increase benefits from microbial activity and diversity, allowing a safer use of soil
and natural resources through knowledge-based approaches.
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Chapter 6
Proteomics

Nuria Escudero, Sonia Gémez-Vidal, and Luis V. Lopez-Llorca

Abstract Fungal proteomics research is growing as a result of the large number of
fungal sequenced genomes of well annotated proteins available today. The pro-
teome of any organism is dynamic as proteins differ depending on environmental
conditions, unlike genomes which are practically constant for all the cells of an
organism. In this chapter we have reviewed the ‘state-of-the-art’ of fungal pro-
teomics, including sample preparation, protein separation and identification. We
have given examples of proteomics of entomopathogenic and nematophagous fungi.
We have also focused our attention on the proteomic study of Pochonia chlamydo-
sporia carried out to date. In this study, the fungus was grown in chitin or chitosan
as the main carbon and nitrogen nutrient sources, and the secretome of the fungus
in both conditions analyzed. Proteins were concentrated using TCA/acetone. Two-
dimensional, sodium dodecyl sulphate polyacrylamide gel electrophoresis and dif-
ferential gel electrophoresis separated proteins for size and isolectric point. Some of
the proteins overexpressed with chitosan that were identified using MALDI/TOF-
TOF and LC-MS, were related with carbohydrate or protein degradation. The

N. Escudero ()

Laboratory of Plant Pathology, Multidisciplinary Institute for Environmental Studies (MIES)
Ramoén Margalef, Department of Marine Sciences and Applied Biology, University of
Alicante, Alicante, Spain

Department of Agri-Food Engineering and Biotechnology, Universitat Politecnica de
Catalunya, Catalunya, Spain
e-mail: nuria.escudero@upc.edu

S. Gémez-Vidal

Laboratory of Plant Pathology, Multidisciplinary Institute for Environmental Studies (MIES)
Ramoén Margalef, Department of Marine Sciences and Applied Biology, University of
Alicante, Alicante, Spain

Research Technical Services, University of Alicante, Alicante, Spain
e-mail: Sonia.gomez @ua.es

L.V. Lopez-Llorca

Laboratory of Plant Pathology, Multidisciplinary Institute for Environmental Studies (MIES)
Ramoén Margalef, Department of Marine Sciences and Applied Biology, University of
Alicante, Alicante, Spain

e-mail: lv.lopez@ua.es

© Springer International Publishing AG 2017 111
R.H. Manzanilla-Lépez, L.V. Lopez-Llorca (eds.), Perspectives in Sustainable

Nematode Management Through Pochonia chlamydosporia Applications for

Root and Rhizosphere Health, Sustainability in Plant and Crop Protection,

DOI 10.1007/978-3-319-59224-4_6


mailto:nuria.escudero@upc.edu
mailto:Sonia.gomez@ua.es
mailto:lv.lopez@ua.es

112 N. Escudero et al.

recently available complete Pochonia chlamydosporia genome sequence could help
with protein identification of fungal secretomes under various conditions.

6.1 Introduction

The term “proteomics”, was first coined in 1997 by Peter H. James to make an anal-
ogy with genomics, the study of the genome for the complete set of DNA of an
organism, including all of its genes. Proteomics also refers to “the large-scale com-
prehensive study of a specific proteome, including information on protein abun-
dances, their variations and modifications, along with their interacting partners and
networks, in order to understand cellular processes” (James 1997). Proteomics is
more complicated than genomics because an organism’s genome is more or less
constant, whereas the proteome differs between cells and with time and environ-
mental conditions (Bini et al. 2014).

The systematic analysis of the proteome allows qualitative and quantitative mea-
surements of large numbers of proteins that directly influence cellular biochemistry,
and thus provide an accurate analysis of cellular state or system changes during
growth, development, and response to environmental factors. We can say that the
proteome is dynamic, reflecting the conditions to which a cell is exposed or, for
example, a specific disease process. There is, therefore, a potentially huge number
of proteomes for each cell type (Bhadauria et al. 2007).

6.1.1 Fungal Proteomics

Proteomics, by virtue of its capacity to yield definitive information on protein iden-
tity, localization, post-translational modifications and the accuracy of in silico gene
model prediction in fungi, has become an integral component of all large-scale
‘-omics’ and systems approaches for understanding the rich complexity of fungal
biochemistry, plant-fungal interactions, pathogenesis and fungal colonization
(Bhadauria et al. 2007; Doyle 2011).

Fungal proteomics research, especially from filamentous fungi, has increased over
the past years. This has been due to the recent availability of multiple fungal genome
sequences (http://jgi.doe.gov/our-science/science-programs/fungal-genomics/1000-
fungal-genomes/), the advent of next-generation nucleic acid sequencing and the
availability of powerful proteomics technologies, especially tandem mass spectrom-
etry (MS), liquid chromatography-mass spectrometry (LC-MS) MS (Doyle 2011).

The earliest proteomic studies of filamentous fungi dealt with Trichoderma
reesei cell envelope proteins (Lim et al. 2001) and Aspergillus fumigatus
glycosylphosphatidylinositol-anchored proteins (Bruneau et al. 2001). Kim et al.
(2007) reviewed the proteomic studies made on filamentous fungi. For instance,
Aspergillus spp., Botrytis cinerea, Neurospora crassa, Penicillium expansum,
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Phanerochaete chrysosporium, Pleurotus sapidus, Sclerotinia sclerotiorum, and
Trichoderma spp. were all cited in these studies. The number of publications on fila-
mentous fungi proteomics has increased ever since.

6.1.2 Sample Preparation

Protein extraction and sample preparation are the most critical steps for any pro-
teomics study because they can reduce protein yield, affecting biological activities
and structural integrity of specific target proteins. For instance, proteins for two-
dimensional electrophoresis analysis should be denatured, reduced and solubilised
or rehydrated in order to obtain a complete disruption of their intra- and intermo-
lecular secondary bonds and, hence, to provide assurance that each spot in the gel
represents an individual polypeptide (Gémez-Vidal et al. 2008; Bianco and Perrotta
2015).

For total protein extraction, an ideal protocol would reproducibly capture all
protein species in a proteome with low contamination from other molecules
(Bhadauria et al. 2007). For this purpose, several procedures for protein extraction,
precipitation or solubilisation have been reported in the scientific literature in order
to overcome the limitations mentioned above and maximise protein yield (Bianco
and Perrotta 2015).

Protein extraction is achieved by different techniques dependent on cell type.
The literature shows the use of different systems to break the cell, such as the tradi-
tional mechanical systems (e.g., French press, grinding with glass beads and liquid
nitrogen, sonication), and chemical (detergent lysis) or enzymatic extraction
(Westermeier and Naven 2002; Simpson 2003). In mycological research, the robust
cell walls of most fungi need to be disrupted. For instance, enzymatic digestion or
mechanical lysis in a mortar with liquid nitrogen with or without glass beads has
been used for yeast and filamentous fungi (Kim et al. 2007; Salazar 2008; Martinez-
Gomariz et al. 2009; Barros et al. 2010; Qiu et al. 2012; Su et al. 2013; Rodrigues
et al. 2015).

When a proteomic study is focused on proteins within specific organelles like the
plasma membrane, outer membrane, mitochondria, etc., authors use the terms “sub-
proteomics” and “subproteome” (Kim et al. 2007; Bhadauria et al. 2007). The pro-
cedure for protein extraction from fungal organelles has been described in several
works (Herndndez-Macedo et al. 2002; Grinyer et al. 2004; De Oliveira and De
Graaff 2011).

In 2000 Tjalsma et al. coined the term “secretome” in their study of the eubacte-
rium Bacillus subtilis. They defined the secretome as the totality of the proteins
secreted and the secretory machinery of the bacterium. Depending on the authors,
this secretome protein population either includes any protein strictly external to the
plasma membrane or only soluble proteins outside the cell wall. Fungi are
exodigesters so they must produce a plethora of extracellular enzymes, an important
part of their secretome, which allows efficient degradation of biopolymers encoun-
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tered during the interaction with their hosts or in their environments. Deciphering
fungal secretomes has become an important research goal ever since secreted pro-
teins were identified as the main effectors responsible for interactions (pathogenic
or symbiotic) between plants and fungi (Girard et al. 2013). These effectors are
small proteins that modulate the immune system of plants allowing the establish-
ment of microorganisms therein. Effectors often interfere with signal pathways,
either those required for host invasion or those that trigger host resistance (Giraldo
and Valent 2013). Effectors are also present in animal-fungi interactions. Engelmann
and Pujo (2010)) summarized the available information about the pathways and
effectors involved in the immune system of Caenorhabditis elegans, focusing on the
immune response to nematophagous fungi.

Extensive advances in technology, emergence of genomics, proteomics and
protein-tagging technology, have allowed the determination of the complex compo-
sition of the secretome (Adav and Sze 2013). Using proteomic approaches, the main
technical difficulties in the study of a microorganism interacting with a host are two:
(1) the ratio of microbe over host in terms of respective cell concentration; and (ii)
the quality of the genomic annotation for the two partners. This is often overcome
by in vitro assays where the microorganism is cultured in the presence of purified
fractions of its host (Girard et al. 2013).

Concerning protein sample preparation, both cell and secreted proteins are usu-
ally precipitated with trichloroacetic acid (TCA) in acetone with 2-mercaptoethanol
or dithiothreitol (DTT) in order to concentrate the sample and remove interfering
compounds such as salts, phenolics, organic and fatty acids, pigments and polysac-
charides. In addition, proteolysis and other protein modifications are reduced. TCA/
Acetone precipitation method, as previously described by Damerval et al. (1986), is
a very useful method for minimizing protein degradation and removing contami-
nants. However, protein losses due to incomplete precipitation and/or resolubiliza-
tion of proteins can occur. Chaotropes (urea, thiourea) and zwitterionic detergents
(CHAPS) are usually used to circumvent this problem during sample preparation by
increasing protein solubilisation.

6.1.3 Protein Separation and Identification

In proteomic research, proteins are usually identified by the mass-to-charge ratio of
their peptides and fragments. Consequently, sample separation prior to mass analy-
sis is generally required to reduce sample biological complexity in order to lower
the risk of unambiguous identifications. The major separation technologies com-
monly used in proteomics can be divided into gel-based and gel-free approaches
(Bianco and Perrotta 2015).
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6.1.3.1 Gel-Based Proteomics

Gel-based separation techniques rely on one-dimensional (1-D) or two-dimensional
(2D), sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE),
both being very popular methods because of their robustness and simplicity (Bianco
and Perrotta 2015).

Two-dimensional electrophoresis is the current dominant technique in gel-based
proteomic studies and separates proteins according to two independent parameters,
i.e., isoelectric point (pl) in the first dimension and molecular mass (M,) in the sec-
ond dimension by coupling isoelectric focusing (IEF) and SDS-PAGE (Gorg and
Weiss 2004). Since these two parameters are unrelated, it is possible to obtain an
almost uniform distribution of protein spots across a two-dimensional gel. The
resulting map of protein spots can be considered as the protein fingerprint of that
sample (Baggerman et al. 2005). The general work flow, after gel-separation,
involves protein visualization by staining, gel image analysis, protein spot excision
from a 2D electrophoresis gel, digestion into fragments by specific proteases such as
trypsin, analysis of the peptide mass by Mass Spectrometry (MS), database search,
and further validation. Two-dimensional electrophoresis remains a well-established
technique in proteomic analysis of complex samples (Adav and Sze 2013).

Grinyer et al. (2004) published the first proteomics study of a filamentous fun-
gus, Trichoderma harzianum carried out with 2D electrophoresis technology
(reviewed by Bianco and Perrotta 2015). Further studies mapping intracellular and
extracellular fungal proteomes were published using this established method and
were promoted by numerous fungal genome projects, which increased the number
of protein identifications. Two-dimensional gel electrophoresis has been used to
generate protein maps and also in comparative studies where differences between
diverse experimental conditions, strains or mutants have been examined.

The introduction of differential gel electrophoresis (DIGE technology), a variant
of 2D electrophoresis, addresses some of the drawbacks found with the original
technique, mainly the inherent variation between gels. For example, two identical
protein samples run on separated 2D electrophoresis gels produce similar but not
identical protein maps. DIGE provides a platform for controlling variation due to
sample preparation, protein separation and difference detection by comparing up to
three fluorescently staining protein samples running simultaneously on the same 2D
electrophoresis gel. This technique has the advantage of running an internal stan-
dard, a mix of all protein samples of the experiment co-resolved together with two
protein samples on the gels. This means that the internal standard sample comprises
equal amounts of each sample to be compared. The standard is then mixed with two
of the protein samples that have to be compared and applied to 2D electrophoresis.
This leads to an enormous increase in accuracy and multiplexing of samples using
different fluorescent cyanine dyes (i.e., Cy2, Cy3, and Cy5). Differential gel elec-
trophoresis (DIGE) technology has reduced the systematic variation and increased
the sensitivity and resolution of the gel-based proteomic approaches (Marouga et al.
2005; Minden et al. 2009; Bianco and Perrotta 2015). As 2D electrophoresis, DIGE
technology work flow comprises gel image analysis and MS identification.
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Differential gel electrophoresis technology was applied by Palma-Guerrero et al.
(2010) to investigate the extracellular proteins of the filamentous fungus Pochonia
chlamydosporia growing on semi-liquid medium with chitosan as the main carbon
and nitrogen source versus a medium with chitin. Results will be discussed in detail
in Sect. 6.3 of this chapter.

As already mentioned, after gel-separation, proteins should be visualized by
staining with Coomassie blue dye, silver stains, fluorescent dyes, immunochemical
detection, or radiolabelling (Gorg and Weiss 2004). For quantitative analysis, imag-
ing software is required to align gel spots and measure their intensities. To do this,
gels are captured using a scanner recording light transmitted through or reflected
from the stained gel or fluorescent scanner. For gel image analysis several software
packages can be used, e.g., PDQuest™ 2D (Bio-Rad Laboratories), Phoretix™,
SameSpots™ (NonLinear Dynamics) or ImageMaster and DeCyder 2D (GE
Healthcare). These software packages allow image alignment and spot matching
across the gels, normalization, background adjustment and noise removal, spot
detection and quantification by calculation of the spot volumes, and statistical anal-
ysis to highlight differentially present proteins. Protein spots of interest are excised
manually or using an automated spot cutter from 2D electrophoresis gels and then
the spots are in-gel digested, usually using trypsin. Tryptic peptides are analysed by
mass spectrometry and further examples, using P. chlamydosporia and similar
fungi, can be found in: Gémez-Vidal et al. 2009; Martinez-Gomariz et al. 2009;
Palma-Guerrero et al. 2010; Abdallah et al. 2012.

Mass spectrometry is an analytical technique that measures the molecular weight
of molecules based upon the motion of a charged particle in an electric or magnetic
field. The molecules are converted into, and separated according to, their mass:charge
ratio (m/z). This technique is performed by a mass spectrometer (Westermeier and
Naven 2002).

A typical mass spectrometer consists of an ion source, a mass analyser and a
detector. Two “soft ionization” methods, namely matrix-assisted laser desorption
ionisation (MALDI) and electro spray ionization (ESI), volatilize and ionize large
biomolecules such as peptides and proteins. Different mass analyzers are used in
proteomics research, i.e., time of fly (TOF), ion trap (IT), quadrupole (Q), orbitrap,
etc. MALDI is usually coupled to TOF and TOF/TOF analyzers and ESI have
mostly been coupled to ion traps and triple quadrupole or hybrid
TOF-MS. Nevertheless, compared to MALDI, ESI has a significant advantage in its
ease of coupling to separation techniques such as liquid chromatography (LC) and
high-performance liquid chromatography (HPLC). Typically, a mixture of proteins
is first separated by LC followed by tandem MS (MS/MS). In this procedure, a
mixture of charged peptides is separated in the first MS according to their m/z ratios
to create a list of the most intense peptide peaks. In the second MS analysis, the
instrument is adjusted so that only a specific m/z species is directed into a collision
cell to generate “daughter” ions derived from the “parent” species. Database search
for protein identification is usually done via the MASCOT (http://www.matrix-
science.com) search engine (Bhadauria et al. 2007).
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6.1.3.2 Gel-Free Proteomics

Gel-based proteomics have technical limitations in the separation and visualization
of certain classes of proteins. Therefore, in recent years, most developmental efforts
have been focused on alternative approaches, such as gel-free proteomics. A typical
2D electrophoresis gel cannot visualize the entire proteome, especially so for pro-
teins present in extremely low concentrations, or those that cannot be separated on
a 2D electrophoresis gel due to their physicochemical properties (e.g., pl, hydro-
phobicity, molecular weight) preventing detection. Among the different possible
approaches to study proteins, MS-based proteomics, an entirely new toolbox, has
now become available for quantitative analysis. Complex peptide fractions, gener-
ated after protein proteolytic digestion, can be resolved using different fractionation
strategies, i.e., ion-exchange chromatography (strong cation-exchange chromatog-
raphy [SCX]), reversed-phase chromatography (RP), two-dimensional liquid chro-
matography (2D-LC), multidimensional protein identification technology (MudPit),
and offgel electrophoresis (OGE). Although these approaches were initially targeted
as replacements for gel-based methods, they should probably be regarded as com-
plements to, rather than as mere replacements of, 2D electrophoresis. In fact, there
is no single method that can provide exhaustive information for all the protein com-
ponents in a complex mixture and different methodologies usually offer comple-
mentary information which can then be integrated into more detailed analyses.
(Baggerman et al. 2005; Abdallah et al. 2012; Bianco and Perrotta 2015).

Quantitative proteomic approaches can be classified as either gel-based or gel-
free methods, the latter being broadly categorized into “label-free” or “label-based”
methods, of which the second can be further subdivided into the various types of
labelling approaches, such as chemical and metabolic labelling (Abdallah et al.
2012). Accurate protein quantitation is currently one of the most challenging and
rapidly changing areas of proteomics. The choice of methods for quantitative pro-
teomics depends on multiple factors, including the source and the number of the
samples, the number of treatments to be compared, the type of equipment available,
time requirement and, most importantly, cost. Several quantitative methods, includ-
ing isotope labelling approaches like Isotope-Coded Affinity Tag (ICAT), Stable
Isotope Labelling by Amino Acids in Cell Culture (SILAC), "N/N metabolic
labelling, '80/'°O enzymatic labelling, Isotope Coded Protein Labelling (ICPL),
Tandem Mass Tags (TMT), Isobaric Tags for Relative and Absolute Quantification
(AiTRAQ), and other chemical labelling have been adopted in quantitative proteomics
(Adav and Sze 2013).

The aforementioned techniques have, with the exception of iTRAQ, rarely been
used in fungal proteomic analysis. This label-based quantitative proteomics method
has been used to investigate the proteome of filamentous fungi such as Fusarium
graminearum or Aspergillus fumigatus (reviewed by Bianco and Perrotta 2015).
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6.2 Proteomics Applied to Fungal Pathogens of Invertebrates

6.2.1 Entomopathogenic Fungi

At least 90 genera and more than 700 species of fungi are pathogens of insects and
they are distributed in practically every important fungal taxonomic group except
for the higher basidiomycetes (St. Leger et al. 2011). The entomopathogenic fungi,
also called entomophagous or entomogenous fungi, is the fungal group most
exploited commercially for biological control purposes (Macid-Vicente et al. 2011).

Entomopathogenic fungi vary considerably in their mode of action and viru-
lence. The adherence and penetration ability of a fungus to the host integument
determines the success of the infection process. During the degradation of the insect
integument or cuticle a variety of extracellular enzymes are produced. The life cycle
of entomopathogenic fungi on the insect cuticle begins with spore germination and
penetration, followed by a rapid proliferation of fungal cells which ultimately
results in the death of the host. Host death may be followed by the production of
infective spores that can infect immediately to repeat the cycle, or by the production
of resting spores or other resistant structures that require a period of dormancy
(Shahid et al. 2012).

Various unexpected roles have been reported for entomopathogenic fungi,
including endophytism, pathogenesis of protozoans, antagonism of plant patho-
gens, rhizosphere associations and plant growth promotion (Vega et al. 2009; St.
Legeretal. 2011). Species of Acremonium, Beauveria, Cladosporium, Clonostachys
and Isaria have been isolated as endophytes, despite being traditionally regarded as
entomopathogens (Vega et al. 2009). We have provided evidence of the endophytic
behaviour of the entomopathogenic fungi B. bassiana, Lecanicillium dimorphum
and L. psalliotae in leaf petioles of Phoenix dactylifera L., in both laboratory and
field assays, without causing evident harm to the host-plant. These fungi survived
up to 30 days after inoculation within the host tissues and were able to move away
from the inoculation site (Gémez-Vidal et al. 2006). Proteomic analysis of endo-
phytically colonised date palms indicated that entomopathogenic fungi modulated
plant defence responses, energy metabolism and the expression of cell division-
related proteins (Gémez-Vidal et al. 2009).

To date, relatively few studies on the proteomes of entomopathogenic fungi have
been carried out, but these include a revision of fungal proteomics by Doyle (2011)
to identify protein functions. Entomopathogens were mainly represented by
Metarhizium spp. proteomics, possibly because of the importance of this group as
biological control agents.

Murad et al. (2008) used 2D electrophoresis and mass spectrometry to identify
M. anisopliae enzymes, including reductases, proteases and acetyltransferases, that
were secreted in the presence of the insect pest, Callosobruchus maculatus.
Differential immune-proteomics using 2D electrophoresis followed by MS/MS
enables identification of proteins secreted by M. anisopliae during the infection of
arthropods (Santi et al. 2010). Barros et al. (2010) compared the proteome profiles
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of M. acridum conidia and mycelia and identified proteins expressed in these two
developmental stages by 2D electrophoresis and MALDI-TOF spectrometry. Su
et al. (2013) carried out a very similar study with M. anisopliae conidia and myce-
lia. Both changes in protein expression in the interactions between M. anisopliae
and the greyback canegrub (Dermolipida albohirtum), and secretome of the fungus
in the presence of insect, were evaluated by 2D electrophoresis and MALDI-
TOF-MS and/or MALDI-TOF/TOF-MS (Manalil et al. 2009, 2010).

By using a similar proteomic strategy, as in Barros et al. (2010), proteins differ-
entially expressed in Aschersonia placenta conidia and mycelia were studied by Qiu
etal. (2012). Quin et al. (2009) identified proteins from conidia of the entomopatho-
gen Nomuraea rileyi isolated from infected silkworm larvae using 2D electrophore-
sis and MALDI-TOF-MS.

Proteomics is, therefore, a powerful tool to enhance our knowledge of fungal
biology and in particular of fungus-invertebrate interactions.

6.2.2 Nematophagous Fungi

Nematophagous fungi are the most diverse nematode antagonists. They are found in
many different taxonomic groups within the fungal kingdom and use a variety of
mechanisms to capture and kill nematodes (Stirling 2014). Depending on their
mode of attacking nematodes, the nematophagous fungi can be divided into four
groups: 1) nematode-trapping (sometimes called predacious or predatory fungi); ii)
endoparasitic; iii) egg- and female-parasitic; and iv) toxin-producing fungi (Jansson
and Lopez-Llorca 2001). In all four groups, nematode parasitism results in a com-
pletely digested nematode which supplies the fungus with nutrients and energy for
continued growth (Lopez-Llorca et al. 2008).

The nematode-trapping fungi have developed sophisticated hyphal structures,
such as hyphal nets, knobs, branches or rings, with which nematodes are captured
either by adhesion or mechanically (Nordbring-Hertz et al. 2006). Traditionally, the
nematode-trapping fungi were assigned to three genera (Arthrobotrys, Dactylella,
and Monacrosporium) on the basis of the morphology of their conidia and conidio-
phores (Stirling 2014). Extracellular serine proteases have been purified and charac-
terized from several nematode-trapping fungi, such as A. oligospora (Tunlid et al.
1994; Minglian et al. 2004), A. conoides (Yang et al. 2007a), Dactylella shizishanna
(Wang et al. 2006a) and D. varietas (Yang et al. 2007b), Monacrosporium cystospo-
rium (Yang et al. 2008) and M. microscaphoides (Wang et al. 2006b). In the case of
A. oligospora, different lectins were also purified and characterized (Borrebaeck
et al. 1984; Rosen et al. 1992). Khan et al. (2008) used 2D electrophoresis and pep-
tide mass fingerprinting to identify the M. lysipagum proteome of mycelium con-
taining sticky knobs for nematode capturing. Yang et al. (2011) sequenced the
genome of the nematode-trapping fungus A. oligospora. They also identified some
proteins involved in trap formation using 2D electrophoresis and MALDI-TOF.
These authors also found proteins involved in translocation, post-translational
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modification, amino acid metabolism, carbohydrate metabolism, energy conver-
sion, cell wall and membrane biogenesis. Recently, a LC/MS study revealed an
extended set of virulence related proteins, such as adhesins and serine proteases, on
the cell wall related to trap formation (Liang et al. 2013).

Endoparasitic fungi use their spores (conidia or zoospores) to infect nematodes.
Their spores either adhere to the nematode cuticle, the spore contents are injected
into the nematode, or the spores are swallowed by the host and then germinate. Most
of these fungi are obligate parasites of nematodes and live their entire vegetative
lives inside infected nematodes (Lopez-Llorca et al. 2008). Among the endopara-
sites, Drechmeria coniospora and Hirsutella rhossiliensis are the most important
species that infect nematodes with their spores and spend their vegetative lives
inside infected nematodes. Irrespective of the infection method, the result is always
the same: the death of the nematode (Nordbring-Hertz et al. 2006). In D. coniospora
surface proteins involved in the infection process, such as chymotrypsin-like prote-
ases were detected by gelatin-containing gel electrophoresis (Jansson and Friman
1999). An alkaline (Wang et al. 2009) and a neutral (Wang et al. 2007) serine prote-
ases from H. rhossiliensis were characterized and their encoding genes cloned.

The egg- and female-parasitic fungi infect nematode females and the eggs they
contain using appressoria (Pochonia spp., Paecilomyces spp.) or zoospores
(Nematophthora gynophila) (Lopez-Llorca et al. 2008). Proteomic studies from
Pochonia spp. will be discussed in detail in the next section of this chapter. A basic
serine protease was purified from Purpureocillium lilacinum (= Paecilomyces lilaci-
nus) with biological activity against Meloidogyne hapla eggs (Bonants et al. 1995).
The identification and characterization of P. lilacinum chitinases was performed on
non-denaturing one-dimensional (1D) and two-dimensional (2D) gels using a sand-
wich assay with glycol chitin as a substrate (Khan et al. 2003). Nematode eggs
treated with purified chitinases displayed large vacuoles in the chitin layer and their
vitelline layer was split and lost its integrity (Khan et al. 2004).

Finally, the toxin-producing fungi immobilize the nematodes by a toxin prior to
hyphal penetration through the nematode cuticle. Pleurotus spp. produces toxic
droplets and Coprinus spp. a toxin, in “spiny structures” (Lopez-Llorca et al. 2008).
In a proteomic study in Pleurotus cornucopiae a lectin similar to the one from A.
oligospora was cloned (Iijima et al. 2002) and expressed in Pichia pastoris (lijima
et al. 2003).

6.3 Pochonia chlamydosporia Proteomics

Proteases and chitinases are considered putative pathogenicity factors of Pochonia
chlamydosporia (Casas-Flores and Herrera-Estrella 2007), with subtilisins as key
proteinases secreted by P. chlamydosporia (Segers et al. 1996) and Pochonia rube-
scens [= Metapochonia] (Lopez-Llorca and Robertson 1992); these enzymes have
been widely studied by proteomics techniques.
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6.3.1 Enzyme Purification

The first protein purified for Pochonia spp. was P32, a serine protease of P. rubes-
cens [= Metapochonia] (Lopez-Llorca 1990) and then VCP1, a serine protease from
P. chlamydosporia (Segers et al. 1994). In the case of P32 the fungus was grown in
a semi-liquid medium with gelatin as substrate and P32 was purified from culture
filtrates by gel filtration and ion exchange chromatography. For VCP1 purification
P. chlamydosporia was grown in soy peptone medium, and VCP1 was purified from
culture filtrates by isoelectric focusing. Both, VCP1 and P32 serine proteases were
cloned (Morton et al. 2003; Larriba et al. 2012). A new, ca 60 kDa, serine carboxy-
peptidase from Pochonia spp. (SCP1) was identified from barley roots colonized by
the fungus (Lopez-Llorca et al. 2010).

CHI43, a main 43 kDa chitinase from Pochonia spp., was purified from culture
filtrates of these fungi growing with chitin as main C and N source (Tikhonov et al.
2002). Purified CHI43 was found to degrade the shell of Globodera pallida eggs.
The purified chitinase plus the serine protease caused more damage than each
enzyme acting separately. A chitinase of P. chlamydosporia, PCCHI44, was cloned
using degenerate primers and a genome walking approach, and overexpressed in
Escherichia coli. The treatment of M. incognita eggs using this purified chitinase
resulted in degradation of M. incognita eggs, as shown by the large vacuoles that
were formed after 3 h to PCCHI44 exposure (Mi et al. 2010).

6.3.2 Role of Pochonia chlamydosporia Enzymes
in Pathogenicity

Pochonia spp. proteases are able to degrade egg shell proteins from G. pallida
(Lopez-Llorca 1990) and M. incognita (Segers et al. 1996). VPC1 was also immuno-
localized in M. javanica eggs infected by P. chlamydosporia (Segers et al. 1995).
The P32 serine protease immunolocation in appressoria of Pochonia spp. infecting
nematode eggs supports its role as a determinant of pathogenicity (Lopez-Llorca
and Robertson 1992). As previously mentioned, Pochonia spp. chitinases are
thought to act cooperatively with proteases to degrade the nematode egg shell
(Tikhonov et al. 2002). SCP1, a serine carboxypeptidase from P. chlamydosporia,
was recently immunolocalized in Meloidogyne javanica eggs parasitized by the
fungus (Escudero et al. 2016).
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6.3.3 Role of Pochonia chlamydosporia Enzymes
in Endophytism

Pochonia chlamydosporia can also endophytically colonize plant roots. Using
Western blotting and immunolocalization P. chlamydosporia was found to secrete
VCP1 and SCP1 proteases when the fungus was found endophytically colonizing
barley roots (Lopez-Llorca et al. 2010).

6.3.4 Pochonia chlamydosporia Secretome Analysed
by Difference Gel Electrophoresis

Qualitative and quantitative differences in protein accumulation between both cul-
ture filtrates of P. chlamydosporia grown with either chitin or chitosan as the main
carbon and nitrogen sources were found using proteomic techniques (Palma-
Guerrero et al. 2010). This process is summarized in Fig. 6.1.

Filtrates from 19-day-old semi-liquid medium cultures were used for protein
extraction by precipitation with TCA/Acetone. Fungal secretomes are obtained as
very dilute protein solutions and filtrates must therefore be concentrated. This pro-
cedure is also useful to separate proteins from the large amounts of metabolites
secreted by fungi that potentially alter the secretome extract (Girard et al. 2013). As
mentioned above, TCA/Acetone precipitation is a very useful method for minimiz-
ing protein degradation and removing contaminants (Damerval et al. 1986).

