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Searching for Novel Fungal Biological
Control Agents for Plant Disease Control
Among Endophytes

DAvID B. COLLINGE, HANS J. L. JORGENSEN,
MEIKE A. C. LATZ, ANDREA MANZOTTI, FANI
NTANA, EDWARD C. ROJAS AND BIRGIT JENSEN

Abstract

There are increasing efforts aiming to utilise endophytes as biological control
agents (BCAs) to improve crop production. However, reliability remains a major
practical constraint for the development of novel BCAs. Many organisms are
adapted to their specific habitat; it is optimistic to expect that a new organism
added can find a niche or even out-compete those adapted and already present.
Our approach for isolating novel BCAs for specific plant diseases is therefore
to look in healthy plants in a habitat where disease is a problem, since we
predict that it is more likely to find competitive strains among those present
and adapted. In vitro inhibitory activities often do not correlate with in planta
efficacy, especially since endophytes rely on intimate plant contact. They can,
however, be useful to indicate modes of action. We therefore screen for in planta
biological activity as early as possible in the process in order to minimise the
risk of discarding valuable strains. Finally, some fungi are endophytic in one
situation and pathogenic in another (the mutualism-parasitism continuum).
This depends on their biology, environmental conditions, the formulation of
inoculum, the health, developmental stage and cultivar of the host plant, and
the structure of the plant microbiome.
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26 ROLE IN GROWTH AND STRESS RESISTANCE

2.1 Introduction

It is a major challenge to increase crop yields worldwide in a sustainable manner.
There is an increasing wish to reduce the use of pesticides, the application of inor-
ganic fertiliser and the need for irrigation, as these factors deplete natural resources
and can have negative effects on the environment. We need to meet the challenges of
climate change, as well as world population growth and other demographic factors,
such as urbanisation and economic growth. The combination of these factors results
in increased demand for both water resources and meat, hence of plants as food and
fodder. Together, these many factors place high demands on agriculture, motivating
research effort to improve yields in a sustainable manner: the global challenge is to
produce more food from less agricultural land with reduced inputs.

Plant diseases reduce yield and profitability, both in terms of direct losses, product
quality and indirectly through inputs into the crop. However, the grower has many
practical tools for combating plant diseases, including cultural practices such as
crop rotation, fertilisation, pruning, irrigation and tillage. Chemical control agents
are also of seminal importance for many diseases: these can be directly antimicro-
bial, e.g. fungicides, or act as inducers of plant defence responses and therefore dis-
ease resistance, e.g. benzothiadiazole (BTH, Bion') and probenazole. However, there
are increasing problems with fungicide resistance in many important pathogens,
which means that some available fungicides have become ineffective for specific
diseases (Lucas et al., 2015). Furthermore, the number of approved fungicides is
being reduced due to side effects, e.g. accumulation in the environment, conflicts
with medicinal use (Berger et al., 2017); at the same time few new products are
being developed and approved.

Another important strategy is the use of disease resistance. This can be achieved
through conventional plant breeding by introducing resistance genes from within
the same plant species (e.g. from landraces) or closely related plant species. Effective
sources of disease resistance are often unavailable for conventional plant breeding
programmes, especially for necrotrophic pathogens. Resistance can also be achieved
through biotechnological approaches, e.g. genetic engineering, to add genes which
encode either antimicrobial agents or regulators of defence mechanisms (Collinge
et al., 2010, 2016). More recently, an increased understanding of the biology of
microbial pathogenicity has led to new breeding technologies, which can manipu-
late pathogens, for example, by host-induced gene silencing (HIGS) or by using gene
editing techniques (site-directed mutation), e.g. CRISPR-Cas9 (Nowara et al., 2010;
Collinge, 2018). Even the combination of these approaches is insufficient to con-
trol many important diseases of key crops and, furthermore, there is a reluctance
to use the new breeding technologies in some parts of the world (Collinge, 2018).
There is a need to be innovative in finding new approaches, especially since many
important pathogens are well able to adapt to, and can therefore overcome, both
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disease resistance and pesticides (e.g. Zymoseptoria tritici, Phytophthora infestans;
Lucas et al., 2015).

An underdeveloped and underutilised means of disease control is biological
control. Biological control is defined as direct or indirect inhibition of a disease
or the pathogen causing the disease, by another organism (antagonist) or group
of organisms. Biological control is seen as an increasingly attractive tool to com-
plement the more traditional control strategies both in organic and conventional
agriculture. Furthermore, biological control can be especially useful when used
in organic agriculture, as well as in systems where disease resistance is unavail-
able in the host and where fungicide resistance is prevalent in the pathogen
populations. Some biological control organisms (BCAs) can even supplement
fertilisers to stimulate plant growth (Coleman-Derr and Tringe, 2014; Jensen
et al., 2016a). The exploitation of beneficial microorganisms and the manage-
ment of the plant microbiome can contribute to these needs, both through bio-
logical control such as by stimulation of host growth. Although development
of a product may be achieved without understanding how it works, there are
many fascinating fundamental questions about the nature and physiological
mechanisms underlying plant-microbe interactions which beg study (Latz et al.,
2018). There are also potential risks associated with biological control such as
the negative consequences of introducing organisms into new habitats and pro-
duction systems which need to be considered before permitting the use of a new
biological control agent. For these reasons, the regulation of commercialisation
of novel BCAs is stringent, and therefore expensive (Anon, 2009).