Nonetheless, other gel-based separation techniques, 2D electrophoresis and
DIGE (Difference Gel Electrophoresis) technology, were used to compare proteins
from culture filtrates. First, protein separation was performed in 2D electrophoresis
using IPG strips 3—10 linear pH gradient and gels were stained with Sypro Ruby, a
highly sensitive fluorescent stain. A maximum of 323 protein spots were detected
with both qualitative (i.e., spot presence or absence) and quantitative differences
(i.e., higher or lower spot intensity) between treatments. Seven new spots and 15
protein spots with significantly higher expression were found in chitosan versus
chitin media. One protein, which was new in chitosan media, was identified by
MS-MS (MALDI-TOF-TOF) as homologous to a hypothetical protein, a putative
glycosyl hydrolase of the family 18, type II chitinases that hydrolyze chitin. In a
parallel analysis of chitinolytic and chitosanolytic enzyme assays, the authors found
a higher chitinolytic activity in chitosan versus chitin media. This newly expressed
protein could contribute to this higher activity. Four highly expressed proteins in
chitosan medium were successfully identified by MS-MS (MALDI-TOF-TOF).
Two proteins, with different molecular weight and similar pl, appeared as homolo-
gous to a mitochondrial ATP synthase subunit 4. Their presence in the extracellular
media could be explained by cell autolysis, and the higher levels in chitosan versus
chitin media could be related to the higher level of proteins requiring ATP to regu-
late protein signalling. Two more proteins were related to protein signalling
regulation, a homologue to ribosomal RNA large subunit methyltransferase and a
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homologue to a Tyrosine-protein kinase transforming protein FPS. The significance
of their higher expression on chitosan media could be related to changes in protein
regulation by chitosan, and its presence in the extracellular media could also be
explained by cell autolysis.

Two-dimensional electrophoresis gel in the pl range 3—10 did not resolve in
detail pI 7-10 proteins, and this region had special interest because of the high pres-
ence of protein spots with clear differences between treatments (chitosan versus
chitin). Difference gel Electrophoresis technology, a more sensitive and accurate
tool than 2D electrophoresis, using IPG strips 7-10 linear pH gradient, was used to
resolve this shorter pl range. Using this technique, 164 spots were resolved, 30 of
these showing increased expression in chitosan versus chitin. Only three proteins
with increased expression in chitosan were successfully identified by MS-MS
(MALDI-TOF-TOF). One of the spots was identified as a hypothetical protein of
unknown function and the other two could be involved in chromosome condensa-
tion (Probable Fe (2+)-trafficking protein and hypothetical Rad21 Rec8). Its
increased expression in chitosan media could be related to changes in hyphal growth
and morphogenesis induced by chitosan. In this respect, it is known that chitosan
affects hyphal growth and conidia germination of fungi, including P. chlamydospo-
ria (Palma-Guerrero et al. 2008). The presence of these two proteins in the extracel-
lular media could be associated with cell autolysis.

Since a low level of identification was obtained with MALDI, LC/MS-MS analy-
sis was applied for some spots using nanoLCnanoESI-QTOF, six proteins with
increased expression in chitosan in the pI 7-10 range were identified. One of the
proteins was identified as similar to a putative glycosyl hydrolase of the family of
alpha-1,6-mannases, suggesting that chitosan induced mannanase activity and
another one as a homologous to Protein kinase DC1, which is involved in protein
signalling regulation. Two proteins were identified as the same product, a hypotheti-
cal protein with a WSC domain involved in carbohydrate binding and present in
fungal exoglucanases, suggesting that either this protein could be involved in chito-
san degradation or that it is induced by chitosan but is not able to degrade it. Another
two proteins were both homologous to VCP1, the main alkaline serine protease of
the nematophagous fungus P. chlamydosporia. One of these could be a proteolytic
fragment of the other. The higher expression of VCP1 in chitosan medium could be
related to chitosan induced chitinolytic activity since chitinases and proteases are
co-expressed in the presence of chitin (Tikhonov et al. 2002; Esteves et al. 2009).

In this first approach to study the extracellular proteins expressed by P. chla-
mydosporia in a medium containing chitosan using proteomics, pathogenesis pro-
teins, included a chitinase, a mannanase, an exoglucanase and an alkaline serine
protease, and proteins related with signalling regulation, were identified as proteins
that were overexpressed or newly induced.

The fact that no previous genomic or proteomic data were available for P. chla-
mydosporia made the identification of proteins more difficult and only 14 of 52
(~27%) spots analysed could be identified using Swiss-Prot and NCBInr databases
and, in all cases, by homology with other species. The recent P. chlamydosporia
genome sequencing (Larriba et al. 2014) opens new possibilities for protein identi-
fication in the proteomes of this fungus.
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6.4 Concluding Remarks

Proteomics is envisaged as a powerful tool to understand the multitrophic biology
of P. chlamydosporia. It can complement previous work performed on 1D
Electrophoresis with extracellular enzymes involved in infection such as proteases
or chitinases.

Proteomics is also useful to understand P. chlamydosporia endophytism. Finally,
proteomics has a potential role in analysing secretomes of P. chlamydosporia when
the fungus is used as a cell factory. New, fast sequencing techniques will help to
understand protein polymorphism in the fungus.
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Chapter 7
Secondary Metabolites from Pochonia
chlamydosporia and Other Species of Pochonia

Xue-Mei Niu

Abstract This chapter aims to present classification, occurrence, biological activi-
ties and functions of 34 secondary metabolites from Pochonia chlamydosporia (=
Verticillium chlamydosporium) and 105 secondary metabolites from the other spe-
cies of Pochonia reported up to the end of 2015. The secondary metabolites from P.
chlamydosporia mainly include resorcylic acid lactone, pyranones, alkaloid and
phenolics, while those from the other species of Pochonia belong to polycyclic aro-
matic compounds, nonaromatic polyketides, phenol-terpenoid hybrids, f-carotene-
type neurosporaxanthin, pentanorlanostane triterpenoids, dahiane type diterpenoids,
cyclodepsipeptides, verticillin-type diketopiperazines, linear lipopeptide and poly-
hydroxylated pyrrolizidine. Many of these natural products have attracted much
attention for their fascinating molecular architectures and attractive biological activ-
ities such as antibacterial, antifungal, antioxidative activities, anti-malarial, antine-
maticidal, antivirus, antitumour, and other activities.

7.1 Classification and Occurrence of Secondary Metabolites
from Pochonia chlamydosporia (= Verticillium
chlamydosporium)

The secondary metabolites from P. chlamydosporia can be grouped into several
categories which include resorcylic acid lactone (RAL), pyranones, and spirocyclic
alkaloid (Table 7.1). Many of these compounds have been reported to be produced
by other fungal species. For example, radicicol (1), the most purified and famous
metabolite (Winssinger and Barluenga 2007) from P. chlamydosporia strains, was
first purified as a metabolite of Monosporium bonorden, and named initially as
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Table 7.1 Secondary metabolites purified from Pochonia chlamydosporia (= Verticillium
chlamydosporium)

Metabolite
class

Metabolite name

References

Resorcylic acid
lactones

Radicicol/Monorden (1) Khambay et al. (2000),
Hellwig et al. (2003),
and Shinonaga et al.
(2009a, b)

Tetrahydromonorden (2) Hellwig et al. (2003)

Hexahydromonorden (3)

Hellwig et al. (2003)

6,13-Dichloro-5,9,14,16-tetrahydroxy-3-methyl-
3,4,5,6,9,10-hexahydro-1H-2-
benzoxacyclotetradecine-1,11(12H)-dione (4)

Hellwig et al. (2003)

13-Chloro-5,6,9,14,16-pentahydroxy-3-methyl-
3,4,5,6,9,10-hexahydro-1H-2-
benzoxacyclotetradecine-1,11(12H)-dione (5)

Hellwig et al. (2003)

Monorden analogue-1 (6)

Shinonaga et al. (2009b)

Monorden E (7)

Shinonaga et al. (2009b)

Pochonin A (8)

Hellwig et al. (2003)

Pochonin B (9)

Hellwig et al. (2003)

Pochonin C (10)

Hellwig et al. (2003)

Pochonin D (11)

Hellwig et al. (2003)

Pochonin E (12)

Hellwig et al. (2003) and
Shinonaga et al. (2009b)

Pochonin F (13)

Hellwig et al. (2003) and
Shinonaga et al. (2009b)

Pochonin G (14)

Shinonaga et al. (2009a)

Pochonin H (15)

Shinonaga et al. (2009a)

Pochonin I (16)

Shinonaga et al. (2009a)

Pochonin J (17)

Shinonaga et al. (2009a)

Pochonin K (18) Shinonaga et al. (2009b)
Pochonin L (19) Shinonaga et al. (2009b)
Pochonin M (20) Shinonaga et al. (2009b)
Pochonin N (21) Shinonaga et al. (2009b)
Pochonin O (22) Shinonaga et al. (2009b)
Pochonin P (23) Shinonaga et al. (2009b)
Monocillin T (24) Shinonaga et al. (2009b)
Monocillin IT (25) Hellwig et al. (2003) and

Shinonaga et al. (2009b)
Monocillin III (26) Hellwig et al. (2003) and

Shinonaga et al. (2009b)

Monocillin IV (27)

Shinonaga et al. (2009b)

Monocillin IT glycoside (28)

Hellwig et al. (2003) and
Shinonaga et al. (2009b)

(continued)
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Table 7.1 (continued)

Metabolite
class Metabolite name References
Pyranones Phomalactone (29) Khambay et al. (2000)
Aurovertin D (30) Niu et al. (2010) and
Wang et al. (2015)
Aurovertin F (31) Niu et al. (2010) and
Wang et al. (2015)
Aurovertin E (32) Niu et al. (2010) and
Wang et al. (2015)
Aurovertin I (33) Niu et al. (2010) and
Wang et al. (2015)
Alkaloid Pseurotin A (34) Bloch and Tamm (1976)

monorden (Delmotte and Delmotte-Plaquee 1953). It was independently purified
from Nectria radicicola Wollenw. [= Ilyonectria radicicolal; Cylindrocarpon
destructans (Zinssm.) Scholten [= Ilyonectria destructans] and from mycorrhizal
tuberous roots of the saprophytic orchid Dipodium punctatum and given the name
of radicicol (Evans and White 1966; Mirrington et al. 1964). As the original struc-
ture of monorden was incorrect, the name radicicol has prevailed. Radicicol (1) and
some of its derivatives were also found to be synthesized by fungi, including
Penicillium luteoaurantium G. Sm. [= Penicillium resedanum] (Nozawa and
Nakajima 1979), a destructive mycoparasite, Monocillium nordinii (Bourch)
W. Gams, of pine stem rusts, a mycoparasite Humicola fuscoatra Traaen NRRL
22980 isolated from an Aspergillus flavus Link sclerotium buried for 3 years in a
Georgia field planted to corn (Wicklow et al. 1998), two Chaetomium chiversii
(J.C. Cooke) A. Carter and Paraphaeosphaeria quadriseptata M .E. Barr associated
with a Sonoran desert plant (Turbyville et al. 2006). It has been assumed that the
occurrence of radicicol (monorden, 1) and its derivatives as major constituents of
the fermentation extracts of two mycoparasite fungi H. fuscoatra and M. nordinii
indicated that monorden may play a key role in the mycoparasitic action (Wicklow
et al. 1998) since radicicol (1) was inhibitory to the growth of numerous fungal
strains, including Aspergillus niger Tiegh., A. flavus, and Eurotium repens De Bary
1870 (Wicklow et al. 1998). Fungi in unrelated fungal taxa could benefit from the
same classes of secondary metabolites with similar ecological functions, and one
might anticipate finding evolutionary convergence in pathways leading to their bio-
synthesis. For this purpose, occurrences of the purified secondary metabolites from
P. chlamydosporia strains are also listed (Figs. 7.1 and 7.2).
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Monorden (Radicicol, 1) Tetrahydromonorden (2)  Tetrahydromonorden (3)
OH O -

6,13-Dichloro-5,9,14,16-
tetrahydroxy-3-methyl-
3,4,5,6,9,10-hexahydro-1H-2-
benzoxacyclotetradecine-
1,11(12H)-dione (4): R=CI

13-Chlore-5,6,9,14,16-
pentahydroxy-3-methyl- HO
3,4,5,6,9,10-hexahydro-1H-2-
benzoxacyclotetradecine-
1,11(12H)-dione (5): R=OH  Monorden analogue-1(6) Monorden E (7)

OH O - OH O =

R
'o R,

R

Pochonin D (11): R4=Cl, Ry=H
Pochonin A (8): R;=CI, R;=H Pochonin E (12): R4=Cl, R,=0OH
Pochonin B (9): R4=CI, R,=0OH Pochonin C (10) Pochonin F (13): Ry=H, R,=0H

OH O ! OH O -
: i OH O -

Pochonin G (14) Pochonin H (15) Pochonin | (16)
OH O -

Pochonin J (17)

Fig. 7.1 The chemical structure of secondary metabolites (1-34) from Pochonia chlamydosporia
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HO  OH - Pochonin M (20): R=H
Pochonin K (18) Pochonin L (19) Pochonin N (21): R=0OH
OH O - . OH O

Pochonin O (22) Pochonin P (23) Monacillin | (24)
oH O OH O - OH O -

Monocillin Il (25) Monocillin 111 (26) Monocillin IV (27)
OH O =
RO
HO ACOL -~
| [0 0]
o 0" "o
HO OH Phomalactone (29): R=H

Monocillin Il glycoside (28) Acetylphomalactone: R=Ac Asperlin

Aurovertin B: Ry=Me, Ry=H, R3= Ac
Aurovertin D (30): Ry=Me, R,=0H, Rs= Ac
Aurovertin F (31): R;=Me, R,=0OH, R;=H
Aurovertin E (32): Ry=Me, R;= Rg=H
Aurovertin | (33): Ri=R»=Rs=H pseurotin A (34)

Fig. 7.1 (continued)
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ES-242-1 (35): Ry=H, R,=OCOCH; HO OHO ©

ES-242-2 (36): R4=R,=0COCH;
ES-242-3 (37) R1=OH. RE:OCOCH:; 0 OH Q O
ES-242-4 (38): Ry=R,=OH -
ES-242-5 (39): Ry=H, R,=OH ES-242-7 (41): R=OH,R,=H © OHO  OH
ES-242-6 (40)- R¢=R,=H ES-242-8 (42): Ry=H, R,=0OH Qosporein (43)
ﬁ;j)\/\/\ ﬁ)\m
Sorbicillin (44) 2" 3-dihydrosorbicillin (45)

bisvertinolone (50) Vertinolide (51)

Fig. 7.2 The chemical structure of secondary metabolites (35-105) from Pochonia spp. other than
P. chlamydosporia
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o o’
= | =
o o]
Canescin A (53) Pyrenocine A (54)

0
OH 0 0o s o
N
o "0 Asteltoxin (56): R=Et
Pyrenocine B (55) Asteltoxin C (57): R=Me
R% ?H
o, %\/\‘/f?/ \i?r/vj\
Asteltoxin B (58): R=Et Bigutol (60): R
Asteltoxin D (59): R=Me Methylbigutol (61 ); R=Me
9] OH
e
W o
LL-Z1272p (62) 8',9'-dehydroascochlorin (63)

Cl R, R

Ascochlorin/LL-Z1272y (64): Ry=R,=H
8'-Acetoxyascochlorin/LL-Z1272¢ (65): R,=0Ac, Ry=H
8'-Hydroxyascochlorin (66): R1=0H, R,=H

Fig. 7.2 (continued)
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O OH

on R

Ry
LL-Z1272¢ (67): Ry=R,=H
4' 5'-dihydroascochlorin/LL-Z12725 (68): R,=CI, Ry=H

4' 5'-dihydro-4'-hydroxyascochlorin (69):R=Cl, R,=0H Cl R4
~82Q 0 T
Vertihemipterin A (70): Ry=Cl, Ro= O’k&/c} Ascofuranone (71): R4=R,=0
HO Ascofuranol (72): R4=0H, Ry=H
(0]

\\\\‘\\\\\\ OR

[-Apo-4'-carotenoic acid (73); R=H
/-Apo-4'-carotenoic acid methyl ester (74): R=Me

R ™ _COOH

HO

3p-Hydroxyl-23,24,25,26,27-Pentanorlanost- HO
7.9(11)-diene acid (75): R=H
3[3,12-Dihydroxyl-23,24,25,26,27-pentanorlanost- 23 24 25 26,27-Pentanorlanost-

7,9(11)-diene acid (76): R=OH 8-en-3p,22-diol (77)
COOH
(X
MOV
0
Dahliane A (78): R;=p-OH, R,=H o)
Dahliane B (79): Ry=p-OH, Ry=0OH
Dahliane C (80): Ry=0—~OH, Ry=H HO
Dahliane D (81): Ry=o—OH, R,=OH Balanol (82)

Fig. 7.2 (continued)
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Rs (0]
v

O Rs

N

\ﬁ — Rﬁl j/:

),f’;/“ s OR\eO Hr %
dr R

o \: Y enniatin B (84): R;=R,=R;=R,=Rs=Rs=iPr
/Lj(s enniatin B, (D, 85): Ry=R,=R;=Rs=R4=iPr, Ry=iBu

enniatin C (86): R;=R,=Rs=iBu,R;=Rs=Rg=iPr
/é“ ( enniatin G (87): Ry=R,=iBu,R3=R4=Rs=Rg=iPr
S N enniatin MKI688 (88): R{=R,=R3=iPr, R4=Rs=Rg=sBu
<70 N enniatin H (89). R;=R;=R3=Rs=Rg=iPr, R;=sBu
1\ s enniatin | (90): R{=R,=Rs=R=iPr, Ry=Rs=sBu
enniatin O4 (91): R4=iBu,R;=R3=R5=Rs=iPr, R;=sBu
enniatin O (92): R;=iBu,R:=R3=R,=Rs=iPr, Rs=sBu
Bassianolide (83) enniatin O3 (93): R,=iBu,R;=R3;=R,=Rg=iPr, Rg=sBu

R
[ N S N__O
Oy, T
34;/I/ 14 215 ‘.,,’?/OH
') H "'r,/OH 13 o Hs\

1-Demethylhyalodendrin Bisdethiodi (methylthio)-1-demethylhyalodendrin (95): R=Me
tetrasulfide (94) Bisdethiodi (methylthio)hyalodendrin (96). R=H

[ H
oy, N (0]
“Ose
[ o7
S | R

AN o
H
©/ ﬁs N._o
OH o N OH
H

Vertihemiptellide A (97): R= Me
Vertihemiptellide B (98): R=H  Demethylhyalodendrin (99)

Fig. 7.2 (continued)
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Verticillin A (101): R=H

Verticillin B (102): R=OH

Verticillin C (103): epitrithio-
analogue of B

HC%H?OH

OH O

5-Hydroxytetradecanamide
L-Thr-D-Ala-L-Ala-L-Ala-D-Tyr-L-Val (104) pochonicine (105)

Fig. 7.2 (continued)

7.1.1 Resorcylic Acid Lactones

Resorcylic acid lactones (RALs) are a family of compounds possessing a resorcy-
late moiety fused within a 12- or 14-membered macrolactone ring. They have been
known for decades since the first purification of monorden (radicicol, 1) (Delmotte
and Delmotte-Plaquee 1953), followed by zearalenone (Stob et al. 1962),
LL-Z1640-2 (Ellestad et al. 1978), and hypothemycin (Nair and Carey 1980). In
recent years, more and more resorcylic acid lactone metabolites with bioactivities
have been purified from fungi and structurally characterized. In 2007, the chemistry
and biology of resorcylic acid lactones from fungi were both reviewed (Winssinger
and Barluenga 2007). In 2014, several reviews on bioactivities, biosynthesis, and
some representative chemical syntheses of this class of the resorcylic acid lactones
were reported (Xu et al. 2014a, b). This chapter mainly describes the characteriza-
tion and occurrence of resorcylic acid lactones (RALs) in P. chlamydosporia accord-
ing to their categories, including radicicol (monordens), pochonins and
monocillins.
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7.1.1.1 Radicicol (Monorden) and Derivatives

In 2000, Khambay et al. (2000) first reported the purification of radicicol from
Verticillium chlamydosporium (= P. chlamydosporia) when searching for the nema-
ticidal components from nematophagous fungi. Radicicol (1) was found to be the
major component in 14 day old potato dextrose cultures of the fungus V. chlamydo-
sporium. However, radicicol (1) did not exhibit nematicidal activity in a bioassay
using the root-knot nematode Meloidogyne incognita (Kofoid & White) Chitwood.

A bioassay was carried out in 2003 in search for antiviral agents against Herpes
Simplex Virus 1 (HSV) and the fraction analyses of the culture broths (7-8 days) of
P. chlamydosporia var. catenulata strain P 0297 led to isolation and identification of
radicicol (1) as the main metabolite, together with other RALs including one radici-
col derivative, naturally occurring tetrahydromonorden (2) (Hellwig et al. 2003).
The paper also reported that hydrogenation of radicicol (1) with H,/Pd-C under
atmospheric pressure also yielded tetrahydromonorden (2) with an intact oxirane
ring, as well as hexahydromonorden (3) with a secondary alcohol function from an
opened oxirane ring. Two artificial derivatives (4 and 5) with a microscale epoxide
ring opening came from radicicol (1) with HCI in methanol. Radicicol (1) showed
potent inhibitory activity in the nM range in a cellular replication assay against
HSV1, and was also cytotoxic at the concentration necessary for HSV1 inhibition.
Tetrahydromonorden (2) with the epoxy moiety as in radicicol (1) also exhibited
inhibitory bioactivities with an ICs, value of 1.5 pM against HSV1 and selectivity
towards the parasite Eimeria tenella (taxonomically related to Plasmodium) at
10 ppm (Hellwig et al. 2003). However, hexahydromonorden (3), with a secondary
alcohol function instead of an intact oxirane ring as in radicicol (1), was found to be
devoid of activity in the assays.

A secretory glycoprotein of the WNT family (wingless-type mouse mammary
tumour virus integration site family), WNT-5A (member 5A), was highly expressed
in the dermal papillae of depilated skin. WNT-5A expression inhibitor promotes the
proliferation of dermal papilla cells. In 2009, in the search for a hair-growth stimu-
lant using the inhibitory activity against WNT-5A expression as a bioassay guide,
radicicol (1) was purified and identified as a potently active compound from a 6 day
culture broth of the fungus P. chlamydosporia var. chlamydosporia strain TF-0480
(Shinonaga et al. 2009a, b). An analogue of radicicol (1), monorden analogue-1 (6),
together with monorden E (7), was also purified from the culture broth of the fungus
strain TF-0480 (Shinonaga et al. 2009b). The relative stereochemistry of monorden
analogue-1 (6) was first elucidated to be a-methyl (C-2) and a-hydroxyl (C-4) based
on 'H-'H coupling constants and NOESY (Nuclear Overhauser Effect Spectroscopy)
data. This metabolite with only a planar structure was originally reported as being
obtained from a mycoparasite, Humicola fuscoatra NRRL 22980, purified from a
sclerotium of Aspergillus flavus buried in a cornfield near Tifton, Ga (Wicklow et al.
1998). Monorden E (7), as well as radicicol (1), were originally isolated from the
fermentation broth of Humicola sp. FO-2942 that produced amidepsines, inhibitors
of diacylglycerol acyltransferase. These two compounds were found to show anti-
fungal activity only against Aspergillus niger among 16 microorganisms tested,
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with ICs, values (i.e., concentration needed to inhibit a biological or biochemical
function by half) of 12 and 70 pM, respectively (Arai et al. 2003; Yamamoto et al.
2003). However, monorden analogue-1 (6) and monorden E (7) did not show any
obvious active biological activity during the inhibitory bioassays against WNT-5A
expression. With few exceptions, the production of radicicol (1) and some of its
derivatives appears to be a rather constant feature in cultures of worldwide strains of
P. chlamydosporia (Khambay et al. 2000).

7.1.1.2 Pochonins

As the name implies, pochonins (8-23) were first purified and identified from P.
chlamydosporia strains (Hellwig et al. 2003; Shinonaga et al. 2009a, b). All the
pochonins, except for pochonins F (13) and J (17), were chlorine-containing RALs,
and pochonin K (18) was a 14-aldofuranose derivative of radicicol (1). Among these
secondary metabolites, pochonins G (14) and H (15) were the first two examples in
the radicicol family to have a furan ring, and pochonins L-N (19-21) are the first
three examples of radicicol analogues in which the double bond has an E-configuration
at C5-C6. Pochonin I (16) has a single benzene moiety in the macrolide ring.

In 2003, pochonins A-F (8-13) were also extracted from culture broths of P.
chlamydosporia var. catenulata strain P 0297 (Hellwig et al. 2003). Pochonins A-F
(8-13), except for pochonin D (11), inhibited HSV1 with ICs, values 1.5-10 pM,
less than that of radicicol (1) (0.2-0.8 pM). Although it can be speculated that the
HSV1 inhibitory activity may originate from Hsp90 (heat shock protein 90) inhibi-
tion, pochonin D (11) that was later reported to be an Hsp90 inhibitor had no activ-
ity in the assay (Moulin et al. 2005). On the other hand, pochonin C (10), which was
a poor Hsp90 inhibitor, retained activity in the HSV1 replication assay while being
the least cytotoxic compound (90 mM). As with many of the radicicol type RALs,
the pochonins were also found to be devoid of the oestrogenic activity which accom-
panied the zearalenone type RALS. A library based on the pochonin D (11) scaffold
led to the identification of moderate kinase inhibitors (low mM) for Src (Sarcoma-
family kinases), VEGFR (vascular endothelial growth factor), auroras A and B.
Although pochonin D (11) is an Hsp90 inhibitor, the analogues that showed kinase
activity were poor Hsp90 inhibitors and vice versa (Moulin et al. 2006). In addition,
pochonin A (8) inhibited Eimeria tenella at 10 ppm.

In 2009, pochonins G-P (14-23), together with pochonins B (9) and D-F (11—
13), were purified and characterized from P. chlamydosporia strain TF-0480 using
the inhibitory activity against WNT-5A (a cysteine-rich secreted glycoprotein
growth factor) expression as a bioassay guide (Shinonaga et al. 2009a, b). Pochonins
B (9), D (11), E (12), F (13), K (18), L (19) and O (22) showed a strong WNT-5A
expression inhibitory activity with ICs, values ranging from 8 to 18 pM, weaker
than that of radicicol (1), with ICs, value at 0.19 pM. The data suggested that the
4,5-epoxide or 4,5-E-olefin moieties present in Pochonins K (18) and O (22), or E
(12) and F (13), respectively, may be necessary for radicicol-type compounds
designed to inhibit WNT-5A expression. The chlorine atom at C-13 may decrease
the toxicity against dermal papilla cells.
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Pochonins occur exclusively in Pochonia spp. (Hellwig et al. 2003). With few
exceptions, the production of some pochonins, as well as radicicol (1), appears to be
a rather constant feature in the cultures of P. chlamydosporia worldwide. These
chemotaxonomical investigations supported the generic segregation of fungal spe-
cies with verticillium-like anamorphs, all of which were included in Verticillium
sect. Prostrata. This was also deduced from minisatellite PCR fingerprinting studies
on Pochonia and other conidial fungi with Verticillium-like anamorphs (Hellwig
et al. 2003).

7.1.1.3 Monocillins

The class of monocillin metabolites, including monocillin I (24), monocillin II (25),
monocillin IIT (26), and monocillin IV (27), were non chlorine-containing RALSs
originally purified from Monocillium nordinii (Bourch.) W. Gams, together with
radicicol (1) (Ayer et al. 1980, Ayer and Pefia-Rodriguez 1987). The monocillin I
(24), monocillin IIT (26) and radicicol (1), were found to be the three major second-
ary metabolites in potato dextrose broth with 0.2% yeast extract cultures of the
fungus. Radicicol (1) and monocillin I (24) showed pronounced activity against a
wide variety of fungi, including Ceratocystis ulmi (= Ophiostoma ulmi), the causal
agent of Dutch elm disease, and could also cause complete inhibition of spore ger-
mination of the rust, Endocronartium harknessii (J.P. Moore) Y. Hirats, the host of
M. nordinii, at 10 and 50 pg/ml, respectively. This indicated that RALs might play
a key role in the mycoparasitic action of M. nordinii on rust sori in nature (Ayer
et al. 1980; Ayer and Pefia-Rodriguez 1987).

In 2003, monocillins II-1IT (25-26) were first purified as major secondary metab-
olites besides radicicol (1), as well as a novel monocillin IT glycoside (28) and the
non chlorine-containing pochonin F (13) as minor secondary metabolites, from the
culture broth of P. chlamydosporia var. catenulata strain P 0297 fermented in
bromide-containing culture media, which led to a shift in secondary metabolite pro-
duction and yielded much production of nonchlorine-containing RALs (Hellwig
et al. 2003). Monocillin III (26) was the dechloro analogue of pochonin A (8) and
monocillin IT (25) that of pochonin D (11). Monocillin II glycoside (28) was identi-
fied as an aldofuranose moiety linked to position 14 of monocillin II (25), according
to the HMBC signal from the anomeric proton H-1' to the quaternary carbon C-14.
Exact determination of the sugar was not performed due to the limited amount of
sample available.

Monocillin IIT (26) was found to show potent inhibitory activity in the HSV1
replication assay with ICs, value of 0.4 pM, as strong as radicicol (1), while mono-
cillin II (25) did not show any inhibitory activity. This provided further evidence
that the chlorine substituent is not essential for the antiviral activity. Monocillin II
glycoside (28), like pochonin D (11) that contains a double bond instead of the
epoxide ring, showed only cytostatic effects.

In 2009, monocillins I-IV (24-27) were also purified from P. chlamydosporia
strain TF-0480 and evaluated for their inhibitory activities against WNT-5A expres-
sion and cytotoxicities against dermal papilla cells (Shinonaga et al. 2009b).
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Monocillins I-IIT (24-26) showed a strong WNT-5A expression inhibitory activity
with ICs, values 1.93, 7.36 and 9.43 pM, respectively. These three secondary metab-
olites also displayed cytotoxicities against dermal papilla cells with TCs, values
2.90, 17.62, and 28.87 pM, respectively. However, monocillin IV (27) did not dis-
play any biological activity.

In addition, monocillin I (24), as well as radicicol (1), showed pronounced activ-
ity against a wide variety of fungi, such as Phycomyces blaksleeanus (Zygomycotina),
Pythium debaryanum (= Globisporangium debaryanum, Mastigomycotina),
Ceratocystis ulmii (= Ophiostoma ulmi, Ascomycotina) as the cause of Dutch elm
disease, and Phellinus pini (= Porodaedalea pini, Basidiomycota), indicating that
their antifungal activities are nonspecific. The inhibitory effect of radicicol (1) is
only slightly stronger than that of monocillin I (24) toward most of the test fungi,
suggesting that the chlorine on the aromatic ring of radicicol (1) did not play an
important role in the bioactivity (Ayer et al. 1980; Ayer and Pefia-Rodriguez 1987).
The antifungal activity of monocillins II-IV (25-27) was negligible. This suggested
that alterations in the macrocyclic ring of radicicol (1) and monocillin I (24) led to
a significant loss of activity of monocillins II-V (25-28).

7.1.2 Pyranones

Pyranone secondary metabolites are a family of 2-pyrone (a-pyrone or pyran-2-one)
compounds, widely distributed in bacteria and fungi. They are capable of binding to
specific protein domains to exert a wide range of biological effects. Two com-
pounds, 4-phenylethynyl-4-tetrahydropyranyl propargyl ether- and 4-ethynyl-
6-methyl-2-pyrones, have excellent potential as a new class of anticancer agents
(Fairlamb and McGlacken 2005; Fang et al. 2015). Most recently, a-pyrones were
identified as a new class of signalling molecules in bacterial communication, similar
to quorum sensing (Brachmann et al. 2013). However, the natural functions of most
of a-pyrone secondary metabolites in fungi still remain unknown. The characteriza-
tion and occurrence of two pyranones in P. chlamydosporia is described below.

7.1.2.1 Phomalactones

Phomalactone (29) also known as 6-(I-propenyl)-5,6-dihydro-5-hydroxypyran-2-
one, was first purified from the plant-pathogenic fungus, Nigrospora sp. (Evans
et al. 1969), and subsequently also purified from Phoma minispora in 1970
(Yamamoto et al. 1970; Yamano et al. 1971). Phomalactone (29) was also found in
fungi, e.g., two entomopathogenic fungi, Hirsutella thompsonii var. synnematosa
(Krasnoff and Gupta 1994) and Paecilomyces cateniobliquus (= Isaria cateniobli-
qua) YMF1.01799 (Wu et al. 2012), and Nigrospora sphaerica (= Khuskia oryzae)
(Kim et al. 2001). Since these fungal genera are unrelated, it is likely that the pro-
duction of phomalactone (29) evolved independently.
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The first study on the isolation of phomalactone from the fungus V. chlamydo-
sporium (= P. chlamydosporia) was reported in 2000. A bioassay-directed fraction-
ation of the 14 day old potato dextrose cultures of the fungus, combined with the
bioassay against the root-knot nematode Meloidogyne incognita, led to isolation of
phomalactone (29) as the nematicidal metabolite. Another metabolite, radicicol (1),
was also reported to be obtained as the major metabolite in this experiment. Even
though the content of phomalactone (29) in the culture broth was less than half of
radicicol (1), only phomalactone (29) showed the mortality of M. incognita achiev-
ing up to 84% in 96 h at a concentration of 500 mg/l. Phomalactone (29) also
showed dose-dependent insecticidal activity against apple maggot flies, Rhagoletis
pomonella, with 1Cs, of 2 mg/ml for 72 h, and was mildly toxic to tephritid fruit
flies. It also showed inhibitory activity against spores of B. bassiana with 1Cs, of
468 pg/ml and Metarhizium anisopliae with 1C,y at 2 mg/ml. However, under the
same conditions, phomalactone (29) failed to inhibit germination of spores of two
other entomopathogenic fungi of interest, V. lecanii (= Lecanicillium lecanii) and
Paecilomyces fumosoroseus (= Isaria fumosorosea) (Krasnoff and Gupta 1994).

Acetylphomalactone and Asperline, two compounds structurally closely related
to phomalactone, were purified from Aspergillus caespitosus. Asperline (= asper-
lin), an acetyl derivative of phomalactone (29) with an epoxide at the olefinic double
bond in the propenyl side chain, was originally obtained from A. nidulans (Argoudelis
and Zieserl 1966) and has subsequently been purified from several other Aspergillus
spp.: A. elegans and A. carneus (Yamamoto et al. 1970), and A. caespitosus (Mizuba
et al. 1975). The same absolute configurations (5S, 6S) at carbons 5 and 6 in natu-
rally occurring phomalactone (29), acetylphomalactone, and asperline, suggest a
common biosynthetic route. Phomalactone (29) inhibited growth of a wide range of
microorganisms, including fungi, bacteria, and a protozoan. Acetylphomalactone
and asperline also show a similar spectrum of antimicrobial activity. Asperlin was
also found to have antitumour activity (Owen and Bhuyan 1965).

7.1.2.2 Aurovertins

The chemical structures of aurovertin-type metabolites are partly similar to phoma-
lactone, which contains a carbon skeleton of 5-methyl-6-((E)-prop-1-enyl)pyran-2-
one. The first four aurovertin secondary metabolites were initially identified from a
polyphagous fungicolous fungus, Calcarisporium arbuscula NRRL 3705 (Baldwin
et al. 1964). The structure of aurovertin B was proposed on the basis of its chemical
properties and both 1*C and 'H NMR spectroscopic data (Mulheirn et al. 1974), and
characterized as an unusual 6-ethyl-1,5-dimethyl-4,7-dioxabicyclo[3.2.1] octane
ring system with a conjugated R-pyrone moiety. The absolute configuration of auro-
vertin B was finally determined by total synthesis (Nishiyama et al. 1988). All the
structures of aurovertins were determined on the basis of spectroscopic comparison
with aurovertin B (Wang et al. 2005). Aurovertin D (30), together with three new
aurovertins F (31), G and H, was obtained from the entomopathogenic fungus
Metarhizium anisopliae (Azumi et al. 2008). The absolute configuration of auro-
vertin F (31) was determined by analysis of the CD spectrum. Another aurovertins,
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including aurovertins E (32) and I-S, together with aurovertins B-C, were identified
from the basidiomycete Albatrellus confluens (Wang et al. 2005; Guo et al. 2013).
It has been assumed that these aurovertin-type compounds reported in the literature
probably share the same absolute configuration on biosynthetic grounds. The bio-
synthetic origin of aurovertins was proposed, and subsequently verified from label-
ling studies, to derive from a polyketide pathway. Aurovertin E (32) represents the
structurally simplest member of the family and is the biosynthetic precursor to other
derivatives. The bicyclic ether moiety in 32 is fused to a methylated a-pyrone via a
triene linker and can be differentially substituted to yield various aurovertin conge-
ners. The most recent study has revealed that only four enzymes are required to
produce aurovertin E (32). The core polyketide synthase produces a polyene
a-pyrone. Following pyrone O-methylation by a methyltransferase, a flavin-
dependent mono-oxygenase and an epoxide hydrolase can iteratively transform the
terminal triene portion of the precursor into the dioxabicyclo[3.2.1] octane scaffold
(Mao et al. 2015).

During the past three decades, this class of yellow pigment secondary metabo-
lites has attracted much interest because aurovertin B binds to the f subunit of the
F;-ATPase found on the inner membrane of mitochondria, inhibiting the ATPase
and thereby uncoupling oxidative phosphorylation in in vitro bioassays (Ebel and
Lardy 1975; Van Raaijj et al. 1996; Johnson et al. 2009). Furthermore, aurovertin B
strongly inhibits the proliferation of breast cancer cell lines and arrests cell cycles at
the GO/G1 phase (Huang et al. 2008). Among the most recent identified aurovertins
(J-S), only aurovertin P, together with aurovertin B, was reported to exhibit moder-
ate cytotoxicities compared to positive control cisplatin.

The first isolation of aurovertin-type secondary metabolites (D, E, E and I, 30—
33) was reported from a root-knot nematode parasitic fungus, P. chlamydosporia
strain YMF 1.00613, collected from root-knots of tobacco infected by M. incognita
(Niu et al. 2010). Aurovertin I (33) was the first natural product with an aurovertin
skeleton with one carbon atom less in the unusual 6-ethyl-1,5-dimethyl-4,7-
dioxabicyclo[3.2.1] octane ring system. Aurovertins D (30) and F (31) were found
to be the major aurovertin constituents produced by the nematode-parasitic fungus
P. chlamydosporia, and show toxicity towards the freeliving nematode Panagrellus
redivivus with 1Cs, values 41.7 and 88.6 pg/ml, respectively. In the nematicidal
bioassay, the internal structures of nematodes exposed to aurovertin D (30) or F (31)
were observed to disintegrate and many vacuoles formed within their body, leading
to only empty cuticles of the dead nematodes remaining after 48 h. However, all
four aurovertins D, F, E and I (30-33) falied to show any obvious inhibitory effects
on egg hatching of the root-knot nematode M. incognita. Compared with phomalac-
tone (29), aurovertin secondary metabolites displayed stronger nematode toxicity
activities, which suggested that the long chain attached to the moiety of 5-methyl-6-
((E)-prop-1-enyl)pyran-2-one in aurovertin-type secondary metabolites would
increase their nematicidal activity.

During the course of the aurovertin metabolic profiling of P. chlamydosporia (Niu
et al. 2010), it has been noted that aurovertin D (30) was the richest aurovertin-type
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component in the chloroform fraction of the extract of mycelia of P. chlamydosporia,
while aurovertin F (31) was the major metabolite in the corresponding part of the
fermentation broth. Because aurovertin F (31) was the O-deacetyl derivative of auro-
vertin D (30), it seemed that the fungus changed the composition of aurovertin-type
metabolites before they released these secondary metabolites to the culture broth. It
can be expected that acetyltransferase was possibly involved in the modifying process.
It is not clear why the composition of secondary metabolites aurovertin of the mycelia
of P. chlamydosporia is different from that of the culture broth (Niu et al. 2010).
Wang et al. (2015) reported that most P. chlamydosporia isolates did not produce
aurovertin secondary metabolites. Among the 17 P. chlamydosporia isolates investi-
gated, which were obtained from three different ecological niches including root-
knot nematode females, root-knot nematode eggs, or soils, only three fungal strains
yielded distinctive luminous yellow fermentation broths. Interestingly, only the
three P. chlamydosporia strains obtained from nematode females instead of eggs
showed strong inhibitory activities toward juvenile nematodes. Chemical investiga-
tion of luminous yellow fermentation broths of these three P. chlamydosporia strains
demonstrated that the yellow pigments consisted of aurovertin secondary metabo-
lites. Among them, four aurovertins D, F, E, and I (30-33), were identified from all
three nematicidal P. chlamydosporia strains. Further HPLC-DAD (High-performance
liquid chromatography with diode-array detection) analysis of the aurovertin metab-
olite profiles of the P. chlamydosporia strains indicated that these three nematicidal
P. chlamydosporia strains obtained from the nematode worms tended to yield a total
yellow pigment aurovertin production exceeding the inhibitory concentration shown
in nematicidal bioassays, and aurovertin D (30) became the main component among
the yellow pigment secondary metabolites of the aurovertin-producing P. chlamydo-
sporia strains grown for >5 days. Further bioassay revealed that aurovertin D (30)
caused significant death of M. incognita second-stage juveniles (J2) (LCs, value
16.45 pg/ml) and also inhibited Caenorhabditis elegans (LCs, 33.50 pg/ml), indicat-
ing a stronger inhibitory activity toward root-knot than free-living nematodes. In
addition, aurovertin D (30) exerted profound and detrimental effects on the viability
of C. elegans, even at a subinhibitory concentration. Aurovertin D (30) could also
trigger DAF-16/FOXO transcription factor in nematodes (Wang et al. 2015).

7.1.3  Spirocyclic Alkaloid-Pseurotin A

Pseurotin A (34) of mixed polyketide synthase-nonribosomal peptide synthetase
(PKS-NRPS) origin was originally obtained from the culture filtrates of
Pseudeurotium ovalis (Ascomycetes) (Bloch and Tamm 1976). The structure of
pseurotin A (34) was identified by spectral data and chemical transformations, and
by X-ray analysis of its dibromo derivative, to be a novel, highly substituted and
functionalized spirocyclic system containing oxygen and nitrogen atoms. The spiro-
cyclic alkaloid (34) was subsequently purified from the submerged cultures of an
osmophilic Aspergillus fumigatus strain HA 57—-88 as an inhibitor of chitin synthase
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during a search for selective antifungal compounds with a screening using Coprinus
cinereus (Schaeff.) Gray (= Coprinopsis cinerea) solubilized chitin synthase EC
2.4.1:16 (Wenke et al. 1993). Recently, pseurotin A (34) was reported to be extracted
from a marine-derived A. fumigatus (Boot et al. 2007), and also obtained from an
endophytic fungus, Penicillium janczewskii K.M. Zalessky, from the phloem of the
Chilean gymnosperm, Prumnopitys andina (Schmeda-Hirschmann et al. 2008).
Several studies reported that pseurotin A (34) showed no obvious antibacterial or
antifungal activity except for its moderate effect against the phytopathogenic bacte-
ria Erwinia carotovora and Pseudomonas syringae, with 1Cs, values of 220 and
112 pg/ml, respectively.

In 2003, Hellwig reported that pseurotin A (34) was a main metabolite in most P.
chlamydosporia isolates propagated in Q6-medium (D-glucose 0.2%, glycerol 1%,
cotton seed meal 0.5%; tap water 1 I, pH 7.2). Compound 34 was also subjected to
all the biological investigations performed with the pochonins in a cellular replica-
tion assay against HSV1, and found to be inactive (Hellwig et al. 2003).

A new derived compound, 11-O-methylpseurotin A, along with pseurotin A (34),
was also identified from the marine-derived Aspergillus fumigatus, using a bioassay-
guided fractionation employing wild-type and hofIA strains of Saccharomyces cere-
visiae in a yeast halo assay (Boot et al. 2007). Hof1 is required for cytokinesis and
regulates actomyosin ring dynamics and septin localization and interacts with the
formins, Bnilp and Bnrlp, and with Cyk3p, Vrplp, and Bni5p. It is synthetically
lethal with other cytokinesis-related genes, including CYK3 and BNIS, and the type
IT myosin-encoding gene MYOI, which is also required for cytokinesis and cell
separation. Compounds with selective toxicity to the hofIA strain are therefore likely
to target pathways parallel to Hof1 and may inhibit cytokinesis. Pseurotin A (34) was
inactive against both strains, while 11-O-methylpseurotin A inhibited hofIA yeast
and was twofold less toxic to wild-type yeast. The identification of the cellular
target(s) of 11-O-methylpseurotin A are currently under way (Boot et al. 2007).

7.2 Other Secondary Metabolites from Pochonia
(Verticillium) Species

The types of secondary metabolites from the genus Pochonia (Verticillium) strains
consisted mainly of polycyclic aromatic compounds, nonaromatic polyketides
(including bisvertinols, bisvertinoginol, sorbicillins, pyrenocines, vertinolide and
lowdenic acid), f-carotene-type neurosporaxanthin, pentanorlanostane triterpe-
noids, diterpenoids, and cyclopeptides (including bassianolide and
epidithiodioxopiperazine-type verticillins). Many of these chemical compounds
have been found to have a myriad of biological activities, including antibacterial,
antifungal, antioxidative activities, antivirus and antitumour. However, studies with
regard to the nematicidal activities of the natural compounds from this fungus have
rarely been reported and discussed. The unique types of metabolites from P. chla-
mydosporia and the chemical components of other former Pochonia (Verticillium)
species are summarized in Table 7.2.
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7.2.1 Aromatic Compounds

A series of dimeric naphthopyran bioxanthracenes with the trivial names ES-242-1-8
(35-42) were purified and identified from an undescribed Verticillium sp. SPC-
15898 (Toki et al. 1992a, b). These bioxanthracene analogues and their monomers
were also purifieded from the insect pathogenic fungus Cordyceps pseudomilitaris
BCC1620 (Isaka et al. 2001). Amongst these secondary metabolites, ES-242-1 at
1.0 pM showed neuroprotective activity against glutamate induced death of cultured
nerve cells by inhibiting ligand binding to the N-methyl-D-aspartate receptor (Toki
et al. 1992b).

Another type of aromatic compound is oosporein (43), a red pigment originally
described in 1944 as a dye produced by the fungus Oospora colorans. It was identi-
fied from several fungi as a mycotoxin to plants and poultry from cultures of
Beauveria (Vining et al. 1962) and Chaetomium sp. (Cole et al. 1974). In 1986,
oosporein (43) was characterized from V. psalliotae (= Lecanicillium psalliotae)
that was selected as an antagonist against Phytophthora infestans, a pathogen which
causes late blight of tomato, Lycopersicon esculentum (= Solanum lycopersicum)
(Wainwright and Betts 1986). Precursor-feeding studies using intact cells of
Chaetomium aureum suggested a polyketide origin for oosporein, with the common
fungal metabolite orsellinic acid as a likely intermediate that undergoes multiple
oxidations and dimerization by oxidative coupling to yield the final dibenzoquinone
product (Steiner et al. 1974). Oosporein exhibited a strong inhibitory activity espe-
cially against P. infestans with MIC at 16 pm. Oosporein (43) also inhibited the
Ca-dependent ATPases of erythrocyte membranes at relatively high concentrations
(200 pg/ml) possibly by disturbing membrane structure.

7.2.2 Vertinoids

In 1983, three secondary metabolites, the hexaketides yellow sorbicillin (44) and its
derivative 2',3’-dihydrosorbicillin (45), and the dimeric hexaketide yellow bisverti-
noquinol (46) were reported from the culture medium of V. intertextum ATCC 46284
(Trifonov et al. 1983). Sorbicillin (44) had been observed previously as a minor
metabolite of Penicillium chrysogenum (formerly known as P. notatum). The struc-
ture of complex bisvertinoquinol (46) was obtained from an X-ray structure analy-
sis. In 1986, another four new dimeric hexaketide secondary metabolites, bisvertinol
(47), dihydrobisvertinol (48), isodihydrobisvertinol (49) and bisvertinolone (50),
were found in the culture medium of the same V. intertextum strain (Trifonov et al.
1986). These bisvertinols (46—49) are closely related to the metabolite bisvertino-
lone (50). The entire group of compounds 44-50 from V. Intertextum is referred to
as the vertinoids, which are understood to be hexaketide-derived secondary metabo-
lites with two additional methyl groups, one at C(2) and the other at C(4) (from the
carboxylic end) of the Cl12-chain: 44-45 are monomeric (Cl4) and 46-50 are
dimeric (C28) vertinoids.
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7.2.3 Furanone and Pyranone

In 1982, a new tetronic acid derivative, vertinolide (51), was purified as the main
constituent of the chloroform extract from the culture of V. intertextum ATCC 46284
(Trifonov et al. 1982). The structure of vertinolide (51) was established by X-ray
diffraction analysis and contained a 4-hydroxy-3,5-dimethyl-2(5H)-furanon-5-yl
and an (E,E)-2.4-hexadienon-1-yl substructures with a dimethylene bridge in
between.

The vertinolide (51) producing organism V. intertextum was originally isolated as
a laboratory contaminant; its identity with V. intertextum was established by
W. Gams (Centraalburean voor Schimmelcultures, Utrech, Holland). The fungus
was grown in static liquid culture on 2.4% potato-dextrose Difco for 21 days in a
constant temperature room at 27 °C under fluorescent lamps (Trifonov et al. 1981).

Another metabolite belonging to furanone type was an antifungal metabolite
with a unique skeleton, namely lowdenic acid (52). It has been obtained from non-
sporulating cultures of a undescribed fungicolous Verticillium sp. (MYC-
406 = NRRL 29280 = CBS 102427) (Angawi et al. 2003). The gross structure of 52,
from a mixed biogenetic origin, was proposed by analysis of NMR data and con-
firmed by X-ray diffraction analysis, which enabled assignment of relative stereo-
chemistry. Lowdenic acid (52) has an unusual bicyclic structure containing a
furylidene ring linked via a carbon-carbon double bond to a tetrahydrofurandione
ring and occurs as an equilibrium E/Z mixture (Angawi et al. 2003). Lowdenic acid
(52) exhibited inhibitory activity against Aspergillus flavus (NRRL 6541) with an
MIC value of approximately 6 pg/ml. It also caused zones of inhibition in standard
disk assays at 200 pg/disk against Candida albicans ATCC 90029, Staphylococcus
aureus ATCC 29213 and Bacillus subtilis ATCC 6051.

Along with the unique lowdenic acid (52), another antifungal metabolite,
canescin A (53), possessing a pyrone ring fused with a phenol, was also purified
from the same fungicolous Verticillium sp. under bioassay-guided fractionation of
the extract. Canescin A (53) was originally purified from Penicillium canescens
(Birch et al. 1969). A biogenetic pathway has also been proposed for canescin A
(83) involving aldol condensation of a polyketide with a tricarboxylic acid unit
through a multistep process (Lewis et al. 1988).

The pyrones pyrenocines A and B (54-55) were first described in 1979 and are
better known as the broadly phytotoxic metabolites of Pyrenochaeta terrestris (=
Setophoma terrestris), the causative agent of pink root disease in onions (Sato et al.
1979). The structures of both compounds were finally established with X-ray crys-
tallography (Sato et al. 1981). Pyrenocine A (54) was found to be identical to
citreopyrone, 5-crotonoyl-4-methoxy-6-methyl-2-pyrone, which was reported by
Niwa et al. (1980) as a metabolite of Penicillium citreovirens. In 2003, pyrenocines
A and B (54-55), identified as cytotoxins, were isolated from a culture broth of the
entomopathogenic fungus V. hemipterigenum (teleomorph: Torrubiella hemipteri-
gena) BCC 1449 collected from Thailand (Nilanonta et al. 2003a). Pyrenocines
were also purified from plant associated Alternaria species (Tal and Robeson 1986),
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Curvularia inaequalis isolated from Zoysia grass (Kim et al. 2000), the endophytic
fungus Penicillium paxilli PSU-A71 (Rukachaisirikul et al. 2007), Penicillium
waksmanii Zaleski OUPS-N133 isolated from the brown alga Sargassum ringgold-
ianum (Amagata et al. 1998), Paecilomyces sp. FKI-3573 isolated from a soil sam-
ple (Hashida et al. 2010), and Colletotrichum sp. HCCB03289 (Yang et al. 2014).

Pyrenocines show several biological activities, reportedly being phytotoxic, anti-
fungal, antibacterial, cytotoxic, antimalarial, and antitrypanosomal (Sparace et al.
1987; Krohn et al. 2008). Pyrenocine A (54) showed the most potent antitrypano-
somal activity (ICs, 0.12 mg/ml). Isotopic labelling feeding experiments suggested
that pyrenocine carbon scaffolds originate from acetate via the polyketide pathway;
however, the pyrone ring and the acyl side chain derive from separate polyketide
chains with the pyrone originating from an unreduced triketide and the acyl chain is
produced as a reduced diketide (Shizuri et al. 1984).

Asteltoxin type metabolites having a trienic a-pyrone structure are related to
citreoviridin and aurovertins. However, unlike citreoviridins and aurovertins, astel-
toxins have a unique, highly functionalized 2,8-dioxabicyclo[3.3.0]octane ring con-
taining a quaternary carbon embedded in an array of six stereogenic centres.
Asteltoxin (56) was first purified as a mycotoxin metabolite of the fungus Aspergillus
stellatus Curzi (Kruger et al. 1979), and showed inhibitory activity against
Escherichia coli BF1-ATPase (Satre 1981). In 2015, four asteltoxin type metabo-
lites (56-59) including two new asteltoxins (57 and 59), were isolated from the
culture broth of the fungus Pochonia bulbillosa (=Metapochonia bulbilosa) 8-H-28,
which was obtained from the fruiting body of Elaphocordyceps capitata (=
Tolypocladium capitatum) collected in Japan, during screening for cytotoxic
substances (Adachi et al. 2015). Metabolites 58 and 59 have a novel tricyclic ring
system connected to a dienyl a-pyrone structure. Compounds 56 and 57 have the
same 2,8-dioxabicyclo[3.3.0]octane ring. Compound 57 showed potent antiprolif-
erative activity against NIAS-SL64 cells derived from the fat body of Spodoptera
litura larvae, while compounds 58 and 59 were inactive.

7.2.4 Phenol-Terpenoid Hybrids

Antifungal metabolites of mixed biosynthetical pathways, bigutol (60) and its deriv-
ative methylbigutol (61), were purified from the mycoparasitic biocontrol agent V.
biguttatum (Morris et al. 1995). The structures of bigutol (60) and methylbigutol
(61) contained a prenylated 4-(hydroxymethyl)benzene-1,2-diol. Both metabolites
inhibited mycelial growth of Rhizoctonia solani (MIC 138 pg/ml) and that of other
plant pathogenic fungi on potato dextrose agar. Production of these antifungals by
V. biguttatum suggests that antibiosis may play a role during biocontrol by this
mycoparasite, particularly in plant diseases caused by R. solani.

Ascochlorin type metabolites are a class of a 2,4-dihydroxy-5-chloro
6-methylbenzaldehyde (or 5-chloroorcylaldehyde) substituted at C-3 with a sesqui-
terpene side chain. Some ascochlorin metabolites lack the chlorine at C-5. In 1968,
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ascochlorin type compounds were first purified from the fungus Ascochyta viciae (=
Septoria viciae) (Tamura et al. 1968), and have subsequently been purified from a
variety of fungi including Ascochyta viciae (Sasaki et al. 1974), Acremonium luzu-
lae (= Gliomastix luzulae) (Cagnoli-Bellavita et al. 1975), a sponge-derived fungus
Acremonium sp. (Zhang et al. 2009), Fusarium sp. LL-Z1272 (Ellestad et al. 1969),
Cephalosporium diospyri (= Nalanthamala diospyri) IFO 6118 (Kawagishi et al.
1984), Colletotrichum nicotianae (= Colletotrichum tabacum) (Kosuge et al. 1973),
Cylindrocarpon lucidum (=Thelonectria lucida) (Singhetal. 1996), Cylindrocladium
ilicicola (= Calonectria pyrochroa) MFC-870 (Hayakawa et al. 1971; Minato et al.
1972), Nectria coccinea (= Neonectria coccinea) (Aldridge et al. 1972), and a leaf-
hopper pathogenic fungus, Microcera sp. BCC 17074 (Isaka et al. 2015), They are
also structurally related to the moverastins, cancer cell migration inhibitors from
Aspergillus sp. (Takemoto et al. 2005).

In 1994, a series of ascochiorin type compounds, including a new ascochiorin,
8’,9'-dehydroascochiorin (63), and five know ascochiorins, LL-Z 12720 (62), asco-
chiorin /12 LL-Z 1272y (64), 8'-Acetoxyascochlorin/ LL-Z 1272C (65), LL-Z 1272¢
(67), and LL-Z 12728 (68), were discovered from the cultured mycelium of
Verticillium sp. FO-2787 in the search for new non-steroidal inhibitors of T-5a-
reductase (Takamatsu et al. 1994). In 2004, a new ascochlorin, 8'-hydroxyascochlo-
rin (66), and a novel ascochlorin glycoside, vertihemipterin A (70), together with six
known ascochlorins, including the aglycone of vertihemipterin A, namely
4',5’-dihydro-4'-hydroxyascochlorin (69), 8'-acetoxyascochlorin/LL-Z 1272C (65),
ascochlorin (64), 8',9’-dehydroascochlorin (63), and the biogenetically related
ascofuranone (71) and ascofuranol (72), were purified from the insect pathogenic
fungus V. hemipterigenum (= Torrubiella hemipterigena) BCC 2370 (Seephonkai
et al. 2004).

Members of ascochiorin-type compounds have been known to exhibit antifungal
(Bal-Tembe et al. 1999), antiviral and antitumour activities (Takatsuki et al. 1969).
They are also known to be Ras farnesyl-protein transferase (FPTase) inhibitors as
well as testosterone Sa-reductase inhibitors (Takamatsu et al. 1994). Ascochlorin
(64) is known to be active against Newcastle Disease Virus (Takatsuki et al. 1969).

7.2.5 Terpenoids

In 1969-1972, a type of carotenoids, including p-apo-4’-carotenoic acid and its
methyl ester (73-74) were purified from V. agaricinum (Valadon and Mummery
1977). This is the first demonstration of neurosporaxanthin in mitosporic fungi.

In 1984, 23,24,25,26,27-pentanorlanost-7,9(11)-diene acids (75-76) were iso-
lated from the mycelium of the entomopathogenic fungus V. lecanii (Zimm.) (=
Lecanicillium lecanii). In the course of an unsuccessful attempt to increase the
yields of these acids by incorporating lanosterol in the culture medium, a novel
23,24,25,26,27-pentanorlanost-8-ene-34,22-diol (77), was obtained from the
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mycelium produced in both lanosterol-enriched cultive media of the same fungus
(Grove 1984).

Guanacastane-type diterpenoids were first purified from an endophytic fungus
isolated from a Daphnopsis americana tree (Brady et al. 2000), and were subse-
quently found mainly in the genus Coprinus (Liu et al. 2014). Some exhibited sig-
nificant antibiotic and cytotoxic activities. In 2015, four new guanacastane-type
diterpenoids, namely dahlianes A-D (78-81), were obtained from cultures of V.
dahliae, a fungus isolated from the gut of Coridius chinensis (Hemiptera) (Wu et al.
2015). Their structures were elucidated on the basis of extensive spectroscopic data
analysis. In cytotoxicity evaluation against human tumour cell lines, compounds 79
and 80 exhibited significant cytotoxicities against MCF-7 cell lines with ICs, values
of 3.35 and 4.72 mM, respectively.

7.2.6 Nitrogen-Containing Phenolic Compounds

An unusal metabolite, balanol (82), was discovered from the fungus V. balanoides
(= Tolypocladium balanoides) collected from Pinus palustris needles in the search
for novel and potent inhibitors for Protein kinase C (PKC), a family of serine/
threonine-specific kinases (Kulanthaivel et al. 1993). Balanol (82) consisted of an
unusal  (3R,4R)-3-aminoazepan-4-ol condensed with a 4-(2-carboxy-6-
hydroxybenzoyl)-3,5-dihydroxybenzoic acid and a 4-hydroxybenzoic acid. Balanol
(82) was also obtained from three closely related Fusarium species, F. merismoides
Corda (= Fusicolla merismoides) NR6356, F. aquaeductuum Lagh. (= Fusiculla
aquaeductuum) IMI 103658 and Fusarium sp. NR7222 (Ohshima et al. 1994). First
purified from Cordyceps ophioglossoides (= Tolypocladium ophioglossoides) as
ophiocordin, the compound was later found to be identical to balanol (82) (Boros
et al. 1994).

The biosynthesis of balanol (82) was proposed to involve the convergence of two
different biosynthetic pathways: the benzophenone generated from polyketide bio-
synthesis and the 3-amino-hexahydroazepine-4-ol with the N-terminal
p-hydroxybenzoate protecting group from non-ribosomal peptide biosynthesis. The
hexahydroazepine originates from intramolecular cyclization of 3-hydroxylysine by
amide formation between the terminal amino group of the side chain and the main
chain carboxylate, followed by reduction. Coupling of the two parallel products is
then achieved by esterification of the hexahydroazepine-4-ol intermediate (Molnér
et al. 2010).

Balanol (82) is one of the most potent ATP-competitive inhibitors of protein
kinase C (PKC) and protein kinase A (PKA) at nanomolar concentrations. The
human PKC enzyme comprises a number of isozymes and inappropriate activation
of PKC has been linked to a variety of disorders (Kulanthaivel et al. 1993).
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7.2.7 Depsipeptides

A depsipeptide is generally a molecule that has both peptide and ester linkages in
proximity in amino acid-containing structure. The array of depsipeptide natural
products discovered to date is extensive, and many have been tested as entry points
into particular areas of therapeutic discovery. In 1977, bassianolide (83), a octadep-
sipeptide composed of four moles each of L-N-methylleucine and D-a-
hydroxyisovaleric acid, was obtained from the insect pathogenic fungi Beauveria
bassiana and Lecanicillium sp. (= V. lecanii) in the course of screening for insecti-
cidal metabolites of fungi (Suzuki et al. 1977). Bassianolide (83) inhibited
acetylcholine-induced smooth muscle contraction in a manner that did not involve
ionophoric interactions (Nakajyo et al. 1983). The NRPS of bassianolide (83) was
recently characterized from the wood-decaying fungus Xylaria sp. (Jirakkakul et al.
2008), and from B. bassiana (Xu et al. 2009).