As a division of the plant microbiome, endophytes represent a largely unex-
ploited source of organisms with potential for the biological control of pests and
pathogens and for helping plants adapt to abiotic stress. One of the main drawbacks
of biological control is inconsistency under variable environments. Since the endo-
phyte is inside the plant, it is potentially better protected from the external environ-
ment and, therefore, we consider it likely that at least some endophytes will prove
to be more reliable BCAs than epiphytic phyllosphere or rhizosphere organisms.
Here, we provide a resumé of current knowledge of the similarities and differences
between commensal, mutualistic and pathogenic interactions between plants and
microorganisms, with emphasis on different approaches for isolating and studying
endophytic fungi. We favour an ecological approach, namely isolating BCAs from
plants which are coping with a stressful environment. We isolate from different
plant organs (and mutants), to which BCAs can be returned and utilised for plant
disease control. Another approach being taken, which we do not address here,
is to try to manipulate microbiomes rather than using individual organisms, e.g.
by manipulating agricultural practice and choice of cultivar. This is the particular
focus of studies using bacterial microbiomes (Finkel et al., 2017), but we predict an
increase in studies on fungal microbiomes will follow.
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28 ROLE IN GROWTH AND STRESS RESISTANCE

2.2 What Is an Endophyte?

Endophytes (endo = within, phyto = plant), a term coined by the father of plant
pathology Anton de Bary in 1886, are now defined as microorganisms capable of
colonising inner parts of plants without causing disease symptoms (Schulz and
Boyle, 2005; Kusari et al., 2012; Wani et al., 2015). The plant is not host to a single
microorganism, but hosts many different microorganisms simultaneously; collect-
ively, these are termed the endomicrobiome. The endomicrobiome is diverse and
comprises, e.g. archaea (Moissl-Eichinger et al., 2018), bacteria (Furnkranz et al.,
2012; Aguiar-Pulido et al.,, 2016) and diverse fungi including both ascomycetes
(Newsham, 2011) and basidiomycetes (Weifs et al., 2016; Hardoim et al., 2015),
as well as some endophytic oomycetes (Ploch and Thines, 2011). We have much
to learn about the individual microorganisms and their interactions in ecological
communities of microorganisms comprising the endomicrobiome.

A specific organism might be endophytic in one situation and saprotrophic, epi-
phytic or even pathogenic in others (Hardoim et al., 2015; Mukherjee ef al., 2012).
In the latter case, there is the issue of whether it is possible to distinguish whether
an organism is endophytic or a quiescent or latent pathogen (Louarn et al., 2013;
Zeilinger et al., 2016; Lofgren et al., 2018). Indeed, the term endophyte covers
different ecological strategies (latent pathogen, beneficial symbiont, commensal
passenger) used by different organisms in different situations (species or growth
conditions), which result in what we observe as the endophytic habit (Schulz and
Boyle, 2005). It can be difficult to assign a particular interaction one of these specific
biological terms and this situation is encompassed by the concept of ‘mutualism-
parasitism continuum’ (Miiller and Krauss, 2005; Schulz and Boyle, 2005).

Different strains of specific taxa (e.g. Fusarium oxysporum) can be endophytic
BCAs or pathogens on the same host. Quite closely related taxa can include both
pathogens or endophytes (Fravel et al., 2003; Ma et al., 2010). Some organisms are
pathogens of one host, and endophytes in another closely related host species, and
can thus exhibit different roles, ranging from latent pathogens or endophyte to
pathogen, e.g. Colletotrichum spp. and Fusarium spp. (De Silva et al., 2017; Lofgren
et al., 2018). In contrast, Ramularia collo-cygni is an endophyte in wheat but a
pathogen in barley under certain physiological conditions or genetic backgrounds
(McGrann et al., 2014, 2016). Fusarium graminearum is a pathogen of small grain
cereals, but apparently an endophyte in other species of grass (Lofgren et al., 2018).
What we do not know is whether they are commensals, deriving nutrition or other
benefits without causing measurable harm (i.e. quiescent pathogens), and there-
fore technically not symbionts according to our narrow definition, or whether they
are, in fact, beneficial symbionts in these alternative hosts. Furthermore, some
pathogens arguably exhibit an endophytic growth habit in the first part of the infec-
tion cycle and cause disease later, e.g. Zymoseptoria tritici (formerly Septoria tritici
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(anamorph) Mycosphaerella graminicola (telomorph)) (Shetty et al., 2003; Sanchez-
Vallet et al., 2015). Indeed, it is perhaps useful to exclude the potential pathogens
from the definition and confine the term to organisms that, in a specific situation,
have a mutualistic or at least commensal relationship with their host. An adapted
version of Koch'’s postulates can be useful to exclude organisms which cause disease
when reintroduced into the host (Card et al., 2016).

Genotype can also be important, thus many strains of Fusarium oxysporum are
endophytic, but possession of some ‘B chromosomes’ can confer pathogenicity (Ma
et al., 2010). Does the plant decide whether the organism is a pathogen or endo-
phyte by the way it reacts to the colonising organism or is the interplay more com-
plex? Interestingly, there is increasing evidence to suggest that some effectors play a
role in competitive fungal-fungal interactions (Rovenich et al., 2014). Furthermore,
some endophytes can not only induce resistance but, at least in some cases, suscep-
tibility to pathogens (Houterman et al., 2008; Kurose ef al., 2012). Thus, the same
endophyte may influence different interactions in opposite ways.

2.3 How Do We Find Endophytes?

There are two major approaches to identifying endophytes in a plant: cultivation-
dependent (e.g. isolation) and cultivation-independent (e.g. metagenomics)
methods. Each approach has advantages and disadvantages (Figure 2.1). It is
important that the tissue from which endophytes are isolated is fresh and shows
few or no visible disease symptoms. To ensure that organisms isolated are endo-
phytic and not epiphytic, the tissue needs to be surface sterilised. This is especially
important for roots and tubers. This can be achieved in several ways (e.g. alcohol,
sodium hypochlorite treatment) and there is a compromise between using too harsh
a treatment, which penetrates the tissue killing the microorganisms within, and too
gentle a treatment, which allows too many epiphytic or rhizospheric organisms to
survive (Busby et al., 2016b). Standardising these conditions before working with a
new species or tissue is highly recommended as harsh treatments can reduce fungal
survival inside the tissue or mild treatments can result in false positives.