Enniatins, the cyclooligomer hexadepsipeptides, are another group of cyclic tri-
meric esters of a dipeptidol monomer consisting of an N-methyl amino acid (Leu,
Val, Ile) and a D-2-hydroxycarboxylic acid derived from these branched chain
amino acids (Firdkova et al. 2007). Enniatins were named, and for the first time
obtained, in 1947 from Fusarium orthoceras var. enniatinum. Enniatins are second-
ary metabolites produced predominantly by various Fusarium strains isolated from
different sources, e.g. marine algae Codium fragile, walnut tree leaves, and foliage
of the balsam fir, Abies balsamea (Tomoda et al. 1992; Visconti et al. 1992). These
secondary metabolites are also produced by Halosarpheiastrains (Halosphaeriaceae,
Ascomycota) (Firdkova et al. 2007).

The insect pathogenic fungus V. hemipterigenum is the asexual state of Torrubiella
hemipterigena that only infects leafthoppers in the Indian Ocean region. In 2004,
two new analogues, enniatins H and I (89-90), bearing respectively one and two
Hmp residues, instead of Hiv, together with the known enniatins B and B4 (84-85),
were identified during the early investigation of the antimalarial constituents of V.
hemipterigenum BCC 1449 (Nilanonta et al. 2003a). Studies on precursor-directed
biosynthesis with V. hemipterigenum strain BCC 1449 led to the production and
identification of three analogs, enniatins C (86), G (87) and MK 1688 (88). Enniatin
C (86) is a cyclic trimer of the same dipeptidol unit (Nilanonta et al. 2003a).

Optimal culture conditions for enniatin production using V. hemipterigenum
BCC 1449 have been investigated. Among various liquid media tested, highest enni-
atin production was obtained using yeast extract sucrose. Application of this condi-
tion to large-scale fermentation resulted in the isolation of three new analogs, O,, O,
and Os (91-93), which are closely related isomers that were characterized as an
inseparable mixture, along with seven known enniatins (84-90) (Supothina et al.
2004). Enniatin B (84) was the major secondary metabolite in the extract of the
fungus V. hemipterigenum BCC 1449 and was most active against the malaria para-
site and it is most likely that this compound was responsible for the antimalarial
activity detected.
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This class of enniatin compounds, which has been found to exhibit antibiotic,
insecticidal, and phytotoxic activities, can also inhibit acyl-CoA: cholesterol acyl-
transferase (ACAT). Enniatin B (84), along with another Enniatin B1, has been
shown to protect human lymphoblastoid cells in HIV-1-induced cell death, and
enniatins MK 1688 and I (88 and 90) exhibited strong inhibitory activities against
HIV-1 integrase (Shin et al. 2009).

7.2.8 Diketopiperazines

Diketopiperazines are frequent microbial metabolites formed by the intramolecular
cyclization of dipeptides. During the investigation of V. hemipterigenum BCC 1449,
two new diketopiperazines, 1-demethylhyalodendrin tetrasulfide and bisdenthiodi
(methylthio)- 1-demethylhyalodendrin (94-95), were obtained together with some
enniatins from ethyl acetate extracts of the culture filtrate grown in PDB (Nilanonta
et al. 2003b). Compound 94 bears a S4-bridge and 95 has two methylthio groups
attached to the same side of the six-membered ring. They were 1-demethyl analogs
of the known hyalodendrin tetrasulfide and bisdethiodi (methylthio) hyalodendrin,
respectively, which had previously been obtained from Hyalodendron sp. (Strunz
etal. 1974) and Penicillium turbatum (Michel et al. 1974). Upon changing the liquid
medium to yeast extract sucrose, two additional new compounds, vertihemiptellides
A and B (97-98), and two known compounds, bisdethiodi(methylthio)hyalodendrin
(96) and demethylhyalodendrin (99), were also obtained from the same strain of V.
hemipterigenum BCC 1449. Vertihemiptellides (97-98) are symmetrical dimeric
compounds and its N-demethyl analogue. Their structures possess a unique skeleton
where two diketopiperazines are linked via dithio bridges (Isaka et al. 2005). The
unusual structure of 97 was confirmed by X-ray crystallographic analysis, which
also established the absolute configuration of this compound. Dimers 97 and 98
exhibited moderate antituberculous activity (MIC 12.5 pg/ml) and moderate
cytotoxicity.

In 1972, a new antibacterial and antimitotic dimeric epipolythiopiperazinedione
metabolite, 11a,11’'a-dihydroxychaetocin (100), was purified from the fungus V.
tenerum (= Acrostalagmus luteoalbus) (Hauser et al. 1972). In 1973, three new
dimeric epidithiodioxopiperaine metabolites, verticillins A-C (101-103) were puri-
fied from a species of Verticillium strain TM-759, an imperfect fungus isolated from
a basidiocarp of Coltricia cinnamomea (Minato et al. 1973). Verticillins A and B
(101-102), are derivatives of bi-(3,11a—epidithio-1,4-dioxopyrazino[l’,2":1,5]pyr-
rolo-[2,3-b]Jindol-10b-yl). Verticillin A (101) is structurally very similar to Chaetocin
from Chaetomium minutum, differing only in the position of two hydroxyl group,
and verticillin C (103) is thought to be an epitrithio-analogue of verticillin B (102).

A series of epidithiodioxopiperaine metabolites were also reported from
Chaetomium spp. (Saito et al. 1988), Bionectria byssicola F120 (Zheng et al. 2007)
and Gliocladium spp. (Joshi et al. 1999). Recently, the question as to whether
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Verticillium spp. could produce verticillin A (101) has been raised because they
seem to lack the necessary genes involved in epipolythiodioxopiperazine biosynthe-
sis (Schenke et al. 2011). Verticillin A (101) has been shown to be produced by
Clonostachys rosea, formerly known as Gliocladium roseum, and this fungus is not
only morphologically similar to, but also a mycoparasite of, Verticillium. It has thus
been assumed that the original verticillin A (101)-producing Verticillium was either
confused with another fungus or contaminated with Clonostachys rosea. Verticillins
A and B (101-102) showed the strong cytotoxicity effects against HeLa cells.
Recently, verticillin A (101) was found to be an inducer of hepatoma cell apoptosis
in vitro and an inhibitor of tumour xenograft growth in vivo. In mice, verticillin A
(101) alone was adequate to kill cancer cells, but the required dose made the mice
sick, a common problem with many cancer therapies. However, when a lower dose
was paired with Tumour Necrosis Factor (TNF)-related apoptosis-inducing ligand
(TRAIL), which induces cancer cells to self destruct, it became a powerful, more
tolerable combination that killed previously resistant cells. Metabolite 101 sensi-
tizes cancer cells to TRAIL, and appears to keep cancer cells from developing resis-
tance to TRAIL. Verticillin A (101) appears to work by upregulating DNA
Methylation-Dependent BN1P3, a gene that promotes cell death, and makes the
cancer cells sensitive to TRAIL (Liu et al. 2011).

7.2.9 Lipopeptides

Lipopeptides constitute a structurally diverse group of metabolites produced by
various bacterial and fungal genera. A key structural feature of lipopeptide antibiot-
ics is the long-chain fatty acid attached to a peptide portion. In the past decades,
research on lipopeptides has been fueled by their antimicrobial, antitumour, immu-
nosuppressant and surfactant activities (Raaijmakers et al. 2010). Bioassay-directed
fractionation of a liquid culture of P. bulbillosa (= Metapochonia bulbilosa) 38G272
led to the isolation of a series of structurally novel, prospective cell wall-active lipo-
peptides (Koehn et al. 2008). The main component of this suite is a linear hexapep-
tide with a oJ-hydroxymyristic acid amide substituted N-terminus (104). The
structure of 5-hydroxytetradecanmide L-Thr-D-Ala-L-Ala-L-Ala-D-Tyr-L-Val
(104) was deduced using high-field microsample NMR, Fourier transform mass
spectrometry, and microscale chemical degradation. The compound was expected
to be a potent inhibitor for cell wall synthesis.

7.2.10 Polyhydroxylated Pyrrolizidine Alkaloids

The distribution of most polyhydroxylated pyrrolizidine alkaloids, including austra-
lines, alexines, and hyacinthacines, has been restricted to plants (Kato et al. 2007).
In 2009, a new polyhydroxylated pyrrolizidine alkaloid, designated as pochonicine
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(105), was obtained from a solid culture of the fungal strain P. suchlasporia var.
suchlasporia (= Metapochonia suchlasporia) TAMA 87 (Usuki et al. 2009). The
structure of pochonicine (105) was determined using NMR and MS techniques as
(IR*, 3S*, 5S8*, 6S*, 7R*, 7aS*)-5-acetamidomethyl-3-hydroxymethyl-1,6,7-
trihydroxypyrrolizidine. Pochonicine (105) showed potent inhibition against 3-N-
acetylglucosaminidases (GlcNAcases) of various organisms including insects,
fungi, mammals, and a plant, but showed no inhibition against p-glucosidase of
almond, a-glucosidase of yeast, or chitinase of Bacillus sp. The GlcNAcase inhibi-
tory activity of pochonicine (105) was comparable to nagstatin, a potent GlcNAcase
inhibitor of fungal origin. Pochonicine (105) is the first example of such a com-
pound purified from a fungus.

7.3 Conclusions and Future Perspectives

In this chapter the secondary metabolites from P. chlamydosporia and other Pochonia
spp. have been described. Most of these compounds displayed an impressive array
of biological activities including antitumoral, antifungal, and enzyme inhibitory
capabilities. The structure-activity relationship has been established for only a few
classes of Pochonia spp. metabolites. In fact, the many other Pochonia spp. still
remain unexplored. In most cases, both the structural diversity of the secondary
metabolites and their biological activities from Pochonia fungi have been studied
only superficially. Though, the rest of metabolites in the other known species of
Pochonia need to be investigated in detail, it is clear that the structure types of natu-
ral products from P. chlamydosporia share little with secondary metabolites from
the other species of Pochonia (Verticillium). The dominant type of secondary metab-
olites from P. chlamydosporia is the family of resorcylic acid lactones (RAL), which
have also been reported to be produced by a variety of fungi, such as Monocillium,
Hypomyces or Penicillium. However, there is as yet no evidence of their occurrence
in other species of Pochonia (Verticillium). The challenging task for natural product
chemists and biologists is to clarify the biosynthetic origin of these RALs.

The bioactivity of RALs makes them promising candidates for clinical drug
development. For example, the well-known radicicol (1) and monocillin I (24)
exhibited potent inhibitory activity against Hsp90. Heat shock protein 90 is believed
to be an efficient target for the treatment of cancer. In consequence pharmaceutical
industries and research institutions have invested great effort in finding novel inhibi-
tors of Hsp90 in recent years. Pochonia spp. have recently entered the omics-era
(Chaps. 5, 6, 8, 9, 10). Application of genome mining strategies to Pochonia and
their cultural, genetic, or epigenetic manipulations will surely lead to the identifica-
tion of novel compounds for evaluation of pharmaceutically relevant bioactivities.
Given the ongoing efforts and interest exhibited by chemists and pharmacologists,
it is highly probable that further natural or synthetic multi-membered RALs will
enter into clinical trials and consequently their biosynthetic pathways will be under-
stood more clearly in the near future.
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However to date, no purified RALSs have been reported to cause significant mor-
tality or microscopic pathological alterations upon injection into insects or nema-
todes. In fact, of the Pochonia spp. metabolites, only pyranones from some P.
chlamydosporia strains, phomalactone and aurovertins, have been reported to show
nematicidal acitivity. Further investigation revealed that aurovertin secondary metab-
olites could be produced by some P. chlamydosporia isolates (Wang et al. 2015). Of
the 17 tested P. chlamydosporia isolates, only three of the strains, obtained from
root-knot nematode females rather than root-knot nematode eggs and soil, yielded
the distinctive nematicidal luminous yellow pigments. Pochonia chlamydosporia
can survive as a saprophyte in the soil in the absence of both plant and nematode
hosts. Therefore, many strains of the fungus, which is present worldwide, may thus
survive in the soil despite the lack of nematotoxic metabolites. This might be attrib-
uted to adaptation driving forces from diverse ecological niches, suggesting that the
secondary metabolite production of P. chlamydosporia strains (and those from other
Pochonia spp.) may vary across geographical and smaller spatial scales. This is in
good agreement with the fact that metabolite variations occurred not only in response
to long-term selective processes, but also in response to short-term environmental
variation. It therefore seems important to explore further the role of P. chlamydospo-
ria environmental variation in secondary metabolites production. However, there are
relatively few studies investigating the nature and significance of the secondary
metabolites with this variation from the structure and function of ecosystems.

Research efforts have greatly advanced the field of biological control, as wit-
nessed by the availability of a number of commercial products, yet efficacy issues
continue to be one of the most important obstacles to broad acceptance of fungal
biological control agents. Since the rate of killing with pathogenetic fungi is slower
than that with chemical pesticides, these biocontrol agents are better suited for pre-
venting large infestations rather than for treating existing problems. Better under-
standing of secondary metabolites and their natural functions in P. chlamydosporia,
together with knowlege of their biosynthesis, would aid in achieving highly effec-
tive biological control agents. This would target secondary metabolites as virulence
factors to plant and animal-parasitic nematodes that are known to be parasitized by
the fungus. Engineering fungi for increased virulence (reduced time to kill in lower
doses) by expressing transgene-encoded toxin regulators, or by elevated production
of native metabolite virulence factors, are expected to provide more attractive bio-
control agents.
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Chapter 8
Metabolomics

Nuria Escudero, Frutos Marhuenda-Egea, and Luis V. Lopez-Llorca

Abstract Metabolomics is the study of metabolites, small biomolecules (carbohy-
drates, lipids, amino acids and organic acids) present in a biological sample.
Metabolomics tools include chromatography for separating metabolites and spec-
troscopy techniques for their identification. Metabolomics tools have allowed to
analyze the composition of tomato root exudates in the tritrophic system: Pochonia
chlamydosporia, Meloidogyne javanica and tomato (Solanum lycopersicum) and
changes in root exudates that were due to the presence of the fungus, the nematode
or both. Large amounts of fluorescent compounds were detected in tomato root
exudates from plants with M. javanica root galls and egg masses. Profiles of root
exudates in '"H NMR included organic acids, sugars and amino acids. Acetate signal
increased in root exudates with M. javanica. Using HPLC-MS metabolomic
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fingerprints of tomato root exudates were generated. Several m/z signals have been
found and related to the presence of M. javanica and only one with the presence of
P. chlamydosporia. Metabolomics data integrated with transcriptomics will help to
understand rhizosphere signalling in multitrophic systems.

8.1 Introduction

After completion of the Human Genome Sequencing Project, we are now in the
post-genomics biology era. New ‘-omics’ scientific disciplines have emerged, which
allow us to understand the role of genes, proteins or metabolites, in biological sys-
tems, both in human and environmental samples (Weckwerth 2007; Griffiths 2008;
Lindon et al. 2011; Lutz et al. 2013). Pathology is a suitable field for -omics devel-
opment since it involves organismal interactions (Tan et al. 2009). As we will show
in this chapter, Pochonia chlamydosporia-plant parasitic nematode-root multi-
trophic interactions is an ideal subject for metabolomics.

Metabolomics is the study of metabolites, small molecules, that occur in biologi-
cal samples such as cells, biological fluids or tissues (Dixon and Strack 2003). They
are the products of metabolism and include, for example, sugars (or carbohydrates),
fats (or lipids), amino acids and their derivatives. The collection of all metabolites
within a cell is called the metabolome. Scientists have begun to characterize the
metabolome of pathosystems in order better to understand and diagnose disease and
its associated metabolism (Fiehn 2002; Lindon et al. 2011).

Metabolomics makes use of bioinformatics and specialised statistical (including
multivariate analysis) techniques known as Chemometrics (Madsen et al. 2010).
Chemometrics helps the understanding and managing of biological information
included in metabolite profiles in order to evaluate a given metabolic situation. A
direct goal of Applied Metabolomics is, for instance, to find patterns that could be
characteristic of a particular disease or pathological disorder. Metabolomics is a
multidisciplinary topic involving biologists, computer scientists and organic/ana-
lytical chemists. Metabolomics tools separate, identify and quantify metabolites.
These include chromatography, such as High Performance Liquid Chromatography
(HPLC), for separating metabolites and spectroscopy techniques, mainly nuclear
magnetic resonance (NMR) and mass spectrometry (MS), for their identification.

The main advantage of metabolomics for disease diagnosis, either in human or
plant pathology, is that this approach scores the phenotype of two interacting organ-
isms: host and pathogen. Phenotype is the expression of the genome modulated by
the environment. When an organism gets sick or stressed, thereby triggering specific
molecular changes, its phenotype is altered. This change may then, in principle, be
measured using metabolomics and chemometric tools (Lindon et al. 2011).
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8.1.1 Metabolomics

The metabolomic study of fungal-plant interactions is very complex due to the huge
quantity of metabolites involved in this process. However, the study of organismal
interactions using metabolomics reveals information that transcriptomics or pro-
teomics cannot provide (Allwood et al. 2007). There are two main approaches in
metabolomics studies: (i) the identification of a metabolite profile; and (ii) the
detection of a metabolite fingerprint as a characteristic of a specific condition (Fiehn
2002).

8.1.2 Fungal Metabolomics

Metabolomics approaches are being included in transcriptomic studies for a better
understanding of fungal-plant interactions (Rudd et al. 2015) or to detect and iden-
tify the metabolites involved in rhizosphere communications (van Dam and
Bouwmeester 2016).

8.1.3 Sample Preparation

Samples for metabolomics studies usually require little adjustments. For instance,
P. chlamydosporia culture filtrates or root exudates of plants colonized by the fun-
gus should only be free of particulate material. They are usually centrifuged, filtered
or both. Aqueous root exudates can be filtered using 0.22 pm pore size filters. These
filtrates are ready for HPLC-MS analysis (see below and Escudero et al. 2014). For
NMR, samples are usually concentrated by freeze-drying due to the low sensitivity
of this technique compared with that of HPLC-MS. Once freeze-dried samples are
resuspended in deuterated water (i.e., heavy water, D,0). A further issue in sample
preparation for metabolomics is the extraction in solvents of various polarities (e.g.,
methanol/ethyl acetate). By doing so, the sample to be analysed is enriched in com-
pounds of a polarity similar to that of the solvent used as extractant. This is a very
standardized protocol that involves aqueous samples mixing with organic solvents
of analytical or HPLC grades. Dissociation of phases (water/solvent) is usually per-
formed in a separating funnel. Solvent phase is collected and evaporated in a rotary
evaporator under vacuum and at a moderate temperature (40—45 C). Care should be
taken to avoid boiling the sample and exposure to intense light.
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8.1.4 Metabolomic Separation and Identification

As discussed above, metabolomics techniques can achieve the detection of metabo-
lite fingerprints or metabolite identification and quantification for profiling or other
purposes. We will now describe the techniques we have used for the metabolomics
analysis of the tritrophic interaction: tomato plants, nematodes and P.
chlamydosporia.

8.1.4.1 Emission-Excitation Matrix (EEM) Fluorescence

We set emission and excitation wavelengths from 220—460 nm and 220-350 nm
respectively. This range allows the detection of phenolic substances similar to humic
and fulvic acids or the signature of the aromatic amino acids tryptophan and tyro-
sine (Martin-Mata et al. 2015). Chemometric tools such as Parallel Factor Analysis
(PARAFAC) are used for Excitation-Emission Matrix (EEM) fluorescence spec-
trum analysis (Murphy et al. 2014).

8.1.4.2 Nuclear Magnetic Resonance

Through NMR we could identify some of the compounds present in the root exu-
dates, such as sugars and amino acids. However, given the complexity of the sam-
ples, most of the metabolomic profiles showed overlap of metabolite signatures and
this made individual identifications hard to make.

8.1.4.3 Metabolite Profiling by HPLC-MS

Filtered (0.22 pm) samples are injected into the HPLC column. A key issue in the
HPLC-MS analysis, along with the mobile phases, is the column to be used. The
availability of UPLC, the new materials for column fillings, and new devices to
detect mass/charge (m/z) relationship represent an enormous advantage for the use
of metabolomics in complex systems such as plant-fungal interactions. The design-
ing of a protocol suitable for eluting the samples usually has the same polarity
considerations as that of sample extraction (see Sect. 8.1.3). Solvents that are
applied in a gradient help to resolve the complex mixture of metabolites present, for
instance, in the tomato root exudates. There is a huge number of column types avail-
able commercially. In our case metabolites to be analyzed were rather polar and this
limited the column choice. Further parameters to take in account include optimizing
the intensity of the ionization source and knowing if the detection includes cations,
anions or both.
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8.2 Metabolomics and Fungal Pathogens of Invertebrates

8.2.1 Entomopathogenic Fungi

Two of the most studied entomopathogenic fungi are Beauveria and Metarhizium
spp- Specifically, several metabolomics studies have been carried out to elucidate
the secondary metabolites employed by entomopathogenic fungi that parasitize
insects. We will explain in detail some of them and their characterization. This is
especially relevant in view of the close evolutionary relationship of Metarhizium
spp. with the nematophagous fungus P. chlamydosporia (Larriba et al. 2014).

Beauvericin is a depsipeptide from B. bassiana with antifungal and antibiotic
activities. Its structure was established using chromatography and NMR (Hamill
et al. 1969). However, it is not an essential virulence factor of the fungus (Xu et al.
2008). Entomopathogenic fungi other than B. bassiana, such as Paecilomyces
fumosoroseus, also produce beauvericins (Bernardini et al. 1975). Other secondary
metabolites, more specifically cyclodepsipeptides known as beauverolides, were
isolated and characterized by Infrared (IR) and NMR spectroscopy from B. bassi-
ana (Elsworth and Grove 1974, 1977). In the same way, another cyclodepsipeptide
named Bassianolide, was identified in B. bassiana and Verticillium (= Lecanicillium)
lecanii (both entomopathogenic and nematophagous fungus) by means of proton
nuclear magnetic resonance (‘H NMR) and *C nuclear spectra (Kanaoka et al.
1978). Bassianolide displays insecticidal properties (Suzuki et al. 1977) and plays a
significant role in fungal virulence to insects (Xu et al. 2009).

Beauveria bassiana can also behave as an endophyte (Gomez-Vidal et al. 2009;
Vega et al. 2009). The fungus secretes a different metabolomic profile in infected
insect pupae (Euproctis pseudoconspersa and Bombyx mori) than in exudates from
asparagus and carrot roots colonised by the fungus. Sphingolipids and fungal fatty
acid metabolites were higher in pupae extracts, however ornithine, arginine, and
GABA (gamma-aminobutyric acid) were low in both substrates (Luo et al. 2015).
Gas chromatography-mass spectrometry GC/MS and liquid chromatography-mass
spectrometry LC/MS have been recently used to determine insect metabolic profiles
after infection with B. bassiana. Beauveria bassiana infection in insects causes an
increase of carbohydrates, amino acids, fatty acids, and lipids, and a decrease in
eicosanoids and amines (Xu et al. 2015). No such studies are yet available for nema-
tophagous fungi and their hosts.

From M. anisopliae, two cyclodepsipeptides, named destruxin A (DTX A) and
destruxin B (DTX B), were purified with high toxic activity against Bombyx mori
(Kodaira 1961). DTX A was characterized by NMR and IR spectroscopy (Suzuki
et al. 1966) and DTX B was by IR spectroscopy (Tamura et al. 1964). Desmethyl-
destruxin B, DTX C and DTX D were identified by IR Spectra and GC-MS (Suzuki
et al. 1970). From that, several DTX and related secondary metabolites were char-
acterized (Pais et al. 1981; Gupta et al. 1989; Wahlman and Davidson 1993).
Reversed-Phase HPLC (Samuels et al. 1988) and capillary electrophoresis (CE)
were applied to optimize the separation and detection of DTXs (Liu et al. 2004). In
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some isolates of M. anisopliae, DTX secretion was related to the fungal capacity to
kill insects, indicating their possible role as pathogenic factors (Kershaw et al.
1999). However, a DTX gene knockout mutant of M. robertsii showed that DTX are
dispensable for virulence in the insect host evaluated (Donzelli et al. 2012).
Metarhizium anisopliae also produces aurovertins (Azumi et al. 2008) a type of
polyketides, as in P. chlamydosporia (see below and Chap. 7 by Niu Xuemai).
Aurovertin B has raised a lot of interest because inhibits proliferation of breast can-
cer cell lines (Huang et al. 2008). Using liquid chromatography coupled with quad-
rupole time-of-flight mass spectrometry, de Bekker et al. (2013) found that B.
bassiana beauverolides are mainly secreted on living tissues. In contrast,
Metarhizium brunneum destruxins are secreted on dead tissues. In conclusion, these
closely related fungi have different strategies for using their secondary
metabolites.

8.2.2 Nematophagous Fungi

Nematophagous fungi are well known producers of a wide array of secondary
metabolites with diverse roles in their biology (for a review the reader is directed to
Niu and Degenkolb, Chapter 7 and Vilcinskas 2016a, b).

Some of the secondary metabolites are, for instance, neurotoxins that paralyze
nematodes so the fungus can parasitize them, as in the toxin droplet organs of
Pleurotus (Barron and Thorn 1987). These fungi are wood (C, H rich poor in N)
decomposers. Therefore, N rich nematode hosts confer a competitive advantage.
Early research by Olthof and Estey (1963) on Arthrobotrys oligospora, perhaps the
best known and widespread nematophagous fungus, also found evidence of nema-
totoxin production. Later, the nematoxin was identified as linoleic acid (Stadler
et al. 1993). Arthrobotrys oligospora mechanically captures vermiform nematodes
by means of adhesive hyphal networks (Nordbring-Hertz et al. 2006). Recently, sec-
ondary metabolites from the fungus have been found to have a developmental role.
Arthrosporols, monocyclic sesquiterpenols, can have autoregulatory effects on the
formation of conidiophores and the transition of hyphae to two-dimensional net-
works (Zhang et al. 2012). Other secondary metabolites, such as oligosporon and
derivatives (farnesyl chains linked to cyclohexen rings), are wide spectrum antimi-
crobials (Niu and Zhang 2011). They are probably also a competitive advantage in
the rhizosphere and soil where fierce microbial competition is always taking place.
However, the role for most secondary metabolites of nematophagous fungi remains
unknown. It is tempting to speculate that metabolomics can play a key role in under-
standing the signalling in the multitrophic lifestyle of many nematophagous fungi,
such as P. chlamydosporia, which can play endophytic, parasitic, and saprotrophic
roles in the environment.
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8.3 Pochonia chlamydosporia Secondary Metabolites

Several secondary metabolites from P. chlamydosporia have been investigated.
Chlamydocyl is a cyclic tetrapeptide and was the first secondary metabolite identi-
fied and characterized from P. chlamydosporia by IR and NMR spectroscopy
(Closse and Huguenin 1974). This compound inhibits histone deacetylases (HDACs)
and displays anti-tumoral properties for its high cytostatic activity (Stdhelin and
Trippmacher 1974). Diheteropeptin, a cyclictetrapeptide as chlamydocin was
obtained by HPLC (Masuoka et al. 2000a), and its structure determined by NMR
and MS (Masuoka et al. 2000b) and also displays cytostatic activity to Mv1Lu cells
(Masuoka et al. 2000a). For a full review, we refer the reader to Chap. 7 by Niu).

Radicicol (monorden) showed WNT-5A (Wnt Family Member 5A Protein code
gene) inhibitory activity. Search inhibitors of the glycoprotein WNT-5A could
improve hair-growth, because WNT-5A promotes the proliferation of dermal papilla
cells (Ikeda et al. 2003).

Pochonia chlamydosporia var. catenulata secretes secondary metabolites in vitro
with antiviral and antiparasitic activities. These compounds, named pochonins, are
resorcylic acid lactones derived from radicicol. Pochonins were identified and char-
acterized using 'H NMR spectra, reversed-phase (RP) HPLC and high-performance
gel-permeation chromatography (HPGPC) (Hellwig et al. 2003). From Pochonia
chlamydosporia var. chlamydosporia the new pochonins G-J (Shinonaga et al.
2009a) and K-P were determined (Shinonaga et al. 2009b). All showed high simi-
larities to radicicol. The pochonins with 4,5-epoxide and 4,5-E-olefin moieties
showed WNT-5A inhibitory activities, but were less cytotoxic than radicicol
(Shinonaga et al. 2009a, b). 13-bromomonocillin I is a new metabolite from P. chla-
mydosporia var. chlamydosporia that showed WNT-5A inhibitory activity, its struc-
ture being determined using NMR, distortionless enhancement by polarization
transfer (DEPT), correlated spectroscopy (COSY), heteronuclear multiple-quantum
correlation (HMQC) and (heteronuclear multiple bond correlation (HMBC) spectra
(Shinonaga et al. 2009¢c). Phomalactone has been isolated from P. chlamydosporia
and found to be nematicidal (Khambay et al. 2000).

Pochonia [= Metapochonia)] suchlasporia var. suchlasporia secrets a secondary
metabolite named pochonicine. It is first the pyrrolizidine alkaloid found in nature
with high glucosaminidase activity against insect, mammals, and plants. The chemi-
cal structure of pochonicine was determined using NMR and MS techniques (Usuki
et al. 2009). The first proposed structure was revised by Kitamura et al. (2013).
Methods for synthesis of pochonicine and eight stereoisomers were carried out with
their NMR spectra (Zhu et al. 2013), Pochonicine 1D and its epimers 2D, 3D, and
4D showed capacity for hexosaminidase inhibition.

Aurovertins I, E, F and D were purified from P. chlamydosporia and their struc-
tures established by NMR and MS (Niu et al. 2010). Aurovertins F and D showed
toxicity against the nematode Panagrellus redivivus. Wang et al. (2015) have
recently determined by HPLC that aurovertin D is the most abundantly found
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aurovertin in P. chlamydosporia with strong toxicity against the root-knot nematode
M. incognita and the model nematode Caenorhabditis elegans.

8.4 Metabolomics Applied to Tomato Plants Inoculated
with Pochonia chlamydosporia

Several rhizosphere studies have been performed to improve the knowledge of
plant-nematode interactions, using massive molecular analysis techniques such as
transcriptomics (Jammes et al. 2005) or metabolomics (Hofmann et al. 2010). On
the other hand, tomato root exudates have been tested on Meloidogyne hispanica
juveniles (Duarte et al. 2015) or in the germination of fungal pathogens such as
Fusarium oxysporum f. sp. lycopersici (Steinkellner et al. 2008). In Escudero et al.
(2014) we analysed the composition of tomato root exudates in tritrophic systems
(P. chlamydosporia-RKN-tomato (Solanum lycopersicum)) and identified changes
due to the presence of the fungus, the nematode or both. In this respect, the nema-
tode (RKN, Meloidogyne javanica) was the factor influencing most of the rhizode-
position profile.

We detected large amounts of fluorescent compounds in tomato root exudates
from plants inoculated with M. javanica at the end of its life cycle (formation of root
galls and egg masses). Some of these metabolic signatures found were the aromatic
amino acids tryptophan and tyrosine. Amino acid biosynthesis has previously been
associated with the presence of plant-parasitic nematodes (Hofmann et al. 2010).
Fluorescence spectroscopy is a fast and easy technique since no sample processing
is necessary. However it is limited to compounds with fluorochromes or able to emit
fluorescence. For this reason, we also applied NMR and HPLC to root exudates. In
'"H NMR profiles of root exudates we identified several organic acids, sugars and
amino acids. The acetate signal increased in the presence of M. javanica. Aromatic
amino acids could also be part of plant peptide hormones (CLEs) stimulated by the
presence of the nematodes (Gheysen and Mitchum 2011) or plant defences. Sugars
and organic acids detected in the root exudates could be a source of nutrients for
nematodes (Baldacci-Cresp et al. 2012).

Finally, in this work we generated a metabolomics fingerprint of tomato root
exudates using HPLC-MS. We later focused our attention on those metabolites
identified by their mass-to-charge ratio (m/z) signals with different intensity respect
to root exudates from control plants. We found several m/z signals related to the
presence of M. javanica and only one related to the presence of P. chlamydosporia.
In future research the identification of these metabolites should be carried out —
some of them could be plant defences blocked by the nematode. The best candidate
m/z signals are those with a lower intensity in the root exudates from plants inocu-
lated with M. javanica.
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8.5 Future Perspectives: Metabolomics Data Integration
with Other — Omics

It is envisaged that once metabolomics databases include enough entries they could
be amenable to functional massive metabolomics interconnected with other -omics
disciplines. Something similar to functional genomics/transcriptomics with GO
(Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) analy-
ses. Their application to metabolomics includes several complications. Secondary
metabolism is a complex topic for the variety of metabolites and their derivatives
which are usually synthesized with low numbers of gene clusters. These encode
multicomponent enzymatic systems, such as Polyketide Synthases which are very
abundant in the P. chlamydosporia genome (Larriba et al. 2014). Various combina-
torial multi-disciplinary approaches, involving bioinformatics, molecular biology,
and metabolomics, could aid in understanding the biosynthesis of important sec-
ondary metabolites with biological activity from P. chlamydosporia molecules. The
large amount of data available from transcriptomic and metabolomic studies can be
integrated with the use of new bioinformatics and statistical tools. In this regard,
Paintomics is a web server developed to facilitate the integration of transcriptomics
and metabolomics data (http://www.paintomics.org/cgi-bin/main2.cgi), which is
currently being tested (Garcia-Alcalde et al. 2011).
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Chapter 9

Comparative Analysis of Pochonia
chlamydosporia Mitogenome Reveals Dynamic
Mitochondrial Evolution

of the Nematophagous Fungi in Hypocreales

Runmao Lin, Xinyue Cheng, and Bingyan Xie

Abstract Mitochondria, the independent organelles, play diverse and crucial roles
in eukaryotic cells. Their genetic materials can be used to provide hints concerning
the evolutionary history of life. To understand the evolution of the nematophagous
fungus Pochonia chlamydosporia, we analysed the organization of its mitogenome
that encodes 14 typical protein-coding genes, two ribosomal RNAS, an intronic
ribosomal protein (rps3) and a set of 23 transfer RNAs. Comparative analysis of
mitogenomes between P. chlamydosporia and other four nematophagous fungi
(Lecanicillium saksenae, Acremonium implicatum (= Sarocladium implicatum),
Hirsutella minnesotensis and Hirsutella rhossiliensis) shows that they commonly
encode 13 typical protein-coding genes and 12 types of tRNA and they naturally
exhibit differences in gene numbers, introns and intergenic regions. The variable
sizes of these five mitogenomes are mainly contributed by intergenic regions and
coding regions. To identify any conflicts in phylogenetic relationships present in the
invertebrate-pathogenic fungi and the plant pathogens between nuclear and mito-
chondrial phylogenies in Hypocreales, we performed a phylogenetic analysis based
on the detected best model for amino acid sequences of 14 typical genes by manually
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improving the alignments. We found that the mitochondrial phylogeny is similar to
the nuclear phylogeny, suggesting the same roles for both trees to investigate the
phylogenetic relationships of species in Hypocreales. Moreover, the positively
selected rps3 genes with their special phylogenetic relationships that are different
from those inferred from the other 14 protein-coding genes may contribute to
explore further the evolutionary trajectory of the fungi in the Hypocreales.

9.1 Introduction

Mitochondria play diverse and crucial roles in eukaryotic cells, namely the three
major functions of bioenergetics, biosynthesis and signalling (Chandel 2014). Their
essential function in adenosine triphosphate (ATP) production maintains a high
ATP/ADP ratio for driving biochemical reactions and functions involved in the bio-
synthesis of macromolecules (lipid, carbohydrates, proteins, nucleotides), as well as
communicating biosynthetic and bioenergetics fitness to the rest of the cells. As an
independent organelle in the cell, the mitochondrion contains its own genetic mate-
rial. Furthermore, the inheritance of mitochondrial genes and genomes is different
from nuclear genes and genomes, deviating from the Mendelian principles of segre-
gation and independent assortment (Wilson and Xu 2012). In fungi, the diversity of
mitochondrial DNA inheritance patterns has been reviewed (Wilson and Xu 2012),
including the dominant pattern of uniparental inheritance, biparental inheritance,
location-dependent inheritance, and progeny sex-dependent inheritance, which may
suggest the dynamic evolution of fungal mitogenomes.

Comparative mitochondrial genomics approaches have been regarded as the
effective way to investigate mitochondrial evolution (Gray 2012). In recent years,
continuously increasing data on fungal genomics have been reported (http:/www.
ncbi.nlm.nih.gov/genome/browse/), making it possible to compare evolutionary
analyses between nuclear and mitochondrial genomic resources and to compare
mitochondrial characterisations between fungal species. In fungi, some efficient
biological control agents (BCAs) within Hypocreales have been isolated and their
genomes made available for comparative analysis (Table 9.1), such fungi including
the nematophagous Pochonia chlamydosporia (Manzanilla-Lépez et al. 2013;
Larriba et al. 2014; Lin et al. 2015). Normally, the mitogenomes of these species
contain protein-coding genes involved in oxidative phosphorylation (such as ubi-
quinone oxidoreductase (NADH), cytochrome c oxidoreductase (ubiquinol), O,
oxidoreductase (cytochrome c) and ATP synthase, non-coding RNAs involving in
translation (such as ribosomal RNAs, and transfer RNAs), introns and intergenic
regions. Intergenic regions, introns and coding regions are the three main contribu-
tors to mitogenome size variation among fungi in Sordariomycetes (Lin et al. 2015).
To understand better the structure of BCA mitogenomes and provide clues to their
evolutionary history, we introduce the genomic structure of the P. chlamydosporia
mitogenome and perform a phylogenetic-based approach to indicate the evolution
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Table 9.1 List of biological control agents and plant pathogens in Hypocreales with published
nuclear and mitochondrial genomes

Nuclear Genome Mitogenome
Species Host Accession Accession References
Beauveria - - NC_022708 Oh et al.
pseudobassiana (2015)
Beauveria bassiana | Dendrolimus ADAHO00000000 EU371503 Xu et al.
punctatus; (2009) and
aphids; Xiao et al.
planthoppers; (2012)
spider mites
Cordyceps Melolontha AZHA00000000 NC_011194 Ghikas
brongniartii melolontha et al.
(2010) and
Shang et al.
(2016)
Cordyceps militaris | Lepidopteran ADNI00000000 NC_022834 Zheng et al.
pupae (2011) and
Sung
(2015)
Lecanicillium Aphids - AF487277 Kouvelis
muscarium et al.
(2004)
Lecanicillium Root-knot - KT585676 Xin et al.
saksenae nematodes (2015)
Metarhizium Locusts; ANDJ00000000 AY 884128 Ghikas
anisopliae caterpillars; etal.
flies; crickets; (2006) and
beetles Gao et al.
(2011)
Pochonia Root-knot AOSW00000000 KF479445 Larriba
chlamydosporia nematodes; cyst et al.
nematodes (2014) and
Lin et al.
(2015)
Hirsutella Soybean cyst - KU203675 Wang et al.
rhossiliensis nematode (2016a)
Hirsutella Soybean cyst JPUMO00000000 KR139916 Lai et al.
minnesotensis nematode (2014) and
Zhang et al.
(2015)
Acremonium Meloidogyne - KP164992 Yao et al.
implicatum incognita (2016)
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of P. chlamydosporia, as well as investigate factors contributing to mitogenome size
variation among the nematophagous fungi in Hypocreales by using comparative
genomic methods.

9.2 The Organization and Structure of the Pochonia
chlamydosporia Mitogenome

The complete circular mitogenome of P. chlamydosporia strain 170 is 25,615 bp in
size, with GC content of 28.3% (Lin et al. 2015). A total of 40 genes are identified
(Fig. 9.1A), including 15 protein-coding genes (seven ubiquinone oxidoreductases:
nadl, nad2, nad3, nad4, nad4L, nad5, nad6; one cytochrome c oxidoreductase:
cob; three O, oxidoreductases: coxl, cox2, cox3; three ATP synthases: atp6, atp8,
atp9; one Ribosomal protein: rps3), the small and large ribosomal RNAs (rns, rnl),
and 23 transfer RNAs (trnA, C,D, E, F,G,H, I, K, L,M (3), N,P, Q,R(2),S, T, V,
W, Y). In this mitogenome, 14,385 bp (56.16%), 1,697 bp (6.63%), 6,232 bp
(24.33%), 335 bp (1.31%) and 4,618 bp (18.03%) of coding regions, tRNAs, introns
and intergenic regions are found, respectively (Table 9.2), with the rps3 gene
encoded in the intron region of rnl. For gene distribution, 23 tRNAs are clustered
into three major groups of YDN, VISWP and TEMMLAFKQHM (Fig. 9.1A).

A comparison of mitochondrial genomic organizations between P. chlamydospo-
ria and other nematophagous fungi shows that they commonly encode 13 typical
protein-coding genes (nadl-5, nad4L, cob, cox1-2, atp6, atp8—9 and rps3) and 12
types of tRNAs (trnT, E, M, L, A, F, K, O, H, R, C and Y) and that they naturally
exhibit differences in gene numbers, introns and intergenic regions (Fig. 9.1). A
large number of new genes occur in other fungi, such as 14 hypothetical protein-
coding genes in H. minnesotensis (Zhang et al. 2015a), and tnQ near cox3 in L.
saksenae. Meanwhile, gene loss events have occurred in other fungi, for example:
cox3 and nad6 are lost in A. implicatum (= Sarocladium implicatum) (Yao et al.
2016). Diverse distributions of intergenic regions are visible, e.g. the remarkably
large regions between cox2 and trnR in L. saksenae and A. implicatum; an obviously
large region between nad6 and rnl in P. chlamydosporia; and a conspicuously large
region between rnl and nad2 in H. rhossiliensis (Fig. 9.1), findings that may suggest
change and mobility of intergenic region sequences in mitogenomes during evolu-
tion. Furthermore, introns that even encode new hypothetical open reading frames
(ORFs) are identified in rnl, nadl, nad3-5, nad4L, coxl, cox3 and cob (Fig. 9.1;
Table 9.2), indicating that various encoding-forms are shown with a preference for
special genes in the mitogenomes and that there may be a mitochondrial gene
response to functional requirements in the cell.
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9.3 Mitogenome Size Variations for the Nematophagous
Fungi in Hypocreales

Previous studies (Belcour et al. 1997; Hausner 2003; Formighieri et al. 2008) found
that the lengths of introns and intergenic regions result in different sizes of mitoge-
nomes. In Sordariomycetes, another factor of CRs (Coding Regions) contributing to
mitogenome size variations was found (Lin et al. 2015). A comparison of mitoge-
nome sizes between the nematophagous fungi in Hypocreales shows that intergenic
regions and CRs are the two major contributors (Table 9.3). For example, the H.
rhossiliensis mitogenome is 36,868 bp larger than the P. chlamydosporia mitoge-
nome, and the size of the intergenic regions of the H. rhossiliensis mitogenome is
20,501 bp larger than that of P. chlamydosporia (Table 9.2), therefore the intergenic
regions contribute 55.61% (20,501/36,868) of the total size variation. These results
can be observed in the functional maps in Fig. 9.1.

9.4 Phylogenetic Relationships of Biological Control Agents
and Plant Pathogens in Hypocreales

Several studies have reported research on the mitochondrial and nuclear genomes of
nematophagous fungi, entomopathogenic fungi and plant pathogens in Hypocreales
(Table 9.1). However, the phylogenetic placement of some species were shown to be
different in the nuclear and mitochondrial data analyses, and also in mitochondrial
data analyses using various methods, such as the opposite placement of H. minneso-
tensis in Hypocreales using nuclear and mitochondrial phylogenies (Lai et al. 2014;
Zhang et al. 2015a), and the different positions of P. chlamydosporia and Beauveria
bassiana in the maximum likelihood (ML) phylogeny and the neighbour-joining
phylogeny (Lin et al. 2015; Wang et al. 2016a), thereby raising questions as to
whether there are conflicts of phylogenetic relationships for fungi in Hypocreales
between nuclear and mitochondrial phylogenies and whether there is currently a
best model for constructing mitochondrial phylogeny.

To answer these questions, we chose 14 protein-coding genes of nadl-6, nad4L,
coxl-3, cob, atp6, and atp8-9 from 16 species containing nematophagous fungi,
entomopathogenic fungi and plant pathogens and used them for phylogenetic analy-
sis (Fig. 9.2). The amino acid sequences of each gene were aligned by performing
MUSCLE v3.8.31 (Edgar 2004) analysis and they were concatenated using an in-
house perl script. The alignments were manually confirmed to avoid mismatched
positions and the gap regions were removed. Then the sequences (3,689 aa) were
used for the ML phylogeny construction using Mega v6.06 with the cpREV + F + G
model (Adachi et al. 2000; Tamura et al. 2013) which was identified as the best
model from ProtTest v3.4 analysis (Darriba et al. 2011). The generated mitochon-
drial phylogeny was similar to the nuclear phylogeny (Wang et al. 2016b) based on
855 single-copy family genes with the Dayhoff model implemented in the TREE-
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Fig. 9.2 Phylogenetic relationships between Pochonia chlamydosporia and other fungi in
Hypocreales. The tree shows that P. chlamydosporia is most closely related to Metarhizium aniso-
pliae, an entomopathogenic fungus. The mitogenome sizes are indicated by circles. The ML phy-
logeny was constructed by 14 typical proteins based on the cpREV + F + G model implemented in
Mega with bootstrap value of 1000 (Adachi et al. 2000; Tamura et al. 2013). This model was shown
to be the best model by performing a ProtTest analysis (Darriba et al. 2011). Candida parapsilosis
was used as an outgroup

PUZZLE program (Schmidt et al. 2002), indicating the possibility of the same roles
for mitochondrial and nuclear trees to investigate the phylogenetic relationships of
fungi in Hypocreales. In the tree, four nematophagous fungi of two Hirsutella spe-
cies, P. chlamydosporia and L. saksenae were clustered into three clades represent-
ing the three families Ophiocordycipitaceae, Clavicipitaceae and Cordycipitaceae,
respectively (Fig. 9.2), without including analysis of A. implicatum (= Sarocladium
implicatum) because of its loss of cox3 and nad6. Both the nuclear and mitochon-
drial phylogenies confirm that P. chlamydosporia is more closely related to
Hirsutella than to L. saksenae and B. bassiana, although the mitogenome size of P.
chlamydosporia is similar to that of L. saksenae. In addition, the positions of spe-
cies in Cordycipitaceae shown in the tree are slightly different from the phylogeny
results based on 12 protein-coding genes (without cox3 and nad6) (Xin et al. 2015),
suggesting that the more genetic information that is used, the more correct the
obtained tree is for demonstrating phylogenetic relationships. Moreover, the phy-
logeny confirms that the invertebrate-pathogenic fungi and the plant pathogens in
Hypocreales form a monophyletic group sharing a most recent common ancestor, as
found in a previous study (Lin et al. 2015).

During the construction of the phylogeny for fungi in the Hypocreales, another
protein-coding gene, rps3, was not included due to the detection of positive selec-
tion signals in this gene (Lin et al. 2015). The rps3 genes in Hypocreales fungi share
high sequence similarity, but their phylogenetic relationships are different from
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those inferred from the other 14 protein-coding genes. For these rps3 encoded in the
group I introns within rn/ genes, their nearly ubiquitous presence has been attrib-
uted to a vertical mode of inheritance rather than horizontal inheritance during evo-
lution (Sethuraman et al. 2009). Another study (Ran et al. 2010) of mitochondrial
rps3 genes in gymnosperms also detected positive selection signals. The positively
selected genes may contribute to further study to explore the evolutionary trajectory
of the fungi in the Hypocreales.

9.5 Future Perspectives

Pochonia chlamydosporia has naturally occurring multitrophic lifestyles (sapro-
phyte, parasite and endophyte) (Manzanilla-Lépez et al. 2013; Larriba et al. 2014)
and its reference nuclear and mitochondrial genomes have been reported (Larriba
et al. 2014; Lin et al. 2015), thereby making it a valuable resource for investigating
genetic variation and evolutionary processes. Mitochondria are of significant impor-
tance in basic cellular functions. The P. chlamydosporia mitogenome is small in
size (25,615 bp), but its function and evolution remain poorly understood and many
interesting questions are posed. For example: do any mitochondrial recombination
events happen in P. chlamydosporia? At the population level, would any sequence
variations related to specific phenotypes/biotypes be detected in mitogenomes and/
or mitochondrial transcriptomes? In a fungal cell, one of the most obvious charac-
ters is that several copies of mitogenomes are present (Wilson and Xu 2012; Fritsch
et al. 2015). The multiple copies of DNA and the biparental inheritance patterns
may result in the phenomenon of recombination (Wilson and Xu 2012; Fritsch et al.
2015), a factor that could drive evolution. In Saccharomyces cerevisiae and
Fusarium fujikuroi mitogenomes, evidence of recombination has been discovered
(Dujon et al. 1974; Fourie et al. 2013; Fritsch et al. 2015), and should provide sug-
gestions relevant to further studies on Pochonia. In previous genomic analyses
(Larriba et al. 2014; Lin et al. 2015), the close phylogenetic relationships between
Pochonia and Metarhizium has been determined. However, little is known about the
origin and diversification of Pochonia. A study of genetic variation among Pochonia
populations, using the PCR approach, by Manzanilla-Lépez et al. (2009) discovered
some relations between isolates and their hosts and/or geographical origins. The
development of high throughput sequencing technologies and bioinformatics
approaches provide the possibility of exploring functional roles of mitogenomes
and their evolution at a population level. In the human genome, mitogenomes
involved in regulation, transcription and posttranscriptional processes have been
elucidated by analysing sequence variations of mitochondrial DNA and transcrip-
tomes (Rackham et al. 2012; Hodgkinson et al. 2014); whilst in Phytophthora infes-
tans populations, their genetic diversity and evolutionary history has been
investigated using mitochondrial and nuclear genomic data (Yoshida et al. 2013).
Future studies focusing on the P. chlamydosporia mitogenomes at the population
level will doubtless shed light on their origin, diversification and functional roles.
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Moreover, analysis of encoded genes (including protein-coding genes and
tRNAS) in mitogenomes may represent diverse functions and complex evolutionary
history (Gray 2012), such as research on functional features and evolutionary mode
of fungal rps3 genes (Sethuraman et al. 2009; Lin et al. 2015). Study of protein-
protein interactions and phylogenetic findings will facilitate our understanding of
mitochondrial proteins. The mitochondrial roles of cellular energy production
through oxidative phosphorylation interplay with the interactions of proteins in both
the nucleus and the mitochondria (Chandel 2014; Lotz et al. 2014; Fritsch et al.
2015). Several such interactions in human, mouse and Drosophila mitogenomes
have been reported (Lotz et al. 2014), making possible the identification of mito-
chondrial proteome interactions in P. chlamydosporia and other nematophagous
fungi using the interolog and domain-domain interaction methods (Matthews et al.
2001; Deng et al. 2002; Ng et al. 2003; Lei et al. 2014). If the mitochondrial interac-
tion maps of nematophagous fungi are available, a comparison of the interactions
between species may indicate the dynamics of these factors during evolution.
Additionally, phylogenetic evidence of fungal mitochondrial horizontal gene trans-
fers of introns in protein-coding genes (such as cob) have been reported (Wu et al.
2015; Zhang et al. 2015b), suggesting that mitogenomes are evolutionarily highly
chimeric. Multiple introns in protein-coding genes were identified in both Hirsutella
mitogenomes (Fig. 9.1; Table 9.2), implying the existence of some evolutionary pat-
terns for these factors still awaiting exploration. For mitochondrial tRNAs in the
tadpole shrimp (Triops cancriformis), their dynamics were revealed by analysis of
tRNA-derived fragments (TRFs) in small RNA data (Hirose et al. 2015). For analy-
sis of fungal small RNA data, abundant TRFs were also identified (Supplementary
Table S1 in study by Lin et al. 2016), suggesting some clues as to future studies of
functions and expression patterns, as well as the evolution of mitochondrial tRNAs
in nematophagous fungi for adaptation to different environments.
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Chapter 10
Pochonia chlamydosporia: Multitrophic
Lifestyles Explained by a Versatile Genome

Federico Lopez-Moya, Nuria Escudero, and Luis V. Lopez-Llorca

Abstract The nematophagous fungus Pochonia chlamydosporia (Goddard) Zare
& Gams is a facultative parasite of nematode females and eggs. This fungus has a
world-wide distribution and has the capacity to survive in the absence of the nema-
todes. Pochonia chlamydosporia is rhizosphere competent and can colonize the rhi-
zosphere of crops of economic importance, such as tomato and barley. The infection
of nematode eggs by P. chlamydosporia requires adhesion, differentiation of appres-
soria, and penetration of their egg shells. Since the 1980s, proteases have been
described as the main group of enzymes that the fungus uses to penetrate nematode
eggs. Recent studies found that these genes are also expressed when the fungus
endophytically colonizes barley roots. The genome of the fungus was sequenced in
2014, this being the first publicly available genome of a fungus parasite of nematode
eggs. Since then, many publications based on the fungus genome have been pub-
lished. Study of the major gene families in the genome shows the tools that the
fungus uses in its different lifestyles. Transcriptomic studies using DNA microar-
rays and RNA-seq have been done to study the molecular mechanisms that regulate
endophytic colonization of Pochonia chlamydosporia. A general analysis of the
genome allowed us to identify a large number of carbohydrate active enzymes
(Cazy) which help the fungus in colonizing plants and infecting nematodes.
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10.1 New Generation Sequencing Applied to Filamentous
Fungi

Since the sequencing of the human genome in 2001 (Lander et al. 2001; Venter et al.
2001) genomics has achieved an impressive impact in science. As of 2016, more
than 80,000 prokaryotic genomes and ca 4000 eukaryotic genomes have been
sequenced, indicating the last decade as the Genomics Era. The first fully sequenced
genome of an eukaryotic organism was that of the budding yeast Saccharomyces
cerevisiae (Goffeau et al. 1996). Seven years later the genome of the filamentous
fungus Neurospora crassa was completely sequenced (Galagan et al. 2003), thereby
starting the massive sequencing of fungal genomes. With the development of next
generation sequencing tools, more than 634 genomes from 388 species of fungi
have now been sequenced (Kersey et al. 2015), among them fully sequenced
genomes of nematophagous fungi.

Nematophagous fungi are natural antagonisms of plant-parasitic nematodes
(PPN) of economic importance worldwide. They are responsible for cases of natural
soil suppression to these pathogens in agroecosystems. The diverse biology of
nematophagous fungi and the lack of molecular tools have delayed progress in
understanding the molecular basis of their mode of action. The study of the genom-
ics of this group of fungi is a key new tool for the identification of the molecular
determinants of pathogenicity to PPN. This new knowledge will help development
and improvement of nematophagous fungi as an alternative to fumigants and toxic
chemical nematicides for the safe management of PPN.

10.2 Comparative Genomics of Nematophagous Fungi

Nematode-trapping fungi have evolved sophisticated hyphal structures such as nets,
knobs, branches or rings, in which nematodes are captured mechanically or by
adhesion (Nordbring-Hertz et al. 2006). The first nematophagous fungus genome to
be sequenced was that of Arthrobotrys oligospora (Yang et al. 2011). In the latter
work the genome sequence was compared with that of pathogenic and non-
pathogenic fungi. The A. oligospora genome differs from those of Eurotiomycetes
(Aspergillus spp.) or Sordariomycetes (Fusarium, Magnaporthe or Neurospora
spp.), indicating that in this genome several cluster of genes that codify for proteins
allow A. oligospora to develop its specialised strategy to catch nematodes. The A.
oligospora genome encodes for several hydrolytic enzyme families, such as subtili-
sin, cellulase, cellobiohydrolase, and pectinesterases. In a subsequent study, the
Monacrosporium haptotylum (= Dactylellina haptotyla) genome (Meerupati et al.
2013) was sequenced. They found a large number of orthologues differentially
expressed between M. haptotylum, a knob-forming fungus, and A. oligospora, a
net-forming fungus thus indicating that each fungus presents a specific strategy to
catch PPN. The M. haptotylum genome encodes more small secreted proteins than
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that of A. oligospora. This would indicate that the capability of this fungus to
degrade external barriers of nematodes is more specialised than that of A.
oligospora.

Genome sequencing of the nematode predatory fungus Drechslerella stenobro-
cha (Liu et al. 2014) shows high similarities with A. oligospora. Enzymatic analysis
of the D. stenobrocha genome shows enrichment of genes encoding degrading
enzymes, mainly those for chitin, cellulose and protein. The large numbers of genes
encoding carbohydrate degrading enzymes found in their genomes suggest that
these fungi have capabilities for establishing within and utilizing plant roots as a
natural niche in order to develop a network for trapping nematodes. Proteases and
chitinases play a determinant role for degrading nematode juveniles which are the
main target of this fungus. An exhaustive analysis of the D. stenobrocha genome
demonstrates a rare occurrence of transposons and Repeat-Induced Point mutations
(RIPs). This could indicate the slow evolution and primitive state of the D. stenobro-
cha genome. This analysis, using genomic data, suggests the trapping of nematodes
to be a primitive strategy in comparison to that of nematophagous fungi (e.g., P.
chlamydosporia) which parasitize female nematodes and eggs within the roots.

Endoparasitic fungi are nematophagous fungi that form spores which either
adhere to the nematode cuticle or are swallowed by the host. Most are obligate para-
sites of nematodes and live in a close relationship with their target host (Lopez-
Llorca et al. 2008). Genomes of the most important species of nematode fungal
endoparasites, Drechmeria coniospora (Lebrigand et al. 2016) and Hirsutella rhos-
siliensis, have recently been sequenced (Lai et al. 2014).

In comparison to nematode-trapping fungi, endoparasitic nematophagous fungi
show a high amount of transposable elements in their genomes together with an
expansion of RIP mutation elements. These characteristics indicate high genomic
evolution in this group of fungi. This may suggest that nematode-trapping fungi
have strategies for catching nematodes which are more primitive than those of nem-
atode endoparasitic fungi. The H. rhossiliensis genome reveals many transposable
elements together with an expansion of secondary metabolite genes associated with
host adaptation. However, this fungus has lost genes involved in cellulose and hemi-
cellulose degradation, suggesting that this species does not have a close interaction
with plants. Another example of this group of fungi is Drechmeria coniospora,
which has been proposed as a model to study nematode immunity (Rouger et al.
2014). The D. coniospora genome reveals that this fungus shares, with other nema-
tophagous fungi, genes encoding important putative pathogenicity factors such as
subtilisin-like serine proteases and gene clusters for biosynthesis of secondary
metabolites. However, D. coniospora also possess specific codifying enzymes not
found in other nematophagous fungi that allow this fungus to infect nematodes as
an endoparasite (Lebrigand et al. 2016).

Genomes of the fungal parasites of nematode eggs and sessile females, such as
Purpureocillium lilacinum (= Paecilomyces lilacinus) (Prasad et al. 2015) and
Pochonia chlamydosporia (Larriba et al. 2014), have also been sequenced recently
and the genome of P. chlamydosporia will be discussed in this chapter. Both fungi
display a multitrophic lifestyle and besides their nematophagous life they are soil
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saprotrophs, and endophytically colonize plant roots (Bordallo et al. 2002; Macia-
Vicente et al. 2009; Manzanilla-Lépez et al. 2011; Castillo Lopez et al. 2014).
Purpureocillium lilacinum genome presents a large number of genes encoding
diverse hydrolytic enzymes such as proteases, glycoside hydrolases and carbohy-
drate esterases involved in the pathogenicity of the fungus (Prasad et al. 2015). This
genome also has expanded genes involved in secondary metabolism. Drechmeria
coniospora and P. lilacinum genome sequencing has also allowed their phylogenetic
classification in the Phiocordycipitaceae (Prasad et al. 2015; Lebrigand et al. 2016).

10.3 Impact of Genomics in Pochonia chlamydosporia
Research

Before the development of the New Generation Sequencing platforms (NGS), sev-
eral other tools (e.g. proteomics, cloning and traditional sequencing) were applied
to understand the molecular basis of pathogenicity of P. chlamydosporia to PPN
(Lopez-Llorca 1990; Larriba et al. 2012). For molecular studies on the role of P.
chlamydosporia proteases, see Chap. 6 of this book.

Recent studies have applied genomics to analyse the potential role of chitin
deacetylases and chitosanases in the infection of root-knot nematodes eggs by P.
chlamydosporia (Aranda-Martinez et al. 2016). A key factor for testing the perfor-
mance of biocontrol agents such as P. chlamydosporia is the quantification of their
inocula levels in the environment (soil/rhizosphere). Initially, this was performed
using culture techniques (Lopez-Llorca and Duncan 1986; Kerry and Bourne 2002).
However, this overestimates fungus inoculum, especially in the endophytic stage
(Escudero and Lopez-Llorca 2012). New molecular biology tools have been devel-
oped to quantify the presence of this fungus in the environment. DNA-based quan-
titative PCR (qPCR) methods using species-specific primers can improve the
estimation of fungal abundance of P. chlamydosporia var. chlamydosporia in soil
and during plant root colonization (Mauchline et al. 2002; Atkins et al. 2009;
Escudero and Lopez-Llorca 2012). These molecular approaches, together with the
application of traditional culture methods, provide complementary information on
fungal abundance in soil and during plant colonisation. This can facilitate precision
agriculture techniques to deliver P. chlamydosporia inoculum at the most effective
time for more efficient PPN management. Recently, the P. chlamydosporia genome
has been sequenced and functionally analyzed (Larriba et al. 2014). This ongoing
project has opened new opportunities to study the multitrophic lifestyles of P. chla-
mydosporia (Lin et al. 2015; Larriba et al. 2015; Zavala-Gonzalez et al. 2015).

A key factor in the study of the fungal pathogens is the origin and evolution of
pathogenicity. In the seminal book of Barron (1977), The Nematode-destroying
Fungi, the author had already hypothesized that the nematophagous habit in fungi
probably evolved independently several times. Our sequencing of P. chlamydospo-
ria genome (see next section) supports this view.
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By phylogenetically analyzing the global comparisons of deduced proteomes
from nematophagous fungi sequencing (Zhang et al. 2016), we can draw the follow-
ing conclusions:

— Pochonia chlamydosporia is extremely close (same clade) to Metarhizium spp.
entomopathogenic fungi. This may indicate that parasitism in both groups of
organisms evolved together.