Clearly, if an organism is to be used in crop production, it has to be cultivable.
Many endophytes are not. In order to increase the chances of isolating, hence
cultivating and utilising endophytic microorganisms, the growth media can be
supplemented with plant extracts. This has been shown to increase the number of
endophytes recovered (Eevers et al., 2015; Murphy et al., 2015). In our experience,
plant-extract-complemented media do not improve yield or diversity in the isola-
tion of endophytes from cereals (Latz et al., unpublished). However, different fungi
have more or less specific requirements for the media that they will grow on, and,
furthermore, the isolation process itself may inhibit the growth of some fungi, since
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Figure 2.1 Endophytic community characterisation using culture-dependent and culture-
independent methods. Both methods can be optimised in order to obtain a more accurate
description of fungal microbiome.

antimicrobial compounds can be induced and/or released from the host tissues on
damage. Moreover, different microorganisms grow at different rates and some will
simply be outcompeted by others. As this is especially a problem with bacteria out-
competing fungi, antibacterial compounds may be incorporated in media when the
target endophyte is fungal, although this may not itself be without negative effect.
Low nutrient media can favour slow-growing fungi in relation to fast-growing fungi
and bacteria. In conclusion, isolation-based approaches have little value in quan-
titative floristic diversity assessments, but they remain our only door to finding
potential biocontrol agents. Additionally, it is important to standardise different
techniques and growth media for isolation in each case. Once isolated, the fungi
can be identified by morphological traits combined with marker gene sequencing
(typically the ribosomal genes).

Metagenomics as a methodology can be used to obtain a more objective and
quantitative, although still descriptive, assessment of the endophytic fungal
microbiome in situ (Diaz et al., 2012; Tian et al., 2015; Abdelfattah et al., 2016;
Sapkota et al., 2017). The information obtained may even be used as a guide for
choosing specific media for targeted isolation of specific taxa that appear to be
enriched in the microbial community. For fungal endophytes (and indeed most
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eukaryotes), the most common way to perform a fungal community analysis
is to amplify parts of the ribosomal genes, for example, the internal transcribed
spacer (ITS)-1 (Nicolaisen et al., 2014) or ITS-2 (Hertz et al., 2016; Gdanetz and
Trail, 2017), followed by deep-sequencing and bioinformatical analyses in order
to investigate the composition of the endophytic communities without the need to
isolate living fungi from the host plant. The main challenge with this approach is
finding primers which recover most of the fungal diversity without creating phylum
biases, while at the same time avoiding targeting the host genome. This has been
a constant problem, especially in polyploid species such as wheat. Many pairs of
primers have been suggested using in silico analysis, but no real comparison has
been performed on DNA samples (Toju et al., 2012). Compromises will therefore
be necessary!

Shot-gun metagenomics or whole metagenome shotgun sequencing concerns
deep sequencing of the mixed genomes of the organisms present in the sampled
material (Aguiar-Pulido et al., 2016; Kaul et al., 2016). This approach, initially applied
for the study of bacterial endomicrobiomes (Bulgarelli et al., 2012; Lundberg et al.,
2012; Hardoim et al., 2015), eliminates the bias unavoidably introduced when
selecting amplification primers since the sequencing process itself is objective.
The technique is, however, currently more expensive, both in terms of the chem-
ical process and in the need for computing time during bioinformatics analysis;
huge amounts of sequence data are generated, which have to be analysed. Thus, the
quality of the genome sequence databases is a constraint on the quality of the ana-
lysis: although the number of sequenced genomes in the databases increases with
time, the extent and quality of annotation of the sequences in them lags, and a large
proportion of the data therein are not yet assigned to specific organisms.

A third approach, metatranscriptomics, uses RNA as the substrate for sequencing,
i.e. gene transcripts rather than the genome (Aguiar-Pulido et al., 2016; Kaul et al.,
2016). This means that the results reflect the physiological activity of organisms and
therefore give more information about the actual plant microbiome interactions,
and not just an image of the microbial communities within the plant (Kaul et al.,
2016). This approach will also indicate which gene families participate in or are
necessary for the endophytic lifestyle, for example, genes involved in hormone
production or action, effector proteins and specialised metabolites (see below).
The value of the analysis depends on the choice of physiological conditions; an
important component of the microbiota may have latent infection periods and may
therefore be unrepresented in the results.

It should, at least to some extent, be possible to combine these approaches in
order to use amplicon sequencing and whole metagenome sequencing (and
metatranscriptomics) to identify endophytes with desired traits (functions or e.g.
metabolites), and chose, or even design, isolation methods tailored to their real or
perceived needs, if such interesting organisms are indeed culturable. Depending
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on the stamina of the researcher, the classical microbiological approach can easily
yield 40-120 fungal taxa per sample, e.g. (Comby et al., 2016; Kernaghan et al., 2017;
Kosawang et al., 2018), and amplicon sequencing approaches typically reveals 200
or more within a study (Nicolaisen et al., 2014).

2.4 What Do Endophytes Do to the Plant?

Endophytes can support growth and health of the host plant via different physio-
logical mechanisms. Thus, some fungal endophytes can stimulate abiotic stress
tolerance (e.g. drought and salt stress) and plant growth by altering hormone
balance (see below) or nutrient acquisition (Zeilinger et al., 2016). Superficially,
it may seem surprising that some endophytes do this, but there is no need to
look for a more complicated reason for why this is, than that a happier plant can
support a higher biomass of a specific endophyte. In other words, in an ecological
sense, the endophyte may find a safe niche within the host tissue (protection and
reduced competition for nutrients), while improving the plant’s performance
under specific stress conditions. Survival and proliferation of the endophyte may
simply depend on growth and survival of the host. These are by no means uni-
versal properties of endophytes, and the majority may only be neutral commensal
passengers which do not measurably influence their host. Furthermore, the ability
to stimulate plant growth is by no means exclusive to endophytes as plant growth-
promoting organisms are also found among rhizosphere microorganisms and
mycorrhizal fungi.