— However, other entomopathogens (Beauveria bassiana) are more distantly
related to P. chlamydosporia.

— Pochonia chlamydosporia is also phylogenetically close to Clavicipitaceae
which are endophytic on grasses such as Epichloé spp. and similar species. These
fungi are known to be active producers of secondary metabolites.

— Endoparasitic nematophagous fungi producers of adhesive spores to infect nem-
atodes (D. coniospora and Hirsutella spp.) are also close relatives of P.
chlamydosporia.

— Finally, predatory nematophagous fungi are far distant from the nematode egg
parasite P. chlamydosporia. This is for both 3D adhesive trap (A. oligospora) and
adhesive hyphal branch (Monacrosporium haptotylum [Dactylellina haptotyla))
formers.

10.4 Pochonia chlamydosporia Genome Sequencing

The fungus sequenced isolate was P. chlamydosporia var. chlamydosporia (Larriba
et al. 2014) isolate 123 (ATCC MYA-4875). This fungus was isolated from field
infected eggs of the cereal cyst nematode (Heterodera avenae) in a wheat field from
south-west Spain (Seville). The genome of this fungus was sequenced using the
Illumina Technology by generating: pair-end (200 bp) and mate-pair (3 kb) libraries
to obtain deep coverage sequencing. After sequencing, the depth of sequencing was
around 136-fold coverage. The raw data was analyzed with the software Augustus.
The whole assembly (N50, 225 kb) comprised 901 scaffolds and 57 additional con-
tigs >3 kb (not assembled into scaffolds) which, after discarding ambiguous bases,
yielded a final genome size of 41.2 Mb. This analysis revealed a G + C content of
about 50% with 12,122 protein-coding genes of which 672 were unique proteins.
Gene prediction was determined using Maker2 (Holt and Yandell 2011) and was
also completed with a reannotation using Blast2Go (Conesa et al. 2005). After
annotation, we could identify similarities with the entomopathogenic fungi
Metarhizium anisopliae and M. acridium. These results were also confirmed after
sequencing the P. chlamydosporia mitochondrial genome (Lin et al. 2015; Chap. 9).
Using a phylogenetic analysis, based on the orthologous genes found in the genome
of more than 25 fungi, these authors confirmed that the genome of P. chlamydospo-
ria is close to that of Metarhizium spp. (entomopathogenic fungi) and far distant
from the nematode-trapping fungus A. oligospora (Larriba et al. 2014). The P. chla-
mydosporia genome shows genes adapted to infect hosts with external barriers
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based on chitin/protein, such as nematode egg shells. This can explain the close
similarity of P. chlamydosporia genome with that of the entomopathogenic
Metarhizium spp. fungi which have to penetrate chitin enriched insect cuticles (Gao
etal. 2011). Enzymes essential to penetrate nematode egg shells (proteases, chitin-
ases or chitosanases) are highly enriched in the P. chlamydosporia genome (Aranda-
Martinez et al. 2016; Escudero et al. 2016). These enzymes also appear to be widely
expanded in insect parasitic fungi (St Leger et al. 1993; Pinto et al. 1997; Moraes
et al. 2003).

After genome sequencing, our research group developed a study to determine the
main gene functional annotation in the P. chlamydosporia genome. Using different
tools such as Blast2Go (Conesa et al. 2005) a de novo prediction was done. In addi-
tion, and to improve the annotation, gene families were established using the
InterPro (http://www.ebi.ac.uk/interpro) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases (http://www.genome.jp/kegg/pathway.html). Other
biosequence analysis databases based upon the Hiden Markov Model, such as
HMMR (Finn et al. 2011) including the protein family Pfam, TIGRFAM, Gene 3D
and Superfamily databases, were also used. This analysis revealed 7887 protein-
coding annotated genes, representing more than 60% of the P. chlamydosporia
genes predicted in the genome. With the aim of standardizing the criteria determin-
ing functional annotation we used Gene Ontology (GO). This analysis identified
more than 20% of the genes with associated GO terms. These were identified with
primary metabolism in the Biological Processes category. Within this GO category
highly represented gene functions, such as the cellular metabolic process or macro-
molecules metabolic process, were found. This analysis revealed that P. chlamydo-
sporia metabolism is highly represented in its genome. This may facilitate adaptation
of this fungus to a wide range of environmental conditions. The functional analysis
based on Molecular Functions GO category also revealed that genes related to
hydrolase activity, nucleic acid and protein binding have a large presence in the
genome. Pochonia chlamydosporia genome re-sequencing of different strains opens
new possibilities for studying the multitrophic lifestyle of P. chlamydosporia. Crop
plants, PPN and environmental conditions could thus be analyzed.

10.5 Role of Hydrolytic Enzymes from the Pochonia
chlamydosporia Genome

Pochonia chlamydosporia genome displays expanded protein families of hydrolytic
enzymes, especially proteases and glycosidases, which provide further evidence to
support the multitrophic lifestyles (saprotroph, endophyte, nematode pathogen) of
this versatile biocontrol agent (Fig. 10.1; Larriba et al. 2014). Pochonia chlamydo-
sporia has also expanded genes encoding membrane transporters of various types,
e.g., oligopeptides, sugars, ABC (ATP-binding cassette transporter) or MFS (Major
Facilitator Superfamily). Those proteins are mainly involved in substrate assimila-
tion and detoxification. Also remarkable is the expansion in the number of genes
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that codify for transcriptions factors, mainly C2H2 zinc finger transcription factors
and Zn(2)-C6 fungal-type transcription factors (Larriba et al. 2014). A large number
of proteins are related with signal transduction, mainly protein kinases found in P.
chlamydosporia genome, which probably regulates the mechanisms of pathogenic-
ity such as appressorium differentiation and plant cell invasion. This is important in
plant pathogenic fungi such as Magnaporthe oryzae [= Pyricularia oryzae] (Zhao
et al. 2005; Wilson and Talbot 2009).

Pochonia chlamydosporia has an impressive expansion in the number of glyco-
side hydrolases in its genome in comparison with those of other nematophagous,
entomopathogenic or mycoparasitic fungi. This fungus shows 292 glycoside hydro-
lases, more than M. anisopliae (192), A. oligospora (202), or even Trichoderma
atroviride (255). Focusing on plant cell wall degrading enzymes that allow fungi to
colonize plants, P. chlamydosporia presents fewer (6) cellulose degrading enzymes
than Trichoderma spp. (7-9), and especially A. oligospora (31). The same occur
with other glycoside hydrolases, such as xylanases and pectinases. Pectinases
loosen the cell wall in plant tissues. The striking difference in encoded pectin-target
enzymes between P. chlamydosporia (3) and A. oligospora (25) (Aranda-Martinez
et al. 2016) can explain why the trapping fungus, unlike P. chlamydosporia, causes
necrosis and decortication of barley roots (Bordallo et al. 2002). Pochonia chla-
mydosporia infects nematode females and eggs embedded in root tissues indicating
its capability as a plant root mutualist. Pochonia chlamydosporia shows a highly
expanded family of hydrolases related with chitin modification. This fungus encodes
chitin deacetylases (CE4) and a large number of chitinases (GH18) and chitosanases
(GH75). Genome comparative analyses demonstrate that this fungus has a higher
number (77) of chitin modifying enzymes than entomopathogenic and mycopara-
sitic fungi (Aranda-Martinez et al. 2016). These enzymes could be involved in the
ability of the fungus to degrade chitin and chitosan during nematode egg infection.
A recent study (Aranda-Martinez et al. 2016) demonstrates that chitosanases and
chitin deacetylases play a role during egg infection. They probably interact with the
chitin layer in the egg shell allowing its degradation and facilitating penetration by
the fungus. This study complements previous studies in which P. chlamydosporia
proteases, together with chitinases, were found to be involved in egg infection.

Production of chitosan on the surface of the nematode egg shell could induce
expression of protein degrading enzymes. Proteomics studies revealed that chitosan
can induce expression of VCP1 serine protease, a putative pathogenicity factor of P.
chlamydosporia to infect nematode eggs (Palma-Guerrero et al. 2010). Chitosan
also induced expression of VCP1 and SCPI (a serine carboxypeptidase) in appres-
soria of P. chlamydosporia infecting root-knot nematode eggs, enhancing infection
(Escudero et al. 2016).
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10.6 Concluding Remarks

Pochonia chlamydosporia genomics has been shown to have a very useful role in
understanding the multitrophic biology of the fungus. It has clarified the evolution-
ary relationships of the fungus and functional analysis of the P. chlamydosporia
genome has shown new aspects of pathogenicity, such as the role of chitosan in this
process. In future, this tool will help in the development of P. chlamydosporia in
agrobiotechnology and in other aspects, such as the industrial application of the
fungus using synthetic biology approaches.
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Chapter 11

Methodology Part I. Pochonia spp. In Vitro
Culturing: Media, Strain Maintenance
and Deposition

Rosa Navarrete-Maya, Ivania Esteves, and Rosa H. Manzanilla-Lépez

Abstract Culturing on agar is a common method used in fungal isolation, cultiva-
tion, preservation, microscopic examination, biochemical, and physiological char-
acterization. The present chapter reviews research carried out on Pochonia
chlamydosporia culturing under in vitro conditions, which have made possible the
production of mycelium, conidia and chlamydospores in sufficient quantities to
allow laboratory, glasshouse and field experiments to be carried out with different
isolates and strains of the fungus. Maintenance of isolates and deposit in culture
collections is also covered. Knowledge of factors that can promote the growth, spor-
ulation and development of resting structures of the fungus is essential for planning
experimental assays and development of fungal strains as potential biopesticides.

11.1 Introduction

To culture Pochonia chlamydosporia (formerly known as Verticillium chlamydo-
sporium; see Chap. 2) and other fungi in vitro it is first necessary to know the basic
nutrients and conditions needed for vegetative growth, reproduction and production
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of resting or survival structures when grown in an artificial environment (Griffin
1994; Ciancio et al. 2016). Pochonia spp. colonies that are grown on agar are white
or whitish to ochre yellow and cottony, with the same colour on the reverse side and
can reach 15-40 mm diameter in 10 days. Conidiophores are prostrate and little dif-
ferentiated from vegetative hyphae, or erect and differentiated, verticillate or soli-
tary. Conidia adhere to form globose heads or chains, and are subglobose, ellipsoidal
to rod-shaped, isodiametric-polyhedric or falcate with blunt ends and 3—4 pm by
1.5-2.0 pm in size (Gams 1988). Chlamydospores 15-30 x 10-20 pm in diameter
are usually formed on short stalks (Zare et al. 2001).

Pochonia chlamydosporia can be cultured not only in agar but on a range of
liquid and solid artificial media. The choice of culture medium depends upon the
cultivation objective, since the composition of the culture medium influences veg-
etative growth, colony morphology, sporulation, metabolite production, and pig-
ments (Kerry et al. 1986; Liu and Chen 2003; Mo et al. 2005). The functioning of a
medium is determined not only by the available nutrients (e.g., minerals, carbon
sources, nitrogen sources, and vitamins), redox potential, pH, water activity (a,) and
potential (W), and the presence of inhibitors, but also by the vitality of the inocula
(Griffin 1994). In the different sections of the chapter we summarize the research
carried out on P. chlamydosporia culturing in vitro as related to media composition
(nutrients), culture-related physicochemical factors and the ambient conditions
required to produce different inocula sources Culture preservation is also covered.

11.2 Nutrients

Nutritional elements may be divided into two major classes depending on concen-
tration of macronutrients (10~* M) and micronutrients (10~° M). Vitamins are usu-
ally required at micromolar concentrations as coenzymes, whereas growth factors
are usually required at higher concentrations (100 pM). The latter are also known as
structural elements and include amino acids, sterols, purines and pyrimidines
(Griffin 1994). Macronutrient elements include carbon, hydrogen, oxygen, phos-
phorus, potassium, nitrogen, sulphur, and magnesium (Griffin 1994). These ele-
ments are essential for fungal growth and development although the type and
quantity required of each element varies with fungus age and environmental condi-
tions (Maheshwari 2012). Among the different components and mineral elements
for the sporulation of P. chlamydosporia, Gao (2011) found that optimum sporula-
tion occurred in the presence of ZnSO,.7H,0, MnSO,.H,0, and H;BO,, all of them
at 0.05 g/1.
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11.2.1 Carbon:Nitrogen (C:N) Ratio

Organisms that decompose organic matter use carbon as a source of energy and
nitrogen for building cell structure (Whatcom 2016). The rate of decay and nutrients
released to the soil vary greatly. Nitrogen is one of the major products of plant decay
while the undigested portion is primarily carbon. The term ‘substrata’ refers to a
particular carbon constituent of a tissue from which a fungus is deriving its energy
supply (Garrett 1981). During substrata colonization and exploitation, the most rap-
idly available carbon-source, the sugars, are used first by microorganisms whereas
more complex substrata, such as cellulose and lignin, persist longest (Garrett 1981;
Whatcom 2016). Exhaustion of available nitrogen supply is considered the com-
monest cause of the cessation of mycelial activity and the production of resting
bodies such as oospores, ascospores, chlamydospores, undifferentiated dormant
mycelium, and sclerotia (Garrett 1981). Higher organic matter levels with excess
carbon can result in ‘robbing’ the soil of nitrogen but, if carbon is less than that
required for converting available nitrogen into protein, organisms use the available
carbon and dispose of excess nitrogen as ammonia (Whatcom 2016). The spectrum
of carbon constituents that may be available to a particular fungal species is a pri-
mary determinant of its ecological niche in the soil economy (Garrett 1981).
However, the share of a potential substrate in the native soil habitat and niche will
always be smaller than the substrate proportion that the fungus can exploit in pure
culture in the laboratory (Garrett 1981). Carbon and nitrogen are very important in
mycelial growth and the sporulation of fungi, fungal cell dry weight estimated to
constitute 50% carbon and 5% nitrogen (Maheshwari 2012). The C:N ratio is used
as an indicator of the relative proportion of carbon (C) and nitrogen (N) elements
available for microorganisms, either in organic substrata or media cultures. The
optimum ratio in soil organic matter is a C:N ratio of about 10:1 (Whatcom 2016).
Carbon:nitrogen ratios have been investigated in different media and culturing con-
ditions, including temperature and pH, in order to optimize vegetative growth, spor-
ulation, and ovicidal or enzymatic activity in P. chlamydosporia.

Sykes (1994) analysed the effect of different glucose concentrations on growth
rate and conidiospore numbers using Vogel’s medium (http:www.fgsc.net/methods/
vogel.html) supplemented by decreasing concentrations of glucose. The medium
(50 ml) was inoculated with 5% (v/v) of a mycelia/spore suspension of P. chlamydo-
sporia and incubated at 25 °C on a rotary shaker at 200 rpm. The overall growth
rate, biomass yield (36 h), and presence of chlamydospores (at 21 days) remained
constant at each glucose concentration (1, 2, 5, 10 g/1) but conidiospore concentra-
tion increased from 0.84 x 107 (C:N 0.4:1) to 3.10 x 107 conidia/ml (C:N 4.4:1) as
C:N ratio increased.

Carbon and nitrogen absorption can also vary according to nitrogen source. Mo
et al. (2005) examined the effect of 21 carbon sources, 15 nitrogen compounds and
pH range (2.5-8.0) on the growth and sporulation of P. chlamydosporia in liquid
culture. The best combination for mycelia growth was sweet potato and L-tyrosine
with a C:N ratio of 40:1, whereas the best sporulation source was sweet potato and
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casein peptone medium with a C:N ratio 10:1. The effect of C and N ratios on the
efficacy of P. chlamydosporia to parasitise Meloidogyne incognita eggs in vitro was
investigated by Luambano et al. (2015). Glucose (30 g/l water) was the source of C
while ammonium nitrate (40 g/l water) provided N. All treatments were buffered
using 0.1 M potassium buffer (pH 6.8) and incubated at 25.5 °C in a shaker at
150 rpm for 48 h. Among the C:N ratios tested, the highest and lowest infection
were recorded in media containing C:N ratios of 5:100 (31%) and 10:5 (12.03%),
respectively.

The effect of carbon and nitrogen sources on gene expression in P. chlamydospo-
ria has also been investigated (see Chap. 5). The alkaline serine protease VCP1 is
involved at the onset of the parasitic phase of P. chlamydosporia life cycle. It digests
the outer proteinaceous vitelline membrane of nematode eggs, thereby facilitating
penetration and infection. In the study made by Ward et al. (2012) different fungal
isolates were grown in Czapek Dox broth (CDB) and incubated at 28 °C for 3 days
with constant shaking at 200 rpm. Subsequently, the mycelium was harvested,
washed and transferred to flasks containing 0.01 M K phosphate buffer (pH 6.8) or
phosphate buffer containing one or more of the following: 2% D-glucose, 200 mM
NH,CI, or M. incognita eggs (1 egg/pl). Gene expression experiments monitoring
both enzyme and mRNA of VCP1 confirmed regulation by readily-metabolised car-
bon sources, such as glucose, at relatively low levels (10 mM). The regulation of
gene expression by nitrogen sources involves GATA transcription factors (i.e., a
family of transcription factors with ability to bind to DNA sequence GATA), and the
presence of GATA motifs in the upstream region of vepl, indicates that this gene
would also be subject to regulation from nitrogen sources (Ward et al. 2012).

11.3 Water Activity

Substrates and enzymes are all in aqueous solution or colloidal suspension and no
enzymatic activity can occur in the absence of water. The movement of water into
and out of the hypha occurs by osmosis: a diffusion process in response to concentra-
tion gradients across the semipermeable plasmalemma (Griffin 1994). The osmotic
pressure in a medium is expressed as water activity (a,) and the range of microorgan-
isms capable of developing on a medium decreases with decreasing a,,. Hence, media
are often made selective to more osmo-tolerant organisms by the addition of polar
solutes like NaCl, glucose, fructose, saccharose and glycerol (Mossel 1970).

11.3.1 Water Potential

Water potential (W) refers to the ability of water molecules to move freely in solu-
tion and is expressed in megaPascal (MPa) pressure units. The partition of ¥ in
turgor, osmotic and matric components facilitates studies of their individual
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influence on the growth and physiological functioning of organisms (Griffin 1994).
In solid substrates, where solute potential is the major force, a,, is commonly used
to express osmotic pressure instead of W. In soil and cereal crop residue, matric
potential is the major component of total ¥ (Magan and Lynch 1986) and, therefore,
matric stress is thought to exert a greater influence on fungal growth and germina-
tion than osmotic potential stress (Brownell and Schneider 1985). Since moisture in
soil can vary and may decrease substantially during certain seasons of the year,
knowledge concerning the water requirements and limiting ¥ for fungal growth is
particularly important in soil fungi such as P. chlamydosporia as it enables a better
understanding of the fungus survival and growth strategies in the soil environment.
The response of fungi to changes in ¥ can be studied in the laboratory and several
solutes are used for adjusting the ¥ of growth media, including various salts, glu-
cose, sucrose, glycerol or polyethylenglycol (PEG) (Griffin 1994). To overcome
water stress, fungal cells must be able to take up water until, by turgor pressure, the
Y inside the cells is in equilibrium with that outside (Cook and Baker 1983). During
osmoregulation fungi are able to lower their intracellular ¥ by synthesizing compat-
ible solutes that are accumulated in cell protoplasmic and vacuolar spaces (Brown
and Simpson 1972). These solutes are mainly polyhydroxyalcohols (polyols),
organic acids and sugars (Brown 1978; Luard 1982; Meikle et al. 1991; Van Eck
et al. 1993; Hallsworth and Magan 1994a, b).

In general, fungi can grow under conditions of lower ¥ within theoretical limits
that lie between W of 0, and —81 MPa, where DNA becomes denatured (Griffin
1994). Pochonia chlamydosporia can survive in greater numbers of colony forming
units (cfu) at a ¥ of —0.2 MPa than at other potentials (Bourne and Kerry 2000).
According to Gao et al. (2009), the best W for P. chlamydosporia growth was
—3.9 MPa at pH 3, 24 h light and 23 °C; the best factors for sporulation included a
water potential of —3.9 MPa, pH 4, 12 h light, and 23 °C temperature. However,
tolerance to lower ¥ may be variable depending on type of stress (matric or osmotic),
isolate, and the solute used to generate the reduction of W. Esteves et al. (2009)
reported that three isolates of P. chlamydosporia were able to grow at ¥ of —7.0 MPa
on potato dextrose agar (PDA) amended with KCl, but that none was able to grow
at this potential in the medium modified with glycerol. In the same study, differ-
ences in the radial growth of the fungus were detected between isolates of P. chla-
mydosporia in response to matric stress on PEG-modified media, although isolates
responded similarly on osmotic-modified PDA medium amended with KCI and
glycerol (Esteves et al. 2009). Tolerance to matric stress was thought to be related to
the accumulation of high amounts of erythritol in PEG-modified media, which is
built up by many xerophylic fungi in response to water stress as it enables enzyme
systems to work more effectively. Under different types of water stress, the fungus
accumulated a combination of sugar alcohols, i.e., polyols (arabitol, erythritol, glyc-
erol, mannitol) and sugar (glucose and trehalose) known to be important in osmo-
regulation and the differential and proportional amounts of these compounds were
dependent on the solute used to generate the water stress (Esteves et al. 2009). These
results suggest that different polyols and sugars are used by Pochonia to tolerate
osmotic and matric stress for osmoregulation and enzyme activity and that such
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versatility might allow the fungus to survive in soil when environmental conditions
are either less favourable or highly variable (Esteves et al. 2009). According to
Bourne and Kerry (2000), the fungus is able to survive to ¥ of —9.7 MPa in soil
amended with NaCl at temperatures of 25-30 °C, whereas in a different study, the
limiting ¥ for growth in Sabouraud dextrose agar amended with PEG was even
lower and about —16.5 MPa (Olivares-Bernabeu and Lopez-Llorca 2002). Since
most plants in soil reach the permanent wilting point at about —1.5 MPa (Deacon
2006), the fungus is therefore capable of tolerating ¥ values much below those that
are limiting for plant growth.

As well as the effects in mycelial growth and accumulation of endogenous
reserves, the in vitro growth of P. chlamydosporia cultures in water-restrictive media
can influence the type, quantity and viability of spores produced. Vieira dos Santos
et al. (2012) found that the production of chlamydospores by five isolates of the
fungus was repressed in both osmotic and matric modified media when compared
with growth in control plates where water was freely available (1.7% Corn Meal
Agar [CMAY]). Although the production of conidia was increased in CMA osmotic-
modified medium with KCI, the germination rate of the conidia produced was lower
than that of those obtained from CMA control plates. However, in some isolates a
significant increase in percentage parasitism of Potato Cyst Nematode (PCN) eggs
was observed after 25 days when the fungus was subjected to water-stress condi-
tions unfavourable for growth (Vieira dos Santos et al. 2012). The results suggested
that the osmoregulation mechanisms used to compensate water stress in this species
play a role in in vitro growth, sporulation and parasitism, and thus, together with
other abiotic, ecological and key intrinsic biological factors, are likely to affect the
performance of the fungus as a biological control agent (BCA) when released into
soil. Fungal spores resistant to drought have been obtained from media with treha-
lose (Gao 2015).

11.4 Hydrogen Ion (pH)

Most fungi grow well when the initial pH of the culture is adjusted to the range 4-7.
However, fungi change the pH of the medium during growth (Griffin 1994).
Although the extracellular pH has essentially no influence on the cytoplasmic pH,
effects of pH may be indirect on the cellular surface or on extracellular components;
pH also affects the ionization of weak acids or bases in the medium (Griffin 1994).
Absorption of nitrogen sources, such as ammonium sulphate, and loss of H+ ions
from the fungal cells can cause a rapid acidification of the medium which then stops
growth (Maheshwari 2012).

Optimal fungal growth and sporulation may occur under different pH conditions
and pH values can vary for the same or different species according to the media and
whether media are buffered or not. Initial pH adjustment of the culture media should
consider the appropriate selection of the acids or bases used for this purpose. Acids
like lactic acid and acetic acid possess intrinsic antimicrobial properties, whereas
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citric acid and tartaric acid show no other inhibitory effects other than those result-
ing from reducing the pH of a medium (Mossel 1970).

Pochonia chlamydosporia var. chlamydosporia has been reported to grow best in
solid media at pH 6.5-7.7 (Nagesh et al. 2007) but also at pH 4-7 (Karakas et al.
2012); while P. chlamydosporia var. catenulata requires a pH range of 67 (Karakas
et al. 2012). Mo et al. (2005) obtained the greatest biomass at pH 6.8 and optimum
sporulation at pH 3.7 when growing P. chlamydosporia in a liquid medium; it was
noted that pH increased after 7 days due to fungal activity.

Pochonia chlamydosporia growth in buffered (0.05 M sodium citrate/citric acid)
Vogel’s medium (Vogel 1956), inoculated with a 5% (v/v) mycelia/spore suspension
and incubated in flasks at 25 °C on a rotary shaker at 200 rpm at different pH,
resulted in filamentous (pH 3), aggregated (pH higher than 5.4) or pelleted growth
(pH below 3) (Sykes 1994). Mycelia pellets (i.e., stable, spherical mycelia aggre-
gate) were also noticed by Ward et al. (2012) when isolates of the two varieties of P.
chlamydosporia were cultured in a medium composed of NaNO; (3 g), KC1 (0.5 g),
C;H,MgO4P (0.5 g), FeSO, (0.01 g), K,SO, (0.35 g), sucrose (30 g), 0.5 g yeast
extract/l, pH 6.8, and incubated at 28 °C for 3 days with constant shaking at 200 rpm.

VCP1 production by the fungus is also regulated by ambient pH, as shown by
Ward et al. (2012). Different fungal isolates were cultured in CDB and incubated for
3 days at 28 °C with constant shaking at 200 rpm. Mycelium was harvested and
washed in sterile distilled water before transferring to flasks containing 0.01 M K
phosphate buffer (pH 6.8) or phosphate buffer containing one or more of the follow-
ing additives: 2% D-glucose, 200 mM NH,CI, M. incognita eggs (1 egg/pl). To
investigate the effect of pH, 0.01 M K phosphate buffers at pH 5.8 and pH 8.0 were
used. In Pc10 and Pc147 (P. chlamydosporia var. chlamydosporia) at 8 h and 24 h
VCPI (enzyme and mRNA) levels were significantly (P = 0.05) higher in the pH 8
media than in the other two media. In Pc392 (P. chlamydosporia var. catenulata)
enzyme levels were low in all three buffers used and there were no significant dif-
ferences between them. However, VCP1 mRNA levels were significantly (P = 0.05)
higher when grown at pH 6.8 than at the other two pH levels (Ward et al. 2012).

11.5 Media Formulation

In addition to the manufacturer’s quality control on media formulation, attention
must also be given to the mode of medium preparation, glassware, water quality to
be used in reconstitution, mode of dissolving dry ingredients, and the way labile
components are dissolved and added (Mossel 1970). Any sterilization method has
the potential to change media composition and functioning, media productivity or
selectivity (Mossel 1970), for example in antibiotics and fungicides used in the
selective-agar to culture Pochonia spp.

Pochonia chlamydosporia can be easily grown on various solid media. Water
Agar (WA) is much less selective than a nutrient agar and mycelia must be subcul-
tured on a nutrient agar for production of identifiable structures such as conidia and
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chlamydospores (Garrett 1981). Water agar, CMA, Czapek Dox Agar (CDA), modi-
fied Vogel’s agar (MVA), and semi-selective growth agar were among the media
tested by Sykes (1994). Media components were added to distilled water prior to
autoclaving at 121 °C for 15 min and molten media (ca 50 °C) dispensed as 20 ml
aliquots into 9 cm Petri dishes or as 10 ml aliquots into 25 ml plastic or glass uni-
versal bottles (Sterilin™), and dried in a sterile air flow in a laminar flow unit. Other
media, such as potato carrot agar (PCA), PDA, malt extract agar (MEA), straw agar
(8 g agar, 40 g chopped straw), and oat meal agar (OA), have been used to grow and
produce the anatomical structures needed for identification and morphological char-
acterization of Pochonia spp. (Gams 1988; Clyde 1993; Zare et al. 2000, 2001;
Nonaka et al. 2013).

De Carvalho et al. (2014) tested different culture media to grow P. chlamydospo-
ria in order to assess its ovicidal activity on Parascaris equorum. Media included
2% WA; agar-chitin (AC); YPSSA (yeast extract, K,HPO,, MgSO,-7H,0, and solu-
ble starch); AELA extract (starch + water +agar); 2% CMA; and 2% PDA. Eggs
were incubated at 25 °C in the dark for 21 days. The best media was AELA where
the fungus caused 44.9% egg destruction (see also Chap. 17).

11.5.1 Growth and Sporulation on Solid Media

Mycelial plugs used to inoculate solid fresh media are usually taken from the mar-
gin of actively growing colonies of P. chlamydosporia cultures grown on CMA
plates or other media. Sykes (1994) measured the colony diameter of the fungus in
CDA and CMA plates inoculated with CMA plugs. Colonies grew linearly over a
14 day period on all agar media tested and sporulation was recorded 10 days after
inoculation at 25 °C. Colonies showed the best growth on CDA and CMA, but more
conidiospores were formed on CDA than CMA.

11.5.1.1 Carbon and Nitrogen Sources in Culture Media

Sun and Liu (2006) tested the effects of 33 carbon sources on spore germination,
hyphal growth and sporulation of different entomopathogenic, mycoparasitic and
nematophagous fungi, including P. chlamydosporia, by varying the composition of
a solid agar basal medium. Carbon sources such as soluble starch, methyl cellulose,
ethanol, methanol, trehalose, agarose, dextrin, pectin, D-glucose, maltose, stearic
acid, and sucrose stimulated P. chlamydosporia mycelial growth, whereas spore
germination was favoured by sucrose, agarose, methyl cellulose, and oxalic and
stearic acids. Dodecanoic, linoleic and sorbic acid inhibited germination of all
tested fungi. Agarose, methanol, and stearic acid were good carbon sources for
sporulation of P. chlamydosporia, although no information was provided on the
type of spores (conidia or chlamydospores) produced in the different media. Results
supported the thesis that nematophagous fungi have diverse carbon nutritional
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requirements but that their response to carbon sources might also be strain depen-
dent (Sun and Liu 2006).

Gao (2011) investigated sucrose and maltose as carbon sources, and NaO; and
urea as nitrogen source in a ‘two-step’ culturing method in solid media to optimize
vegetative growth and sporulation. The first step or stage of the method included a
basal medium made of sucrose (19 g), soy peptone (4.06 g), K,HPO, (1 g), KCI
(0.5 g), MgS0, (0.5 g), FeSO, (0.01 g) and agar (17 g) per litre, which was used for
vegetative culturing of the fungus for 4 days. Different combinations of C and N
were also tested and 8 g/l of sucrose and 0.8 g/l of soy peptone (C:N ratio of 10:1)
were selected for the second culturing stage where small, fresh mycelium pieces
were transferred into the culturing medium for another 4 days. The best C:N ratio
10:1 increased sporulation 30 times in comparison to traditional methods. This
method had also the advantage that production of conidia could be upgraded to
industrial scale (Gao 2011).