2.5 How Do Pathogens and Endophytes Differ?

Evidence coming from overlapping transcription profiles of endophyte- and
pathogen-colonised plants indicates a level of similarity between the host
response to colonisation and infection, at least at the initial stages of both types of
interactions (Guimil et al., 2005; Schifer et al., 2009; Zamioudis and Pieterse, 2011).
In other words, at least some endophytes can induce plant immune responses
through microbe-associated molecular patterns (MAMPs) that are recognised by
the plant in a similar way to those produced by pathogens (Latz et al., 2018). It has
long been speculated that, as for pathogens (Lo Presti et al., 2015), one strategy
used by endophytes to avoid detection is to supress plant immunity using effectors
(Sanchez-Vallet et al., 2013; Rovenich et al., 2014), and this can even result in
induced susceptibility to pathogens (e.g. Kurose et al., 2012; Busby ef al., 2016a). So,
what are the actual differences between endophytes and pathogens? Is the inten-
tion of the pathogen necessarily bad, or is it just a question of compatibility, i.e.
expression of genes often associated with pathogenicity such as those encoding cell
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wall degrading enzymes? The fact that at least some organisms can behave as an
endophyte in one situation and as pathogen in others suggests that there is: (1) a
continuum from beneficial to harmful (and vice versa); and (2) no simple answer to
the question ‘How do pathogens and endophytes differ?’

The complexity of the mechanisms of recognition and response to fungi can
be illustrated with a pathogen-related example, which may be predicted to apply
to endophytes too: chitin is a MAMP where analyses of plant-microorganism
interactions have demonstrated several layers of interaction (signal and reaction,
counter-reaction, new signal and so on). Passalora fulva (formely Cladosporium
fulvum) is considered to be a pathogen of tomato which displays an initially endo-
phytic lifestyle (traditionally considered to be biotrophic by some authors) in the
apoplast without making specific infection structures. Several seminal studies have
demonstrated multiple layers of protection used by this pathogen to avoid being
recognised by the host or to counter the triggered immune response: (1) Fungal
effectors (chitin-binding lectins, including Avr4) coat the hyphal surface and act as
inhibitors of the plant defence enzyme chitinase (van den Burg et al., 2006). (2) The
effector Avr4 is recognised by the host receptor Cf4 (a resistance gene) triggering
immunity (i.e. ETI). The CERK receptor-like protein kinase (3) binds chitin
fragments released by host chitinase to enhance the induced immunity, but (4) the
pathogen produces the effector Ecp6 to scavenge chitin fragments (de Jonge et al.,
2010; Malinovsky et al., 2014).

2.6 Hormones in Plant-Endophyte Interactions

It is well established that hormones, such as abscisic acid (ABA), auxins (e.g. indole
acetic acid, TAA), brassinosteroids, cytokinins (many), ethylene, gibberellins,
jasmonates (JAs), salicylic acid (SA) and strigolactones are important for plant
development and modulation of plant defences against pathogens (Pieterse ef al.,
2012; De Vleesschauwer et al., 2013; Grof3kinsky et al., 2016; Ma and Ma, 2016).
Pathogens (and presumably also endophytes) modulate hormone levels using sev-
eral mechanisms. Thus, they can (1) stimulate the host to increase or decrease the
production of specific hormones; (2) produce and degrade hormones themselves;
(3) insert biosynthetic genes for phytohormones into the host chromosomes; and
(4) produce molecules which emulate hormone action. Examples are emerging that
many hormones, e.g. auxins (Hilbert et al., 2012), JAs, gibberellins (Schéfer ef al.,
2009; Jacobs et al., 2011), ABA (Peskan-Berghofer et al., 2015), ethylene (Khatabi
et al., 2012) and SA (Alonso-Ramirez et al., 2014) play a role in regulating the ability
of endophytes to colonise the host tissue.

Several hormones are involved in regulating the establishment and mainten-
ance of infections with the model root endophyte Serendipita indica (formerly
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Piriformospora indica) which can form associations with many important crop
plants, e.g. wheat, barley and tomato (Weif3 ef al., 2016), and model plants, i.e.
Arabidopsis (Stein et al., 2008) and Brachypodium (Ye et al., 2014). Serendipita
indica is considered to be a root endophyte, although it does induce necrosis at the
site of colonisation. Serendipita indica has been developed as a model endophyte
through the combination of wide host range and its positive effects on many hosts.
Experimentally, a fairly well annotated genomic sequence and molecular genetic
tools are available, since the fungus can be cultured on artificial media (Zuccaro
et al., 2009, 2011). Studies in Arabidopsis using the JA-insensitive host mutants jail
and jarl demonstrated that S. indica lost the ability to supress hostimmunity. On the
other hand, mutants involved in gibberellin signalling, a della mutant in which gib-
berellin levels are high and the gal-6 mutant (impaired in biosynthesis), exhibited
higher and lower levels of infection, respectively, compared to the wild-type plants
(Jacobs et al., 2011). The effects of auxin on S. indica infection were studied in barley
(Hilbert et al., 2012) using gene silencing to compromise auxin production in the
fungus: these strains showed reduced rates of early infection of barley roots, but
overall levels of infection were unaffected. JA signalling is often related to ethylene
signalling and it has been shown that ethylene production is induced by S. indica in
Arabidopsis and barley (Khatabi et al., 2012). Arabidopsis mutants with increased
ethylene production and ethylene-induced defence mechanisms were more sus-
ceptible to S. indica infection. S. indica treatment of barley resulted in the induction
of the expression of genes involved in the metabolism of several hormones including
the biosynthesis of auxins, brassinosteroids and gibberellin as well as ABA respon-
sive genes (Schifer et al., 2009). The possible contribution of hormones produced
by the fungus was not taken into account in this study, as described above. However,
other studies have demonstrated hormone production by fungi (Hilbert et al., 2012;
Khan et al., 2012; Waqas et al., 2015).

The effects of altered hormone levels are both subtle and complex; indeed,
the same hormones can stimulate defence or pathogenicity in interactions with
different pathogens, and different hormones can modulate each other’s effects by
complex crosstalk (Pieterse et al., 2012). Most studies address individual hormones
in isolation. In some cases, the concerted action (crosstalk) between hormones, e.g.
IAA and gibberellins (Waqas et al., 2012), has been demonstrated. Indeed, some
endophytes and other beneficial fungi (and bacteria) produce or induce the pro-
duction of specific plant hormones to modulate this crosstalk for their benefit and
often also for the host plants’ benefit (Schéfer ef al., 2009; Evangelisti et al., 2014;
Gutjahr, 2014). Techniques have been developed that allow monitoring of several
hormones simultaneously (Kojima et al., 2009; Ionescu et al., 2017). Only by doing
this, ultimately, it will be possible to unravel the roles, effects and the mode of action
of hormones exploited in the interactions between endophytes and plants under
different physiological conditions. We still have much to learn!
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2.7 Effectors in Plant-Endophyte Interactions

Effectors are traditionally defined as pathogen proteins introduced into the
host cell in order to repress host defence (plant immunity). Indeed many, espe-
cially hemibiotrophic/biotrophic filamentous pathogens such as the oomycete
Phytophthora infestans and ascomycete Blumeria graminis, have a huge arsenal of
effector proteins for this purpose (Ahmed et al., 2016). Plants need to defend them-
selves from attack and, taxonomically, endophytes are often related to pathogens,
producing the same MAMPs (that can trigger defence, MTI or MAMP-triggered
immunity) (Collinge ef al., 2016). It is necessary for endophytes to avoid triggering
the induction of plant defences, and effector proteins are among the tools needed
to do this, indeed candidate effectors are now being found in some endophytes.
For instance, S. indica uses a battery of effectors to suppress host defences (Jacobs
et al., 2011; Rafiqi et al., 2013), although the expression of many defence-related
genes is induced (Schifer et al., 2009). Studies comparing plant responses to patho-
genic and endophytic organisms do indicate that both are recognised in the same
manner. However, they may differ in induction of the full defence response, because
the endophytic organisms lack some unidentified pathogenic determinants (Wani
et al., 2015; Xu et al., 2015). Thus, although the process of initial recognition is the
same for both endophyte and pathogen, downstream regulatory mechanisms
must be different. The question is therefore, what are these mechanisms? Are they
determined by the endophyte or the plant, or more likely by crosstalk between the
two (Kusari et al., 2012)?

2.8 Specialised or Secondary Metabolites
in Plant-Endophyte Interactions

It is well known that plants produce compounds, termed specialised (trad-
itionally termed secondary) metabolites, collectively known as phytoalexins or
phytoanticipins, to prevent or restrict the growth of fungi within the tissue (Ludwig-
Miiller, 2015; Rook, 2016). On the other hand, many pathogens produce phytotoxins
to facilitate infection, i.e. metabolites toxic to plants. Many endophytes are also
capable of inducing plant-based production of specialised metabolites upon col-
onisation. These metabolites have roles in competition between microbes and in
some cases communication (Kusari et al., 2012; Dupont ef al., 2015). The diversity
of specialised metabolites produced in plant-microbe interactions is enormous and
therange includes alkaloids, polyketides, terpenoids, phenylpropanoids, flavonoids,
steroids, quinones, xanthones, benzopyranones, tetralones, cytochalasines and
enniatines. Despite the inherent limitations in trying to study chemically diverse
compounds simultaneously, the technologies of metabolomics for the study of the
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entire cellular diversity of these metabolites has improved substantially in recent
years (Tenenboim and Brotman, 2016). A major role for these metabolites is to help
one or the other partner in competitive interactions with other organisms they
encounter, these can be: (1) other microorganisms they compete with; or (2) their
hosts. Specific compounds play an important role in plant-endophyte communi-
cation and therefore in the establishment of a successful interaction (Kusari et al.,
2012). Specialised metabolic pathways of host plant and endophyte can interact in
many ways (Kusari et al., 2012). The metabolism of the host plant and/or endophyte
can be influenced by the other partner (Ludwig-Miiller, 2015): (1) the endophyte
may induce host biosynthetic activity; (2) the host can induce endophyte biosyn-
thetic activity; (3) the host and endophyte may share parts of a specific biosynthetic
pathway and thus each may contribute partially to producing novel specialised
metabolites; and (4) both the host and/or the endophyte may metabolise products
made by the other partner.

Compared to other types of microbial interactions, our knowledge of the
metabolites from endophyte interactions is both rudimentary and of greatinterest as
a source of new metabolites with industrial potential, not least for the pharmaceut-
ical industry (Kusari et al., 2012). Many studies have demonstrated that pathogens
adapted to a particular host are well capable of dealing with the phytoalexins and
phytoanticipins produced in their host (Rook, 2016). This is apparently also true for
endophytic fungi. For example, the majority of isolated oat root endophytes were
resistant to the phytoanticipin avenicin, a saponin (i.e. terpenoid derivative) (Carter
et al., 1999). This raises an issue: one of the strategies for achieving transgenic dis-
ease resistance against pathogens is to move the biosynthetic apparatus for spe-
cific phytoalexins and phytoanticipins to plant species where the pathogens have
not evolved to overcome them. This may have undesirable negative effects on the
endophytic microbiome of the recipient since the natural endophytes adapted to
a particular species would not be adapted to the phytoalexins and phytoanticipins
originating from the gene donor, and this potential negative effect should be looked
for when using this plant protection strategy.