11.5.1.2 Ocxidative Stress Treatment

According to Xu et al. (2009), the production of conidia in solid media can be
increased by treating P. chlamydosporia colonies with hydrogen peroxide (H,O,).
Numbers of conidia obtained from colonies that were sprayed with 90 mM of H,0,
and subsequently cultured on WA were five times greater than those that were trans-
ferred to WA alone (i.e., without H,O, treatment); three times greater when colonies
were treated with H,O, and then transferred to PDA, and 15 times greater than the
continuous culturing of the fungus on PDA plates (Xu et al. 2009). The H,0, treat-
ment affected the quantity, but not the viability, of the conidia produced. Although
chlamydospore production was also enhanced using this method, the increase was not
as remarkable as conidial production. Conidial production in P. chlamydosporia
seems to be promoted in response to both oxidative and low-nutrient stresses, although
a different mechanism may promote chlamydospore formation (Xu et al. 2009).

11.5.2 Semi-selective Medium

Selectivity of culture media can be achieved by the addition of one or more inhibi-
tors of microbial growth. The activity of such inhibitors is determined by concentra-
tion, degree of inactivation during sterilization or partial inactivation during medium
storage and the period it is incubated after inoculation (Mossel 1970).

The isolation of P. chlamydosporia from parasitized nematode eggs can be done
by plating a suspension of eggs on poor nutrient medium (0.8% tap water agar) fol-
lowed by plating on a richer medium to allow the fungus to grow and produce
spores (Kerry and Crump 1977). However, bacterial contamination and overlap of
fungal colonies can adversely affect the ease with which nematophagous fungi are
isolated. Plating onto selective media overcame this limitation as chemicals restrict



220 R. Navarrete-Maya et al.

bacteria and other fungi growth, thus facilitating the identification and counting of
P. chlamydosporia colonies. A selective medium containing 1% peptone dextrose
agar, 1000 pl/ml Triton X-100, 50 pg/ml streptomycin sulphate, 50 pg/ml aureomy-
cin and 50 pg/ml Rose Bengal, was developed by Lopez-Llorca and Duncan (1986)
to estimate fungal infection of eggs of Heterodera avenae collected from cereal
soils in Scotland. Plating eggs on this medium allowed the discrimination of colo-
nies from different fungi, as fungal growth was restricted, making it easier to count
and directly identify small, dense colonies on plates. In this study, H. avenae eggs
were parasitized by more than three fungi, P. chlamydosporia (= Verticillium chla-
mydosporium) being the most abundant (Lopez-Llorca and Duncan 1986). Plating
onto selective media is an important tool to measure the relative abundance of the
fungus in soil and in the rhizosphere of roots infested with nematodes (Mauchline
et al. 2002; Atkins et al. 2003). For this purpose, another semi-selective medium
(sometimes also known as selective-agar) was developed by Kerry et al. (1993). To
prepare 1 L of semi-selective-agar 17 g CMA, 17.5 g NaCl, 75 mg Rose Bengal are
added in 800 ml distilled water. After autoclaving, antibiotics (50 mg streptomycin
sulphate, 50 mg chloramphenicol, 50 mg chlortetracycline), fungicides (37.5 mg
thiabendazole, 37.5 mg carbendazim) and 3 ml Triton X-100, are dissolved in
200 ml of sterile distilled water and added to the medium. Since P. chlamydosporia
is relatively tolerant to high concentrations of sodium chloride (Ceiro et al. 2013),
the incorporation of 1.75% NaCl into the medium inhibits the growth of salt-
sensitive fungal species and restricts fungal spread. Rose Bengal is a colouring
agent that increases selectivity as it helps in the suppression of most bacteria,
restricts the overgrowth of rapidly growing fungi and provides contrast for visual-
ization of colonies (Ottow 1972). The inhibition of bacterial growth is also pre-
vented by the use of antibiotics, whereas the development of contaminant fungi is
restricted by the addition of two benzimidazole fungicides to which P. chlamydo-
sporia has a relatively high level of tolerance compared to other soil fungi (Hirsch
et al. 2001). As well as reducing the rate of colony growth, the surfactant Triton
X-100 also helps in the solubilization of the two fungicides. After pouring the
cooled medium onto 9-cm diameter Petri dishes, plates should be kept in the dark,
as light causes degradation of Rose Bengal. The inoculation of P. chlamydosporia
onto the semi-selective medium is done by pipetting 200 pl of a 0.05% WA suspen-
sion containing the fungal propagules onto each plate. To distribute the sample, the
plates are gently swirled or, alternatively, a sterile L-shaped glass or plastic spreader
(e.g., Sigma or Sterilin™) can be used. After incubation at 25 °C for 10-15 days,
colonies of P. chlamydosporia are translucent white with sparse smooth mycelium
and can vary in diameter. By measuring the abundance of viable fungal propagules
in terms of cfu, dilution plate counting in semi-selective medium is a useful tech-
nique to monitor changes in the abundance of the fungus. However, it cannot distin-
guish between the nature of these propagules (hyphal fragments, conidia,
chlamydospores) or between different isolates. As a result, molecular methods
should be combined with classic plating methods to provide complementary infor-
mation on fungal diversity and abundance (Mauchline et al. 2002; Atkins et al.
2003, 2005).
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11.5.3 Liquid Culture

The capacity to produce infective propagules in vitro in large quantities has been
explored for Pochonia spp. Mycelia and conidia of P. chlamydosporia produced in
liquid culture can remain viable for up to 12 months at 25 °C and be biologically
active when introduced into soil in a granular formulation (Stirling et al. 1998). A
commercial product (Xianchongbike) made from mycelia and conidia of P. chla-
mydosporia produced in liquid culture reduced Meloidogyne spp. root-knot nema-
tode (RKN) in field trials in tobacco (Mo et al. 2005). Sporulation and conidial
germination was increased in a basal liquid medium originally composed of 10 g
maltose, 2.0 g NaNO;, 0.5 g MgS0O,-7H,0, 0.5 g KH,PO,, 0.65 g Na,HPO, and
0.5 g KC1, per litre of distilled deionised water (Mo et al. 2005). The basal liquid
medium was modified for carbon:nitrogen tests where D-fructose was used as car-
bon source and L-glutamic acid as nitrogen source. Maximum sporulation occurred
7 days after inoculation (51.4 x 10° conidia/ml) in media that had a C:N ratio of 10:1
and at pH 3.7 (see also Sects. 11.2.1 and 11.3.1).

11.5.3.1 Chlamydospore Production in Liquid Culture

It has been reported that P. chlamydosporia does not produce chlamydospores and
blastospores in liquid culture and that the fungus produces conidia directly on
phialides in liquid culture that do not differ in size and shape from those produced
in solid culture (Stirling et al. 1998; Mo et al. 2005). However, Sykes (1994) reported
that fungal growth was prolific in shake-flask culture, stirred-tank reactor, or in an
air lift fermenter in Vogel’s liquid minimal medium (Vogel 1956) and that chla-
mydospores were found within the mycelial rind formed in shake-flask or stirred-
tank reactor cultures. Chlamydospores can also be produced in a liquid medium
supplemented by organic matter such as straw, barley, and rice. A wheat-straw-
based liquid culture composed of 10 g of finely chopped straw (ca 2 mm in length)
in 1 L distilled of water was described by Sykes (1994). An aliquot of 50 ml of the
liquid culture inoculated with a 5% (v/v) mycelia/spore suspension of P. chlamydo-
sporia and incubated at 25 °C on a rotary shaker at 200 rpm, produced chlamydo-
spores after 10 days of incubation, yield reaching 4.7 x 10* chlamydospores/ml after
21 days. The straw water medium had a low concentration of available carbon
(0.346 g/1), nitrogen (0.021 g/1), and no sulphur. Chlamydospore formation was at
its greatest (1.35 x 10° spores/ml) when the medium contained 20 g straw/l. Barley
can be also used in liquid culture to produce chlamydospores. Barley (20 g) and
deionised water (40 ml) are put into 250 ml flasks, left to incubate overnight and
excess water removed. Flasks and their contents are autoclaved at 121 °C for 20 min
and left to cool before the fungus is inoculated into flasks, sealed with a sterile cot-
ton plug and incubated for 4 weeks at 25 °C. Fifty ml of water are added to the flasks
and blended for 1 min, the suspension is then washed through several sieves (300 pm
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mesh to 50 pm mesh) and the chlamydospores retained with a final rinse on a 10 pm
mesh (De Leij et al. 1993; Yang et al. 2012).

11.5.3.2 Rice Biphasic Culture

A standard biphasic culture (liquid-solid) protocol for mass production of P. chla-
mydosporia chlamydospores was developed at Centro Nacional de Sanidad
Agropecuaria (CENSA), Cuba (Hidalgo-Diaz 2003; see Chap. 15). This protocol
was used in Rothamsted Research and other research laboratories. The protocol
includes two phases: (i) preparation of inoculum; and (ii) preparation of substrate
and harvesting of chlamydospores.

Preparation of Inoculum

Forty grams of rice are added to 1 1 of tap water and boiled for 30 min. The rice
broth is filtered and distributed into 200-250 ml conical flasks, then autoclaved
(15 min at 121 °C) and left to cool. Three plugs (5 mm) of the fungus cultured on
CMA (i.e., 7 days at 25 °C) are added to 200/250 ml of the rice broth. Flasks are
then placed in an orbital shaker for 72 h at 130 rpm at 25 °C.

Preparation of Substrate

One kg rice is washed under tap water (three times), drained and dried in a tray
placed in a flow cabinet (30 min) to reach 10—12% humidity. Three hundred ml of
tap water are added to the rice, mixed and left to rest (30 min) before pre-cooking in
a boiling water bath for 15 min, then distributed in conical flasks (100 g/250 ml
flask), covered with a cotton plug and sterilized (15 min at 121 °C). Ten ml of rice
broth/100 g substrate are added to the flask which is then shaken vigorously to mix
the broth and the substrate, and incubated for 21 days (minimum of 16 days) at
25 °C.

Chlamydospore Harvesting

Twenty one days after inoculation the rice containing the chlamydospores is tipped
from the flask onto a sieve (250 pm mesh), and rinsed under a spray of water to col-
lect the substrate and chlamydospores onto a second sieve (10 pm mesh). The sieve
is blotted underneath with a sponge and chlamydospores are collected from the
sieve top surface mesh with a spatula. Chlamydospores are mixed with fine sand in
a 10:1 w:w ratio (sand:chlamydospores) and stored at 5 °C for up to a week, although
chlamydospore viability must always be checked before use (Esteves 2007).
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11.6 Culture Contamination

Sources of culture contamination may include glassware, nutrients of biological
origin, macronutrient salts, sugars, water supply, and inoculum sample (Mossel
1970). Sequential transfers using the control medium (i.e., semi-selective agar) may
sometimes eliminate contamination. However, the success of media inoculated with
pure cultures will depend on the viability and purity of the inocula. Fungal popula-
tions brought in or on media may not be axenic and became contaminated with
other microorganisms either of a different or the same species. In such instances,
different organisms may influence each other’s development by synergism or antag-
onism. A fast growing organism can exhaust the supply of one or more nutrients and
suppress the development of slower growing organisms that also require such fac-
tors (Mossel 1970). Puertas et al. (2006) mentioned that isolates of P. chlamydospo-
ria and Trichoderma harzianum, when growing as saprophytes, can compete for the
substrate.

11.7 Controls

Appropriate controls, including media composition, are essential to any experiment;
for example, amino acids used as the source of nitrogen or sulphur also provide
carbon. Therefore, depending on the objectives of experiments, it is necessary to
include a control lacking the tested carbon source (Griffin 1994). This is very impor-
tant when testing the effect of C:N ratios on the growth and other physiological
process of Pochonia spp. such as the switch from the saprophytic to parasitic phase.

11.8 Controlled Environment Conditions

11.8.1 Light

Light is a very important factor in most fungi, mainly for the sporulation process,
which can be started with just a flash of light. Growing the fungi under light condi-
tions can lower glucose absorption even after sporulation has started. Light can also
inhibit or stimulate secondary metabolite production (Maheshwari 2012) and
growth. The optimum photoperiod for growth of P. chlamydosporia var. chlamydo-
sporia in potato dextrose broth media occurred under a 12 h light and 12 h dark
photoperiod, while for P. chlamydosporia var. catenulata growth required 12 days
of continuous darkness (Karakas et al. 2012).
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11.8.2 Effect of Temperature on Growth and Sporulation

Sykes (1994) assessed the optimal growth temperature for P. chlamydosporia by
measuring the colony radial growthrate on CDA plates keptat 17-29 °C. Conidiospore
and chlamydospore sporulation was noted at all tested temperatures. However, sub-
sequent studies have shown that optimum temperatures can vary from 25-30 °C,
depending on fungal isolate or biotype (Bourne and Kerry 2000; Arevalo et al.
2009). The influence of temperature on sporulation was also studied by Vieira dos
Santos et al. (2013) in five biotypes of the fungus. None of the biotypes was able to
grow at 10, 33 and 35 °C but spores/hyphal fragments subjected to these tempera-
tures remained viable for nearly 1 month at 10 and 33 °C and resumed growth after
incubation at 25 °C. Spore viability varied between biotypes exposed to
35 °C. Nevertheless, chlamydospore and conidia production, spore viability and
nematode egg parasitism were affected by exposure to these growth limiting tem-
peratures and differed among biotypes (Vieira dos Santos et al. 2013). The Spanish
strain of P. chlamydosporia ATCC No. MYA-4875 can survive at 40 °C, but such a
high temperature is lethal for Scottish isolates of P. chlamydosporia (Escudero and
Lopez-Llorca 2014).

11.9 Attenuation in Fungi

Some fungi, when cultured in nutritionally deprived media, may adapt their growth
resulting in morphological or physiological effects (Smith 1991). Serial subcultur-
ing methods using agar plating are known to cause loss of genetic material and/or
certain important fungal characteristics (Jenkins and Grzywacz 2000). Numerous
fungi that were heavily ovicidal when first isolated lost this property during cultiva-
tion on artificial media (Chalupova et al. 1977). Frequent subculturing of P. chla-
mydosporia has been reported to result in a reduction in chlamydospore production
but not loss of virulence (Coosemans 1990). Sykes (1994) also noticed that periodic
subculturing and freeze drying resulted in a decrease in sporulation as well as reduc-
tion in specific growth rate in liquid culture and colony radial growth rate (Kr) in
solid culture. Jacobs (2000) noticed a 98.5% decline in pathogenicity of the fungus
after three passages through PCN females. The stability of phenotypic strains,
including virulence and sporulation, can vary in biotypes; therefore stability should
be monitored in both the commercial production setting (Vandenberg and Cantone
2004) and in small scale production in research laboratories. The saprophytic ability
of subcultures of the fungus was tested by Esteves (2007) to study the effects of
repeated subculturing on the stability of the fungus and the possibility of the devel-
opment of attenuation. The ability of three fungal biotypes to colonize the rhizo-
sphere of maize plants in an in vitro bioassay and in soil pots was not affected by the
continuous subculturing of the fungus after 60 weeks of repeated culture. The abil-
ity to parasitize RKN eggs in vitro was also maintained, the biotypes remaining
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stable in chlamydospore production, retaining spore viability, and maintaining simi-
lar enzyme profiles to their parent cultures. The stability of P. chlamydosporia var.
catenulata Cuban strain IMISD187 related to production of hydrolytic enzymes
was also maintained through subculturing (Peteira et al. 2007). Nevertheless, due to
the increased risks of contamination, subculturing methods using agar are not rec-
ommended for the long term preservation of the fungus. However, for short term
storage, the fungus can be kept on PDA slopes under light mineral oil, sterilized by
heating at 80 °C. After cooling, the oil is poured over the slope to a depth of 5 mm
and cultures can be kept at room temperature, in darkness, for several months
(Jacobs 2000).

11.10 Long Term Storage of Cultures

Maintenance of original cultures must be strongly controlled and monitored to
ensure that the fungus retains pathogenicity, together with other important charac-
teristics for biocontrol performance (Ryan et al. 2002). To avoid problems encoun-
tered with serial transfer, preservation methods that reduce metabolism to an extent
that it induces artificial dormancy have proved to be successful for conservation
(Smith 1991). This is usually achieved by dehydration or freezing. Preservation
using freeze-drying (lyophilisation) and liquid nitrogen are two examples of tech-
niques that can suspend metabolism (Smith and Onions 1994). The choice of pres-
ervation methods depends upon many factors such as fungal species, type of fungal
material available (spores or mycelia), cost of equipment, and technical
experience.

11.10.1 Preservation of Pochonia spp. in Media Cultures

To preserve P. chlamydosporia isolates, cultures can be stored on 1% (w/v) water-
agar slants at 4 °C (Verdejo-Lucas et al. 2002), kept in test tubes with 2% CMA at
4 °C in the dark for 10 days (Silva et al. 2010) or stored on PDA at 4 °C (Arevalo
et al. 2009). The agar strips method uses pieces of colonized dried agar transferred
to sterile ampoules, vacuum-dried, and sealed. To revive cultures, agar strips are
placed on fresh medium of choice (Nakasone et al. 2004). Corn meal agar and PDA
cultures that have dried out can sometimes be reactivated by adding CDB and keep-
ing the cultures within a moisture chamber at 25 °C for up to 1 week. Whichever
method is chosen, cultures must be checked periodically for contamination and des-
iccation (Nakasone et al. 2004).
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11.10.2 Preservation in Soil and Sand Cultures

Some fungi can be preserved for many years in dry, sterile soil or sand (Nakasone
et al. 2004). In one method, described by Yang et al. (2012), P. chlamydosporia
strains were grown at 22 °C on a sterilized mixture made of sandy loam, sand and
compost (2:1:1) in test tubes that were capped and Parafilm sealed. After dehydra-
tion of substrate the tubes were stored at 16 °C. For new cultures a few crumbs can
be spread on PDA plates (Yang et al. 2012). Cultures can also be preserved in silica
gel crystals (Smith and Onions 1994), a technique that prevents all fungal growth
and metabolism. To reactivate cultures, a few silica gel crystals are scattered on an
agar plate (see Nakasone et al. 2004). Pochonia spp. isolates had been preserved in
the Rothamsted Research collection in soil and silica gel in tubes or vials. However,
storage conditions in sand at 5 °C can affect inoculum viability (Clyde 1993).

11.10.3 Freeze-Drying

To freeze-dry isolates, 2 ml of autoclaved nutrient broth composed of 100 ml dis-
tilled water, 2.5 g (Oxoid Nutrient broth no. 2) and 7.5 g glucose are added to 9 mm
CMA plates containing 2- to 3-week-old fungal colonies that have produced plenty
of chlamydospores. A suspension of spores and mycelia is obtained by gently scrap-
ping the fungus from plates using a sterile L-shaped glass spreader. Aliquots of
0.5-1 ml of the suspension are added into freeze-dry vials and taken to the freeze
drying machine for lyophilisation. To recover the fungus, samples are re-hydrated
by adding 1 ml of sterile distilled water and allowed 30 min to re-hydrate. The con-
tents of the vial are streaked on suitable agar media, such as CMA, MEA or PDA,
and incubated at an appropriate temperature for growth (Bourne and Kerry 2000).

11.10.4 Liquid Nitrogen

Long term storage of P. chlamydosporia cultures can be achieved by placing 0.5 cm?
sections of colonized agar into cryovials. The cryovials are filled with 10% glycerol,
sealed and allowed to slowly cool to —35 °C in a polythene box containing 400 g
dry ice and 75 ml 90% ethanol, before being plunged into liquid nitrogen (Jacobs
2000). Alternatively, the fungus can be kept viable at —80 °C using 25% glycerol as
storage medium (Franco-Navarro et al. 2009).
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11.11 Monosporic Cultures

Single spore cultures are important not only to ensure culture purity, identity of an
isolate or strain, but as a first hand source of reference to check morphological,
molecular characteristics, and original biological activity with that of strains that
may have changed through continuous culturing. Single spore cultures can be main-
tained on agar and stored at 4 °C or kept as small pieces of agar in cryo vials with
10% glycerol in liquid nitrogen, freeze drying or other methods (Choi et al. 1999).
There are different techniques for producing single spore cultures of fungi (Ciancio
et al. 2016) and some are described below.

11.11.1 Direct Transfer

Take a few conidia from the original culture with a sterilized needle and distribute
conidia using a sterile glass triangle onto the surface of 3% WA in a Petri dish
(plate). Incubate at 25 °C for 24 h and observe under a stereoscopic microscope to
find germinated conidia. Transfer the germinated conidia into tubes or plates pre-
pared with fresh media and incubate at 25 °C for 2 weeks (Sanglard et al. 2009).

11.11.2 Conidial Suspension

Make a conidial suspension in 3 ml of sterilized water, mix vigorously, take a 0.5 ml
aliquot and spread it with an L-shaped glass rod onto WA in a Petri dish. Incubate at
25 °C for 24, 48 or 72 h and observe under a stereoscopic microscope to find germi-
nated conidia. Cut the agar surrounding the conidia and transfer it to plates with
fresh media and incubate at 25 °C for 2 weeks (Gilchrist-Saavedra et al. 2006).

11.11.3 Sterilized Glass Slide

Put a drop of sterilized water onto a sterilized glass slide; take a few conidia from
the original culture and mix them with the water. Take an aliquot of the suspension
and streak it onto a Petri dish containing a thin WA layer. Incubate at 24 °C over-
night and then observe under the stereoscopic microscope to find germinated
conidia. Transfer individual germinated conidia onto Petri plates with fresh media
and incubate at 25 °C for 2 weeks (Waller et al. 2002).
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11.11.4 Micromanipulator

Prepare an agar medium made of 8.35 g CDB and 3.0 g of Daishin agar
(Brunswigchemie, Amsterdam), dissolve and autoclave in 250 ml of sterile distilled
water. Pour 5-6 ml of medium per Petri dish (plate) to produce a thin transparent
agar layer (2-3 mm thick) that will facilitate conidia observation under a stereo- or
inverted-microscope. Immediately after pouring the medium, plates are covered and
left to solidify on a level surface, care being taken that humidity within the plate is
not too high so as to avoid condensation on the plate lid. Up to 100 pl of a diluted
conidia suspension are spread onto the centre of the plate with a sterile glass bacte-
riological loop. This aliquot volume provides enough plate humidity to work for up
to 3 h using a stage-mounted micromanipulator (Singer). Plates inoculated with
single conidia using the micromanipulator are incubated at 25 °C until mycelium,
conidiophores and conidia are produced (RH Manzanilla-Lépez unpublished
information).

11.12 Collections and Deposit of Isolates

Fungal isolates can be preserved and maintained in research collections of institutes
or universities. Information on isolates collection should be kept in laboratory note-
books and a proper database. According to Nakasone et al. (2004), database records
for each strain (or isolate) should include: strain number, genus, species, variety,
taxonomic authority, required growth conditions, date of isolation, isolation loca-
tion, isolation substrate or host, person who isolated the culture, provenance of the
strain, isolate numbers in other collections that reference the same strain, synonyms,
and other important comments, i.e., molecular markers used to confirm strain or
variety identity. The method of preservation, number of replicate preservation vials
and dates they were prepared should also be included.

11.12.1 Distribution and Exchange of Isolates

Collections are a valuable resource to scientific investigators (Nakasone et al. 2004),
research institutions or private companies. However, some collections will require
official permits or licences issued by government offices before releasing cultures
for research purposes. Material transfer agreements between institutions may also
be required. If fungal germplasm is distributed to other institutions or individuals,
records should be kept in the collection database (Nakasone et al. 2004). Regulations
and safety measures for the handling of nematophagous fungi were reviewed by
Mubyana-John and Taylor (2015).
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11.13 Description of New Species and Varieties

It is likely that morphological and molecular studies of new isolates will continue to
reveal the existence of different varieties within Pochonia spp. (see Chaps. 2, 12,
13), necessitating specimens/samples to be properly described and kept in a formal
collection. A review of taxonomy criteria, and an example on how to describe a
fungal species, is provided by Seifert and Rossman (2010). In summary, the
International Code of Nomenclature for algae, fungi and plants (http://www.iapt-
taxon.org/nomen/main.php?page=title) requires any description of a new species to
be ‘effectively, legitimately and validly published’ (Seifert and Rossman 2010;
Minnis et al. 2016; see also Chap. 2), which means that the new species description
must be published in a journal accessible to the scientific community and that any
new species must have a unique binomial, as well as a designated and permanently
preserved ‘type’ (i.e., holotype). Living cultures are allowed as holotypes as long as
they are preserved in a metabolically inactive state (i.e., liophilization or liquid
nitrogen) and deposited in an internationally recognized culture collection. Type
specimens can also be required by law to be deposited in public reference collec-
tions in the country from where the specimens were originally isolated. It is increas-
ingly expected that descriptions of new species should be accompanied by molecular
data to integrate them into molecular phylogenies (Seifert and Rossman 2010).

11.14 Future Perspectives

The feasibility of in vitro culturing and production of mycelium, conidia and chla-
mydospores of Pochonia spp. at small or large scale has contributed to the increas-
ing use of Pochonia spp. as a biological control agent of plant-parasitic nematodes.
The ovicidal potential of P. chlamydosporia has also started to be explored in order
to control animal-parasitic nematodes and other helminths in cattle, and new culture
methods are continuously being produced. However, the pathogenicity of different
propagules to nematodes, including conidia and blastospores produced under differ-
ent nutritional conditions, still needs to be assessed (Mo et al. 2005). Some chal-
lenges lie ahead, including standardization of culture and production methods,
enhancing the shelf life of Pochonia propagules, development of formulations and
workable doses, and application methods, in order to ensure that available products
commonly produced using some of the methods mentioned in this chapter can be
used effectively as another tool within IPM of plant-parasitic nematodes and other
invertebrates.
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Chapter 12

Methodology Part I1. Pochonia spp.: Screening
and Isolate Selection for Managing Plant-
Parasitic Nematodes

Ivania Esteves, Rosa Navarrete-Maya, and Rosa H. Manzanilla-Lo6pez

Abstract Production of Pochonia spp. in laboratory conditions has facilitated stud-
ies on its biology, abundance, dispersion, rhizosphere colonization, host preference,
and isolate virulence. Research in biological control of nematodes requires suitable,
standardized methods. In this chapter we review the commonest, non-molecular,
standard in vitro culture methods to isolate, screen, and select isolates, some of
which may eventually be produced on a larger scale for application in combination
with other management strategies for plant-parasitic nematodes.

12.1 Introduction

Research in nematophagous fungi and their tritrophic interactions (fungus-plant-
nematode) is continuously advancing from basic to high tech molecular studies.
This trend is especially noticeable in countries and research institutions where
Pochonia spp. studies started in the 1970s. However, studies of nematophagous
fungi as potential biological control agents of nematodes are now starting in other
countries, where they focus primarily in “the detection of isolates to be used either
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for local control of nematode pests and/or future development of biopesticide com-
mercial products for nematode control” (Nicolay and Sikora 1991). It is worth men-
tioning then, that inadequate selection of methodology at an early stage of a research
programme may result in ‘the worldwide promotion of isolates with low levels of
activity and a significant loss in research funding, manpower and progress’ (Nicolay
and Sikora 1991). Therefore, it is important to be familiar from the outset with at
least some of the standard, basic guidelines and techniques used to study the fungus
in order to detect isolates that can work in “effective biological control systems’ and
to avoid techniques that “favour isolation of saprophytic fungi and not parasitic spe-
cies” (Nicolay and Sikora 1991; Kerry 2000). An extended version of the methods
described in this chapter can be found in two bulletins from the International
Organization for Biological Control and Integrated Control of Noxious Animals and
Plants (Kerry 1991; Kerry and Bourne 2002). Readers are especially encouraged to
refer to the Manual for research on Verticillium chlamydosporium, a potential bio-
logical control for root-knot nematodes (Kerry and Bourne 2002), as an essential
introduction to Pochonia chlamydosporia standard working practices. The manual
was an output of the European funded project FAIR5-PL97-3444 (Development of
a sustainable strategy for the management of root-knot nematodes in vegetable
crops in southern Europe — an alternative to the use of the methyl bromide). The
many contributions made by scientists helped to produce and standardize the proto-
cols to study this nematophagous fungus. Many of these protocols are used world-
wide. Figure 12.1 is a summary of the basic steps involved in the processes involved
from fungal isolation to field trials. These and other related methods are revised in
the context of Pochonia spp. as a potential biological control agent for root-knot
(Meloidogyne spp.), false root-knot (Nacobbus aberrans sensu lato) and cyst nema-
todes (Heterodera spp., Globodera spp.).

12.2 Sampling and Isolation from Soil, Roots and Nematodes

Populations of P. chlamydosporia (= V. chlamydosporium) are implicated in the
decline of plant-parasitic nematodes in nematode suppressive soils (Kerry 2000) yet
little is known of the genetic diversity of the fungus in naturally- or agroecosystem-
occurring populations (Morton et al. 2003; Franco-Navarro et al. 2009; Giné et al.
2016). A nematode suppressive soil can be defined as one where a nematode popu-
lation, which was once at an economic damaging level, becomes suppressed and
remains at a level that causes little or no economic damage to a nematode suscep-
tible plant cultivar (Chen and Dickson 2012). Therefore, either places where sup-
pressiveness to nematodes and other soil-borne pathogens has been observed, or
intensively cropped soils with a long history of nematode infestation are suitable
environments to look for the fungus (Kerry and Bourne 2002). It is worth consider-
ing that different fungal biotypes or isolates with different molecular profiles or
nematode host preferences can be found co-existing in the same host and soil sam-
ple location. Pochonia chlamydosporia may also be part of a complex of similar
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Sampling
Soil, roots, eggs and nematode females

A 4

Fungus isolation and culturing
Selective agar (pure culture)

) 4

Morphometric Isolate identification | | Molecular
characterization CMA, PDA characterization

| Screening and isolate(s) selection |

) 4

Root colonization
Chlamydospore production
Egg parasitism in vitro assays

_‘

Glasshouse pot tests
Host plants, nematode hosts, under
different soil and temperature conditions

) 4

Efficacy of isolates in microplots,
formulation, application rates and
field trials

CMA - corn meal agar
PDA - potato dextrose agar

Fig. 12.1 Diagram showing Pochonia chlamydosporia screening processes of isolates from isola-
tion of the fungus from soil, roots, eggs and nematode samples, to field trials of selected isolates.
(After Kerry and Bourne 2002)

species and varieties with considerable variation between biotypes, especially in
vitro growth and pathogenicity (Irving and Kerry 1986; Kerry et al. 1986; see also
Chaps. 2, 3, and 4). Understanding the importance of such character variability and
their interactions is crucial for the successful use of this natural microorganism as a
biological control agent (Esteves 2007).

12.2.1 Where to Look?

Pochonia chlamydosporia has been isolated worldwide from soils, molluscs, nema-
todes, insects, and soil-borne fungi (Domsch et al. 1980; Sykes 1994; Zare et al.
2001; Chap. 2). The fungus can behave as a saprophyte, facultative parasite,
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hyperparasite, and endophyte (Lopez-Llorca et al. 2002a, b, 2010; Macia-Vicente
et al. 2009a, b; Schulz et al. 2015).