Itis also well known that many fungi produce specialised metabolites to give them
a competitive advantage in interactions with other fungi or their hosts. Where these
metabolites are measurably toxic for the host, they are termed phytotoxins. By def-
inition, an organism behaving as an endophyte does not produce phytotoxins while
exhibiting this lifestyle since this defines the necrotrophic phase of a fungal infec-
tion (Howlett, 2006). Endophytes may nevertheless produce secondary metabolites
for their own benefit, e.g. to suppress the plant’s defence system (which represents
a conceptual overlap with hormones) or growth of competitors within the plant.
In the case of the ryegrass endophyte Epichlde festucae, a massive host response
was induced at the level of induced gene expression, and much could be attributed
to the production of specialised metabolites at the expense of primary metabolism
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(Dupont et al., 2015). The presence of several different endophyte species can
lead to metabolite production by endophytes and/or host, because of competi-
tion (Kusari et al., 2012). For example, the specialised metabolite production (spe-
cifically polyketide biosynthesis), differed in the endophyte Alternaria tenuissima
depending on the presence of another endophytic fungus, Nigrospora sphaerica,
in an in vitro system where the former inhibited growth of the latter (Chagas et al.,
2013). Sometimes, the metabolites shift the balance in the mutualistic interaction,
turning the endophyte into a pathogen (Schulz and Boyle, 2005). Specialised
metabolites produced by endophytes can be used by the host. For example, Epichlée
species produce ergot alkaloids which protect the plant against herbivores (Schardl
and Phillips, 1997).

2.9 Selecting Endophytes as Potential BCAs

Many researchers use high-throughput in vitro methods to screen for potential
biocontrol agents by isolating cultivatable organisms and test for their potential as
BCAs. Typically, in vitro confrontation assays (dual culture) are performed to look
for the ability of the potential BCA to inhibit growth of the target pathogen directly,
i.e. direct antimicrobial activity (Zachow et al., 2008; Furnkranz et al., 2012; Gdanetz
and Trail, 2017; Kosawang et al., 2018) before moving on to in planta assays. The in
vitro approach is often successful as evidenced by numerous reports of seemingly
successful identification of new BCAs where this approach was employed. However,
drawbacks of using this in vitro approach are: (1) they often do not correlate with dis-
ease control efficacy in planta; (2) the mechanism of induced resistance cannot be
discovered in the absence of the plant. So, even if the in vitro approach is seemingly
successful, it is not known how many potentially effective strains were discarded in
the screening process. Despite these drawbacks, in vitro testing is often used for high-
throughput screening of existing collections. In contrast to the in vitro approach, and
in common with others (Schisler and Slininger, 1997; Comby et al., 2016; Zhao et al.,
2017; Kernaghan et al., 2017), our approach is ecological or niche-based: to look for
novel fungal BCAs in the habitat where they can interact with pathogens (Figure 2.2).
Specifically, the idea is to look for more healthy plants (i.e. less stressed) in these
habitats to test the hypothesis that these plants manage better due to the presence
of a biocontrol microorganism in their microbiome. In other words, our thesis is that
endophytes isolated from the environment where they are intended for use are more
likely to be adapted to these specific environmental conditions (e.g. water availability,
temperature, UV radiation, competing organisms, etc.).

There are relatively few examples of beneficial endophytic fungi identified using
niche-based screening strategies (Lugtenberg et al., 2016; Kernaghan et al., 2017;
Zhao et al., 2017). On the other hand, there are several examples of effective fungal
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1. Sampling

6. Field trials 2. Isolation

| 7. Potential biocontrol :
: endophytes

‘ 3. ldentification

5. In planta screening
under controlled
conditions

4. Colonisation efficiency
and mass inoculum
production

Figure 2.2 The process of discovery of biocontrol endophytes: 1. Sampling healthy plants
in areas under disease pressure. 2. Isolation on artificial media from surfaced sterilised
tissues (wheat glume). 3. Molecular identification of isolates using ribosomal genes.

4. Colonisation efficiency and mass production tests can reduce the number of potential
isolates, as well as detect latent pathogens. 5. Screening of endophytes against diseases in
small in planta assays provides a better observation of potential candidates. 6. Successful
isolates can be tested in field conditions on larger-scale experimental units in order to
assess field consistency. 7. Potential biocontrol endophytes can enter an industrial phase or
mass production and marketing or continued biological studies about their mode of action
and ecological significance. (A black and white version of this figure will appear in some
formats. For the colour version, please refer to the plate section.)

BCAs from other microbiome components. An antagonistic isolate of Cladosporium
cladosporioides was isolated from a sporulating colony of Venturia inaequalis and
was shown to be as effective as fungicides for the control of apple scab in the field
(Kohl et al., 2014). The fungus Clonostachys rosea was originally isolated from
Fusarium-infected barley roots (Knudsen et al., 1995) and control of seed-borne
and root-infecting diseases was demonstrated in the field (Jensen et al., 2000).
However, the exceptions prove the rule: C. rosea is also effective in controlling
diseases in carrot (Jensen et al., 2004; Koch et al., 2010), Chinese cabbage (Moller
et al., 2003), oak (Knudsen et al., 2004) and strawberry (Mamarabadi et al., 2008),
as well as foliar diseases in cereals (Jensen et al., 2016a), demonstrating that it is
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competitive in habitats other than those it was isolated from. Another example is
fungal root endophyte S. indica, which also exhibits a broad host range and acts as
an effective BCA against several diseases (Franken, 2012; Card et al., 2016).

Having isolated the organisms, a common approach is to design assays for bio-
logical control, which resemble the conditions where the potential BCAs will be
used. This is done by screening the organisms in planta against pathogens under
controlled conditions with an adequate number of replications since BCAs tend
to show variable efficiency. However, for some pathosystems, large-scale in planta
screening may not be feasible, for example due to the limited availability of material
or timescale for bioassays (Kosawang et al., 2018). Small-scale field experiments
may be performed to assess the development of disease symptoms and optimise
time points and application methodologies. Field trials at different locations with
larger plots are necessary to determine effects on yield and pathogen infection. For
some diseases, artificial inoculation coupled with environmental manipulation
(e.g. irrigation) may be necessary since natural infection is unpredictable (e.g. for
Fusarium head blight; Rojas et al., 2018).

The information acquired will help in developing protocols for improving the reli-
able use of endophytes. It is also biologically interesting to record the endophytic
lifestyle under controlled/sterile conditions, to confirm they are not latent plant
pathogens of the test or other crop, and confirm that they are not potential human
pathogens (see Section 2.11).

2.10 Exploiting Endophytes as BCAs

Once biocontrol has been demonstrated, it is very important to study the
mechanisms used by the organisms to reduce disease, i.e. mode of action.
Interactions between plants and microbes are complex and there is currently
no way of predicting whether a particular BCA will have a positive or negative
influence on the ability of a specific pathogen to cause disease (Busby et al.,
2016b) and therefore we need to test for effect. The mechanisms contributing
to biological control include antibiosis, parasitism, competition and induced
resistance (Hardoim et al., 2015; Ludwig-Miiller, 2015; Jensen et al., 2016b; Card
et al., 2016). Can individual mechanisms contribute in concert in a particular
three-way interaction among plant, pathogen and antagonist? It is believed that
components of microbial communities (e.g. rhizosphere and endosphere) also
stimulate plant growth and thereby can act to control disease by strengthening
the plant (Card et al., 2016). It is generally believed that the most important
mechanisms employed by endophytic BCAs are antibiosis and induced resist-
ance. We address the mechanisms employed by endophytic BCAs in more detail
elsewhere (Latz et al., 2018).
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An important potential advantage for an established endophyte is that it is
better protected from the external environment than microorganisms applied to
the phyllosphere or rhizosphere (Schulz and Boyle, 2005). Since endophytes are
inside the plant, we can predict that some can provide effective and robust means
for controlling disease, assuming that any effect as a BCA depends on it being an
endophyte.

What comes out must be put back to be of use! It may not be easy to introduce
the endophyte into a new plant and considerable developmental effort should be
expected for potential products both to ensure reliable inoculation and stable effect
under various environmental conditions. The challenge is greatest for field use
(especially for foliar applications) and rather less for controlled conditions (green-
house). Seed treatment is very attractive since it requires no further action by the
grower. This may also be achieved by introducing the endophytic BCA to the flowers
during pollination. Genetic variation in the hostis also an important factor affecting
endophyte colonisation and is an important aspect which needs to be addressed
(Busby et al., 2016b; Kroll et al., 2017). Once introduced to the host, some endophytes
can be transmitted through the seed, e.g. Epichlée spp. (Rodriguez et al., 2009; Card
etal., 2016). Some BCAs can be used as seed treatments, and can provide sustained
control against root and even foliar infections. For example the protection afforded
by S. indica in barley suggests maintenance of effects for weeks (Waller et al., 2008).
Aerial parts - leaves and flowers - are more sensitive to variation in environmental
conditions, in particular, humidity and UV light can pose problems.

2.11 Concerns for the Use of Endophytes

There is clearly an ecological risk in moving endophytes between continents and
it is not possible to predict a problem in advance. Thus, effects on natural micro-
bial communities may possess a risk of causing trophic imbalance. Botanists and
horticulturalists have moved many plant species and plant products, presum-
ably with their accompanying microbiomes, for centuries apparently without ill
effect. Occasionally, a catastrophe occurs, and plant pathology text books name
the worst cases where pathogens have spread from an important introduced plant
species to a native species with devastating effect. The mechanisms behind this
are often obscure (Woolhouse et al., 2005; Giraud et al., 2010). An intriguing story
has emerged with the relatively new disease ash dieback caused by the ascomycete
fungal pathogen Hymenoscyphus fraxineus in European ash (Fraxinus excelsior).
This disease emerged in the 1990s in the Baltic region and has subsequently spread
west (McKinney et al., 2014). The pathogen was first identified some 10 years after
the disease was discovered and it was subsequently found that this is a natural
endophyte or perhaps a weak pathogen in ash leaves of the eastern Asian species
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Fraxinus mandchurensis. Perhaps native endophytes can be found which could be
used to combat this disease (Kosawang et al., 2018; Lahiri et al., 2019, Chapter 15)?

That an endophyte can find a new host and become a pathogen after intercon-
tinental transfer represents one risk, and it is clear that intercontinental transfer
should in general be avoided or at least evaluated carefully. Are there other risks?
Potential BCAs, including endophytes, should be tested thoroughly to ensure they
are not pathogenic or otherwise harmful to the environment. Not easy! They may
be present naturally in low amounts, but what happens if they are present in large
quantities after application for agronomic purposes? One criterion could be to
ensure that the BCA cannot persist for long in the environment in the absence of the
host. However, there is a balance here. Should the product be difficult to use and
inefficient, arguably it would be less attractive to the market than a more persistent
(aggressive BCA). Whereas a non-persistent product may be attractive to the sup-
plier, who could sell more, this option is less attractive to the grower.

A prerequisite for an endophytic BCA is that it should not be pathogenic towards
humans (or allergenic or produce mycotoxins), even the immunocompromised, as
it is very unlikely that these would be approved as products during the registration
process. An early identification can be useful and with the ease of molecular identi-
fication, known human (and plant!) pathogens can be dropped from further study
(Alabouvette et al., 2012). A simple screen for pathogenic potential is to compare
the growth in culture of the isolated endophytes at ambient temperature, where
they would be used as BCAs or stimulants, with growth at 37°C or thereabouts.
Ideally, growth should be prolific at the lower temperature as this would be useful
for product formulation and production, but not at the latter temperature (Kéhl
etal., 2011).