Despite a worldwide distribution there are few records in the literature of exten-
sive and intensive surveys having been carried out looking specifically for Pochonia
spp. in natural ecosystems, the search for the fungus in agroecosystems mainly
being focused on crops affected by root-knot nematodes (RKN) in countries such as
Brazil (Carneiro et al. 2008; Arevalo et al. 2009; Dallemole-Giaretta et al. 2012),
Cuba (Hidalgo-Diaz et al. 2000), China (Sun et al. 2006; Aminuzzaman et al. 2013),
Kenya (Bourne et al. 2004), Mexico (Flores-Camacho et al. 2007; Franco-Navarro
et al. 2009; Medina-Canales et al. 2013), Spain (Verdejo-Lucas et al. 2002),
USA (Morgan-Jones et al. 1981); and also cyst nematodes in countries such as
Germany, the UK, The Netherlands, Spain (Olivares-Bernabeu and Lépez-Llorca
2002), Norway and Poland (Chap. 16), India (Nagesh et al. 2007), Iran (Moosavi
et al. 2010), and the USA (Chen and Chen 2003), among others.

Nematophagous fungi are part of dynamic natural communities where popula-
tions, community composition and function change continuously both qualitatively
and quantitatively over time (Lynch 1996). Field surveys for the fungus, must con-
sider that soil health, natural vegetation, local climate, crop, and population levels
of the target nematode pest or other hosts may play an important role in fungus
abundance, diversity and parasitic ability. In general, fungi sampling is carried out
using methods applied to sampling macro-organisms and therefore targets macro-
habitats rather than microhabitats, possibly resulting in loss of valuable information
on habitat and fungi associations (Lynch 1996).

Pochonia chlamydosporia var. chlamydosporia, P. chlamydosporia var. catenu-
lata and P. suchlasporia (= V. suchlasporium) have been isolated from tropical and
subtropical soil samples (Hidalgo-Diaz et al. 2000; Arevalo et al. 2009; Franco-
Navarro et al. 2009) whereas P. [Metapochonia] suchlasporia has also been isolated
from temperate areas (Bourne and Kerry 2000). In a study carried out in a natural
forest and secondary forest region of Los Tuxtlas (Mexico), Franco-Navarro et al.
(2009) isolated P. chlamydosporia var. chlamydosporia and P. chlamydosporia var.
catenulata, the later variety being isolated for the first time in Mexico from these
ecosystems. The number of isolates obtained of the two Pochonia varieties was
higher in forest soils in comparison to those occurring in soils from pasture and
maize fields. In a Cuban survey of the two main coffee-growing regions, 32% of the
83 isolates obtained belonged to P. chlamydosporia var. chlamydosporia, 63% to P.
chlamydosporia var. catenulata, and 1.2% to P. [Metapochonia] suchlasporia; the
remaining 4% belonged to other fungi. In the same survey, the number of colony
forming units (cfu) of Pochonia spp. in Cuban soils ranged from 13-575 cfu/g soil,
thus showing that the fungus can be present at very low levels in the coffee agro-
ecosystem (Hidalgo-Diaz et al. 2000). In Brazil, P. chlamydosporia var. chlamydo-
sporia and P. chlamydosporia var. catenulata were isolated from soil and eggs
samples taken from M. mayaguensis (= M. enterolobii) in commercial guava planta-
tions in an area having a semiarid climate and sandy soils (Arevalo et al. 2009). In
general, isolates are more often isolated from vegetable crops soil than from parasit-
ized nematode eggs. This may be partly related to the fungus abundance, diversity,
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saprophytic capacity, and competition with other fungi, but also to the difficulty in
finding infective propagules at an appropriate sampling time as RKN and other
nematodes can decay rapidly in soil (Nagesh et al. 2007). A survey for Pochonia
isolates parasitizing N. aberrans s.1. in ten different geographical locations and veg-
etable crops from Central Mexico (Flores-Camacho et al. 2007) produced only four
P. chlamydosporia var. chlamydosporia isolates from soil, and one isolate from egg
masses. A similarly low number of Pochonia isolates was recorded from another
vegetable growing region in Central Mexico (Medina-Canales et al. 2013), where
M. arenaria, M. hapla and M. incognita occur as important pests. Only 7 (<1%) out
of 105 screened samples belonged to P. chlamydosporia var. mexicana. In another
Brazilian survey in the Federal district of Brazil, this time from vegetable crops, five
strains of Purpureocillium lilacinum (= Paecilomyces lilacinus), one strain of
Beauveria bassiana and one strain of P. chlamydosporia were isolated from
Meloidogyne spp. eggs; by comparison, a larger number of entomopathogenic fungi
isolates were isolated from soil, including 20 strains of B. bassiana, 26 of
Metarhizium anisopliae and 20 of the nematophagous fungus P. lilacinum (= P.
lilacinus). Microflora isolates taken from eggs and females of Meloidogyne spp. in
China showed that P. lilacinum (= P. lilacinus) was present in 49.3% of fungi iso-
lates whereas only 6.9% belonged to P. chlamydosporia (Sun et al. 2006).

Continuous cultivation or monoculture of crops can sometimes lead to a selective
increase in antagonistic organisms and the development of disease suppressive soils
(Timper 2014). It is advisable, therefore, that when searching for isolates of the
fungus in monoculture locations, sites where crops are already heavily infested by
nematodes are not selected as high nematode populations can indicate that biologi-
cal agents are unable to exert control (see also Verdejo-Lucas et al. 2002). Under
such conditions, nematode eggs can escape infection due to physical inaccessibility
to the fungus as eggs are lodged within large egg masses (Bourne et al. 1996). Care
should be taken during the isolation process as isolates of the fungus taken from
eggs are preferred for further testing rather than those isolated from soil or roots
(rhizoplane) so as to ensure a parasitic rather than saprophytic activity of the isolate
(Nicolay and Sikora 1991).

12.3 When to Look?

The activity of fungal egg parasites is affected by crop, specific development stages
of the target nematode, and other fungi occurring as part of the natural succession
process in the soil (Crump 1987a, b; Bernard et al. 1997). Fungi succession can be
defined as ‘the sequential occupation of the same site by thalli (normally mycelia)
either of different fungi or of different associations of fungi’ (Rayner and Todd
1979). Therefore, more than one sampling at different time of crop phenology and
nematode development may be required to target parasitic isolates of Pochonia spp.
The fungus has both endophytic and rhizosphere abilities, the latter of these abilities
allowing the fungus to colonize the rhizoplane as a saprotroph until it infects
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nematode females (i.e., cyst nematodes) and/or eggs as a parasite. In the case of
RKN, under experimental conditions, the fungus can be isolated from 5 to 9 weeks
after the addition of second-stage juveniles (J2) to soil and when egg masses have
been produced (Bourne and Kerry 1999; Manzanilla-Lépez et al. 2009, 2011a). In
contrast to RKN, cyst nematode eggs are not directly exposed to the rhizosphere
since they remain inside the encysted female until they develop into J2. Therefore,
it is considered that the time that the fungus has to infect and kill RKN eggs is
shorter than for cyst nematode eggs (Kerry 1997). Ideally, local studies of the popu-
lation dynamics or epidemiology of the target nematode could be useful in selecting
the appropriate timing to look for the fungus in colonized egg masses or cysts.

12.4 Sampling

Plants play an important role as a host of both P. chlamydosporia and the nematode;
the three of them being part of a tritrophic interaction. Depending on research objec-
tives sampling methods may vary according to when and where the sampling is
going to be carried out and the target (natural plant communities, annual or peren-
nial crops, fungus species or fungal community, and nematode species). Sampling
should include always both soil and root samples. Data such as sampling date, geo-
graphical location (using GPS), isolation substrate or host, and the name of the
person who took the samples should always be recorded.

Nematodes are currently sampled close to the plant rhizosphere at 5-30 cm soil
depth (Giné et al. 2016). The vertical distribution of the fungus occurs in the first
50 cm of soil (De Leij et al. 1993a; Kerry and Bourne 1996) and its horizontal dis-
tribution can reach 10-15 cm from the plant rhizosphere (De Leij et al. 1993a; Kerry
and Bourne 1996). Arevalo et al. (2009) collected six randomized samples of soil
(500 g) and Meloidogyne infected roots at a depth of 10 cm when sampling com-
mercial guava plantations. The samples were placed in polythene bags and kept at
4 °C until processing for isolation of egg parasitic fungi. Franco-Navarro et al.
(2009) sampled forest, pasture and maize soils following a grid pattern. Sampling
points were positioned 200 m from each other and subsamples taken where grid
lines crossed following two concentric circles centred around each point, i.e., four
subsamples from the inner circle (3 m diameter) and another four from the outer
circle (6 m diameter). Each subsample (100 g) was taken at a depth of 10-30 cm.
All subsamples per locality were mixed thoroughly in polythene bags and 100 g soil
subsamples taken to isolate the fungus.

Two intensive vegetable production areas of north and south Spain (Almeria and
Barcelona) with different cropping cycles, climatic conditions, and agronomic prac-
tices, were selected to determine the Meloidogyne spp. and their egg parasites
occurring in plastic houses and the field. Composite samples per site included 610
plants that were dug from patches with RKN damage symptoms, galled roots, and
rhizosphere soil (ca 2 kg soil per site). Samples were sieved to separate roots from
soil, and one 500 cm? soil subsample per site was used for nematode extraction on
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Baermann trays. Fungal parasites were found in 37% (Almeria) and 45% (Barcelona)
of the sites but parasitism was never greater than 5% (Verdejo-Lucas et al. 2002). In
another study carried out in tunnel houses, 25 soil samples (200-500 g each) were
taken to a depth of 15 cm at random along a ‘W walk’ within each tunnel house and
the samples bulked per site (Manzanilla-Lopez et al. 2009).

12.4.1 Soil Analysis

Soil samples should be sent for texture, pH, nutrient content, organic matter content,
and other relevant soil physicochemical analysis. This information is needed to
identify the original habitat conditions where the fungus, crop and nematodes co-
exist. Implementation of sustainable management strategies will require such ‘soil
health’ history/records to enhance the selected isolate’s chances of success as a
biological control agent.

12.4.2 Other Fungi Isolated from Samples

Different fungi may co-exist in soils as members of a microbial community. Hence,
information about other fungi isolated from roots, soils or nematode samples from
which Pochonia spp. are isolated should not be discarded or ignored but considered
in producing a more holistic view of the soil microbial community and potential
multitrophic interactions.

12.4.3 Identification of Nematode Hosts

Nematode host species from which isolates are taken must be identified as accu-
rately as possible. Molecular confirmation of identification is required for
Meloidogyne spp. (see Carneiro et al. 2008), Heterodera spp. and Globodera spp.
(see Hunt and Handoo 2012; Subbotin 2012).

12.5 Isolation

The fungus can be isolated as an isolate, i.e., “the first 1-spore or pure isolation of a
fungus from any place” (Kirk et al. 2008) from soil, roots, females and nematode
eggs using dilution plating on a selective-agar medium (Kerry and Bourne 2002;
Ciancio et al. 2016). Individual colonies of Pochonia chlamydosporia can be visu-
ally identified as Pochonia sp. with the aid of a stereo-microscope at
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Fig. 12.2 Pochonia chlamydosporia colony growth in different media plates 14 days after inocu-
lation with one pre-colonised corn meal agar plug. (A), (B) Selective agar; (C) Water agar; (D)
Corn meal agar; (E) Potato dextrose agar; (F) Hyphae and chlamydospores in water agar; (G) Corn
meal agar (Courtesy I. Esteves)
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25 x magnification (Fig. 12.2). However, it is advisable to make a slide to look for
morphological features of the different Pochonia varieties using a compound micro-
scope. To confirm Pochonia spp. identification, colonies are picked from selective-
agar plate (Fig. 12.2A, B) and transferred onto 0.8% water agar (WA, Fig. 12.2C),
or onto 1.7% Corn Meal Agar (CMA, Fig. 12.2D), or Potato Dextrose Agar (PDA,
Fig. 12.2E) to look for characteristic conidiophores (PDA) or for chlamydospore
production (Fig. 12.2F, G). Isolate identity should also be confirmed molecularly
(see Chap. 13). Strains or ‘a group of clonally related individual or cells’ (Kirk et al.
2008) can be produced from selected isolates through culturing.

12.5.1 Isolation from Soil

The fungus is a relatively poor competitor in soils (Bourne and Kerry 2000), its
proliferation being greater in organic than in mineral soils (Kerry et al. 1984; De
Leij et al. 1993b). It can also occur in soil in the absence of plants as conidia, myce-
lium, resting spores or chlamydospores.

A standard protocol to isolate the fungus from the original bulk soil requires the
whole bulk sample to be thoroughly mixed so that a single subsample can be repre-
sentative (Kerry and Bourne 2002). The subsample (1 g) is suspended for a few
minutes in 9 ml of autoclaved and cooled 0.05% agar solution, mixed and shaken
vigorously (20 s). The solution is diluted at 10~ and 10~ in 9 ml vials (i.e., glass
universals) and 0.2 ml of each dilution are plated onto the semi selective medium
(usually 3 plates/dilution). Plates are incubated at 25 °C for 10-15 days and the
colonies counted to calculate the cfu/g soil. To give a measure of cfu/g dry soil a
known amount of soil is weighed, dried and the amount of water/g soil calculated
(Kerry and Bourne 2002). It is not recommended to leave soil samples longer than
1 h in the agar solution before plating to avoid reducing fungal propagule viability.
Soil samples can be stored at 4 °C before processing if necessary (Kerry and Bourne
2002).

12.5.2 Extraction of Chlamydospores from Soil

A method to separate chlamydospores from soil involves wet sieving of soil fol-
lowed by centrifugation in anhydrous magnesium sulphate solution (Specific
Gravity 1.30, concentration 650 g/l). This technique has been used to quantify
Nematophthora gynophila and P. chlamydosporia in soils and monitor changes in
chlamydospore numbers in field trials (Crump and Kerry 1981; Crump 1991; Kerry
and Bourne 2002).
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12.5.3 Isolation of Pochonia spp. from Roots

Host-plant susceptibility influences the number of nematodes invading the roots,
their rate of development, fecundity, and the number of eggs colonized by the fun-
gus. The extent of fungal growth in the plant is also affected by the plant species and
cultivar, which in turn affects nematode control (Kerry 1995, 2000).

To isolate the fungus from roots, select healthy-looking roots, wash them gently,
cut into 1 cm sections, mix, and remove a 1 g subsample. Gently crush the roots in
9 ml of a 0.05% sterile agar solution with a sterilized mortar and pestle. Make dilu-
tion series at 1072 and 1073 in 9 ml vials and plate 0.2 ml of each dilution onto the
selective-agar (3 plates/dilution). Incubate at 25 °C for 10-15 days, count the colo-
nies and calculate the cfu/g root. Chlamydospores are produced after 3—5 days
(0.8% WA) to 2 weeks (1.7% CMA). Make a control by incubating sections of the
roots examined on water agar (WA) with antibiotics or CMA (Kerry and Bourne
2002). To prepare water agar plus antibiotics, autoclave 1 litre of 0.8% agar and let
the medium cool slightly before adding 50 mg of streptomycin sulphate, 50 mg of
chloramphenicol, and 50 mg of chlortetracycline. These three antibiotics are added
to other culturing media described in subsequent sections of the chapter.

12.5.4 Isolation from Nematode Eggs

Meloidogyne egg masses are picked off the root galls surface, pooled and gently
separated using a glass rod in a glass tube containing 0.5 ml sterile distilled water
(sdH,0). The percentage of parasitized eggs is assessed in 100 eggs aliquots spread
onto 0.8% WA plus antibiotics plates (Sect. 12.5.3) and after 3 days of incubation at
25 °C. Infected eggs are transferred onto selective-agar and incubated at 25 °C for
10-15 days; colonies of P. chlamydosporia are selected and grown in CMA and
PDA for microscope identification at 25 x magnification. Each colony growing out
of an egg is transferred to CMA to obtain a pure culture (Kerry and Bourne 2002);
also prepare monosporic cultures (see Chap. 11).

Verdejo-Lucas et al. (2002) started the isolation process from galled roots col-
lected in Meloidogyne spp. infested plastic tunnels. Galled roots were chopped and
mixed, and 30—40 egg masses were handpicked from one 5 g root subsample. Eggs
were dispersed from egg masses with ca 0.2 ml sdH,O using a pestle in an Eppendorf
microcentrifuge tube, spread on a restrictive growth medium (Lopez-Llorca and
Duncan 1986) in three replicate Petri dishes, and incubated at 25 °C. After 48 h eggs
were examined for parasitism at x 50 magnification, parasitized eggs being trans-
ferred individually to CMA to establish pure cultures. In another method, egg
masses are collected from galled roots and placed in a humid chamber, fungi being
isolated from the eggs by culturing in PDA with 250 mg chloramphenicol/litre
(Carneiro et al. 2008).
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Globodera spp. and Heterodera spp. young cysts can be picked from roots but
older cysts are extracted from soil using the Trudgill column or Fenwick can
(Hooper 1986; Lopez-Llorca and Duncan 1986). Cysts are put into small excavated
blocks and rinsed twice with dsH,O; then put in a drop of sdH,O placed on the chan-
nel (15 mm wide, 0.05 cm deep) of a sterilized channelled aluminium slide
(7.5 x 2.5 cm) to release the eggs by squashing the cysts with a glass slide placed on
top of them. To suspend the eggs, add dsH,O (250 pl) and transfer the egg suspen-
sion into a 2 ml tube. Mix and transfer a 0.5 ml aliquot to another 2 ml tube. One
tube (0.5 ml) is used to assess egg infection and the other tube to assess egg viabil-
ity. Cysts can also be crushed and eggs plated on agar in a similar manner to RKN
egg masses to isolate the fungus from eggs. Fungal infection in eggs of cereal cyst
nematodes (Heterodera spp.) can be estimated in media containing 1% PDA,
1000 pl/ml Triton X-100, 50 pg/ml streptomycin sulphate, 50 pg/ml aureomycin,
and 50 pg/mg Rose Bengal (Lopez-Llorca and Duncan 1986).

12.5.4.1 Isolation of the Fungus from Cyst Females

Pochonia chlamydosporia can parasitize cyst females soon after they have emerged
through the roots and before egg production (Crump and Kerry 1987). The fungus
can be isolated by culturing infected females on agar to induce sporulation and
facilitate identification (Kerry and Crump 1977). This can be achieved by placing a
sterile glass cover slip (24 mm square) onto nutrient agar (with or without antibiot-
ics) in a Petri dish and placing four females that have been broken opened in a drop
of water on the top of the cover slip (0.5 mm from each edge) and left to incubate at
20 °C. If females are infected, the fungus will grow away from them in search for
nutrients and across the cover slip until reaching the agar where it will grow rapidly.
This method lessens the need to surface sterilise the female because saprophytic
fungi are less likely to reach the agar than the fungi that are feeding on the female
(Crump 1987a).

12.6 Nematode Baits (Slide Mount Technique)

The bait method is based on a baiting technique developed by Lumsden (1981). Egg
masses or cysts are used as a bait for the fungus in treated or untreated soil. Ten egg
masses of RKN are wrapped in nylon fabric mesh which are held in place supported
by plastic slide mounts or frames (24 x 36 mm) with glasses removed prior to being
buried in the soil (Fig. 12.3) at a depth of about 30 mm in soil contained in 200 g
capacity pots. Pots are watered as required. After 7 days, the egg masses are removed
from the soil by pulling out the plastic slide mounts, placed into excavated glass
blocks, and cleaned with sdH,O. The eggs are then released from egg masses using
a sterile glass cyst crusher. From the ensuing egg suspension, 200 pl is pipetted onto
plates containing sorbose agar with antibiotics (Kerry and Bourne 2002, see also
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Fig. 12.3 Baiting slides. Egg masses or cysts are wrapped in nylon fabric mesh which are held in
place and supported by plastic slide mounts or frames (glasses removed) prior to being buried in
the soil (Image B.R. Kerry slide collection)

Sect. 12.5.4) and incubated at 25 °C for 72 h. Afterwards, 100 randomly selected
eggs are examined and counted for fungal infection under a stereomicroscope
(50 x magnification) to estimate the percentage of eggs infected by P. chlamydospo-
ria (Luambano et al. 2015). Cysts (ca 25) can be used as bait instead of egg masses
(Atkins et al. 2003).

The plastic slide mounts or frames technique has also been used, with some dif-
ferences, to study the diversity of egg pathogenic fungi (Pyrowolakis et al. 1999).
Globodera pallida cyst were placed in the soil (five cysts/slide mount). Fourteen
days later the cysts were collected, crushed and the egg suspension plated onto WA
with antibiotics (150 ppm of streptomycin, 150 ppm of penicillin). The plates were
incubated at 23 °C for 2-5 days. The fungal egg pathogens were isolated from the
eggs (stereomicroscope x 40) and each isolate was transferred onto a new agar
plate. Species diversity, species richness and species evenness indexes were calcu-
lated using their respective formula (Pyrowolakis et al. 1999).

12.7 Isolate Growth on Selective-Agar

The selective-agar medium (also known as semi-selective medium) contains chemi-
cals that selectively restrict fungal growth to facilitate counting of P. chlamydospo-
ria colonies (see Chap. 11, Sect. 11.5.2). However, such inhibition could lead to
underestimation of the amount of fungus quantified in the soil. It is therefore neces-
sary to compare propagule growth on CMA with growth on selective-agar medium
to establish if growth is inhibited (Bourne and Kerry 2000). The procedure is carried
out with isolates obtained from infected eggs. The colony, which has been grown on
CMA and incubated for 3 weeks at 25 °C, is scraped with a glass rod and washed
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with sdH,O into a sterile beaker. Dilution series are prepared by adding one ml of
the fungal suspension into 9 ml 0.05% WA aiming to count about 50—100 colonies/
plate. Aliquots (0.2 ml) of the appropriate dilution are spread onto plates of CMA
(non-selective) and selective-agar medium. Plates are incubated at 25 °C and colo-
nies counted 3 weeks later to compare numbers of colonies on both media and
estimate the inhibition (%). Corn meal agar colonies may need to be counted before
those growing in the selective agar as the CMA colonies can grow too large to be
able to distinguish between them (Kerry and Bourne 2002).

12.8 Isolate Screening

Host plant and environmental conditions have a significant effect on the fungus
(Bourne et al. 1996). Therefore, it is preferable to identify and select native isolates
with potential for colonizing the rhizosphere of local crops (Hidalgo-Diaz et al.
2000). Selection of fungal isolates (screening) depends on laboratory and glass-
house tests that initially evaluate: (i) capacity to colonize the rhizosphere; (ii) chla-
mydospore production and viability; and (iii) egg mortality (Kerry and Bourne
2002). After screening, the isolates selected will need to be further characterized
(see Fig. 12.1) in glasshouse tests to assess efficacy of the isolates in controlling the
target nematode at different densities, their ability to colonize the rhizosphere of
plant species susceptible or resistant to nematodes, and the effect of different tem-
peratures and soil organic matter content on the isolates. Organic matter added to
soil at 0.5-1% w/w concentrations usually improve plant growth and provide sig-
nificant nematode control (Mian and Rodriguez-Kdbana 1982; Stirling 1991;
McSorley 2011; Timper 2014) — hence the need for the inclusion of a substrate or
food base treatment control when testing microbial species for activity against nem-
atodes (Rodriguez-Kdbana et al. 1984). Tests carried out only in sterilized soil may
lead to an inaccurate prediction of the isolate’s ability to perform in the field.
Therefore, all pot tests should be done in unsterilized soil with active microbial
communities to determine the final population density of the fungus in soil and
rhizosphere in treated and untreated soil. In addition, nematode populations and
reproduction rate (Pf/Pi) should also be estimated (Kerry and Bourne 2002).

12.8.1 Rhizosphere Colonization

Isolates which may proliferate in soil substrates have no significant effect on nema-
tode multiplication rates unless they are able to colonize the rhizosphere (Bourne
and Kerry 1999). Therefore, isolate(s) rhizosphere colonization tests must be car-
ried out in both sterile (see Sects. 12.8.1.1 and 12.8.2) and non-sterile conditions
(Sect. 12.8.3) using conidia inoculated seeds, colonized agar plugs or chlamydo-
spores as inocula.



248 1. Esteves et al.

Fig. 12.4 (A) Barley seedlings grown in vermiculite inoculated with Pochonia chlamydosporia;
(B) Colonized roots (Image B.R. Kerry slide collection)

12.8.1.1 Conidia Inoculated Seeds

Conidia can be produced in Czapek Dox broth plus salts (CDB) autoclaved and
cooled (Kerry et al. 1986). Ten CMA colonized plugs (5 mm diameter) of the fungus
are added to 200 ml of CDB into conical flasks that are kept 14 days at 15-20 ° C in
a shaker at 120 rpm. The colonized medium is washed on a 10 pm mesh sieve and
centrifuged to reduce liquid volume. Conidia are suspended and counted in 1%
manucol (sodium alginate) using an haemocytometer and volume adjusted to 10°
conidia/ml. Barley seeds are surface sterilised in 7% calcium hypochlorite for 45 min
on a magnetic stirrer, washed in sdH,O (5 times) and seeds dipped in conidia suspen-
sion (10° conidia/seed). Seeds are air dried overnight in a sterile cabinet and planted
in sterile moist vermiculite in glass tubes (15 x 2.5 cm diameter) stoppered with
cotton wool. Seeds are grown for 10 days at 25 °C with an appropriate light regime
(Fig. 12.4A). Roots are cut into 1 cm portions and placed on WA, incubated, and the
number of colonized root segments count after 2-3 days of incubation at 25 °C
(Fig. 12.4B). If the isolate will not colonise the roots (<80%) in non-sterile condi-
tions it can be discarded. Seed inoculum viability is checked by plating 3 treated
seeds onto 0.8% WA incubated for 2-3 days at 25 °C (Kerry and Bourne 2002).

12.8.2 Corn Meal Agar Colonized Plugs

Barley seeds are surface sterilised (see Sect. 12.8.1.1) and transferred to seed germi-
nating media composed of 10 g/l glucose, 0.1 g/l yeast extract, 0.1/g 1 peptone, and
12 ¢/l technical agar (Kerry et al. 1984; Manzanilla-Lépez et al. 2009). Glass tubes
are filled with moist vermiculite (see Sect. 12.8.1.1) and 4 x 2 mm plugs P. chlamydo-
sporia grown on CMA culture are placed below the surface of the vermiculite (Bourne
et al. 1994). Seedlings are placed on top of the plugs, ensuring that they are covered
with the vermiculite. Cover tube up to level of vermiculite with aluminium foil,
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incubate for 3 weeks at 25 °C in an appropriate light regime, then cut the roots, place
on WA, and count the number of colonized root segments as described in Sect. 12.8.1.
Root colonization is generally quicker and more extensive than with seed dipped in
conidia, but the failure rate of isolates in soil is higher (Kerry and Bourne 2002).

12.8.3 Chlamydospore Inoculum

Chlamydospores do not require additional nutrients and are thus considered the
most effective inoculum for establishing the fungus in soil and rhizosphere, and a
useful measure of soil and rhizosphere colonization when screening for isolates.
Chlamydospores can be produced on a variety of substrates (Lopez-Llorca et al.
1999; Coutinho et al. 2009; Luambano et al. 2015; see also Chap. 11). The basic
protocol (Crump and Irving 1992; Kerry and Bourne 2002) requires of 30 g of
milled barley or maize grain (wheat, rice or other substrate) washed through a
53 pm mesh sieve. The sieve is blotted dry underneath and the grain mixed with an
equal volume of coarse sand to provide aeration and to prevent clogging. The
slightly moist mixture is put into a 250 ml flask and autoclaved. When cool, the flask
is shaken to loosen the mixture and inoculated with 4-5 mm CMA or WA fungus
colonized plugs. The fungus is left to grow on the agar plugs for 2-3 days (without
shaking) at 25 °C until it looks like cotton wool, then dispersed throughout the
medium by vigorous shaking and incubated for 3 weeks at 25 °C. To extract the
chlamydospores, the colonized substrate is washed with a fine spray of water
through a 250 pm mesh sieve placed over a 53 and 10 pm mesh sieves; the under-
neath of the 10 pm mesh sieve is blotted and chlamydospores collected using a
spatula and mixed with fine sand (i.e., low iron; Fisher Scientific, Loughborough,
UK) in a ratio of 10 parts of sand to one part of chlamydospores (w:w). Whichever
method is chosen, chlamydospore viability should always be estimated (see Sect.
12.8.3.1).

Also, when adding chlamydospores grown in an organic substrate, the inclusion
of controls, consisting of chlamydospores inoculum without organic substrate,
should be considered in order to separate the effects of the fungus from its food
source as cfu count can be greater when chlamydospores, or another source of
inoculum, are applied without substrate than equivalent amounts of colonized bran
(Rodriguez-Kébana et al. 1984; De Leij and Kerry 1991; Stirling 1991). Ayatollahy
et al. (2008) found that application of chlamydospores without their colonized bar-
ley substrate appeared to be more efficient in reducing the final number of H.
schachtii females than when the fungus was applied in infected barley substrate. A
possible explanation is that application of colonized bran supports the growth of
other soil-microorganisms, which then compete with the inoculated fungus and sup-
press its growth in the soil, whereas chlamydospores have little effect on the resid-
ual soil microflora as they tend to leak only small amounts of nutrients (De Leij and
Kerry 1991).
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12.8.3.1 Chlamydospore Viability

To test chlamydospore viability, suspend 1 g of sand:chlamydospore inoculum (see
Sect. 12.8.3.1) in 9 ml water and make a 10! to 1073 dilution series. Plate 0.2 ml of
several dilutions (ca 100-500 chlamydospores/plate) on a 9 cm Petri dish onto sor-
bose agar (12 g technical agar, 2 g sorbose per litre) plus antibiotics (see Sect.
12.5.3). Incubate at 25 °C for 2-3 days. Count percentage (%) germination (Kerry
and Bourne 2002).

12.8.3.2 Chlamydospores as Inoculum Source

Chlamydospores are mass produced as described in Chap. 11 (Sect. 11.5.3). Take a
1 g substrate sample and estimate cfu/g. Inoculate soil (peat:coarse sand 3:1 v/v)
with 5000 chlamydospores/g soil. Transplant a 3—4 week-old tomato seedling and
allow the plant to establish for about 1 week before adding nematodes. Inoculate
soil around plant with approximately 3000 J2 of RKN. After a 6-8 week period,
harvest the plants and assess for fungal colonisation of soil (Sect. 12.5.2), roots
(Sect. 12.5.3) and eggs (Sect. 12.5.4) and total nematode populations (Kerry and
Bourne 2002; Flores-Camacho et al. 2007). Although 5000 chlamydospores/g soil
is usually sufficient, the number of chlamydospores required can be higher in order
to achieve nematode control, depending on the isolate (see Ayatollahy et al. 2008;
Podesta et al. 2009).

12.9 Egg Parasitism Test

Wash a slope or plate of the fungus growing on WA or CMA with 2-5 ml of
sdH,O. Scrape the surface with a sterile glass rod to suspend fungal material and
count conidia or chlamydospores in a haemocytometer. Take and spread an aliquot
(0.2 ml) onto a 9 cm Petri dish of WA plus antibiotics (see Sect. 12.5.3). Incubate
plates at 25 °C for 2-3 days. To collect egg masses, wash roots of plants infected
with RKN (i.e., 4-