Finally, there is a myth that something natural is intrinsically safer than some-
thing that is artificial. Like other fungi, a BCA may produce mycotoxins or other
harmful metabolites (Alabouvette et al., 2012). The grass endophytes Epichlie spp.
are a case in point, and considerable effort has been put into developing mycotoxin-
free Epichlée BCA products (Card et al., 2016). Part of the development of a poten-
tial BCA for use should therefore include checking for the production of potentially
harmful metabolites.

The legislation concerning the use of BCAs in the EU follows the Registration
of Biological Control Agents (REBECA) policy (Anon, 2009; Ehlers, 2011), and the
Organisation for Economic Co-operation and Development (OECD) has provided
guidelines to help harmonise legislation (Alabouvette et al., 2012; OEDC, 2012).
Currently there is an illogical discrepancy in the legal frameworks for using benefi-
cial microorganisms in agriculture in some (mostly OECD) countries: an organism
can be sold as a biofertiliser or biostimulant without addressing BCA activity, but
all BCAs are subject to an extensive registration process and this is hampering the
development of products (OEDC, 2012; Villaverde ef al., 2014; Anon, 2016).
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2.12 Perspectives and Further Research

Itis becoming increasingly clear that biological control will have to play a larger role
in the plant protection programmes of the future. However, we still have much to
learn. BCAs are often trickier to use than chemicals or disease resistance, but they
can offer control solutions or contribute where chemicals and disease resistance are
unavailable. We see an increasing role for endophytes in the BCA armoury. There are
several areas which need to be focused on in order to achieve this; for example, the
biology of the microorganisms concerned, including the potential for developing
crops producing useful metabolites. Another important area concerns the develop-
ment of reliable delivery systems for endophytes to the crop. Examples of delivery
caninclude the ability to infect seed via the flower, seed coating or spraying the crop.
Finally, we need a better understanding of the effects of host genotype and role of
environment on specific disease risks. Most of all there are many exciting biological
questions to be answered about the recruitment of endophytes, and concerning the
nature of the interactions of endophytic microorganisms with each other, with other
microorganisms in the plant (pathogens and the classic symbionts, e.g. mycorrhiza)
and with the physiology of their hosts.

Consortia are combinations of organisms which can grow together giving an
improved effect against a specific disease or perhaps several different beneficial
effects. Small consortia can be designed to combine different microorganisms with
different targets; for example, combining Clonostachys rosea with Metarhizium
brunneum or Beauveria bassiana, which target fungal pathogens and insect
pests, respectively (Kapongo et al., 2008; Keyser et al., 2016;). Consortia offer both
advantages and disadvantages.

Advantages:

1. Theymay be designed to provide a combination of different modes of action to
give broad-spectrum effect against several pathogens.

2. Organisms with different environmental optima may be combined to secure
an effect under different environmental conditions.

Disadvantages:

1. Companies prefer single strains due to difficulties in approval.

2. They may not always give an enhanced effect (Xu et al., 2011).

With the predicted 20% human population growth over the next 30 years, the
effects of urbanisation and climate changes, global agricultural productivity needs
a boost. Simultaneously, this boost must be implemented under higher environ-
mental standards and global sustainability goals. Plant pathogens, pests and abiotic
stress are agricultural challenges where microbiomes and specifically endophytes
have shown potential for contribution to the alleviation of crop loss and stimulation
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of crop yields. Our responsibility is to provide alternatives and to ensure that these
achieve the potential by translating laboratory results into improved crop produc-

tion globally.

Acknowledgements

We are grateful to Anna Kaja Heyer and John Larsen for critical comments. Our
research receives funding from the European Union’s Horizon 2020 research and
innovation programme under the Marie Sklodowska-Curie grant agreements Nos.

674964 and 676480.

References

Abdelfattah, A., Wisniewski, M., Droby,
S. and Schena, L. (2016). Spatial
and compositional variation in the
fungal communities of organic and
conventionally grown apple fruit at
the consumer point-of-purchase.
Horticulture Research, 3, 16047.

Aguiar-Pulido, V., Huang, W., Suarez-
Ulloa, V. et al. (2016). Metagenomics,
metatranscriptomics, and
metabolomics approaches for
microbiome analysis. Evolutionary
Bioinformatics Online, 12, 5-16.

Ahmed, A. A., McLellan, H., Aguilar, G. B.
et al. (2016). Engineering barriers to
infection by undermining pathogen
effector function or by gaining effector
recognition. In Plant Pathogen Resistance
Biotechnology, ed. D. B. Collinge.
New York and London: Wiley-Blackwell,
pp. 23-50.

Alabouvette, C., Heilig, U. and Cordier,
C. (2012). Microbial Control of Plant
Diseases. In Beneficial Microorganisms
in Agriculture, Food and the
Environment: Safety Assessment and
Regulation, ed. I. Sundh, A. Wilcks
and M. Goettel. Oxfordshire, UK: CAB
International, pp. 96-111.

Alonso-Ramirez, A., Poveda, J., Martin,

L. et al. (2014). Salicylic acid prevents
Trichoderma harzianum from entering
the vascular system of roots. Molecular
Plant Pathology, 15, 823-831.

Anon. (2009). Regulation (EC) No 1107/
2009 of the European Parliament
and of the Council of 21 October
2009 concerning the placing of plant
protection products on the market and
repealing Council Directives 79/117/
EEC and 91/414/EEC. Official Journal of
the European Union, 52, 1.

Anon. (2016). Guidance on active micro-
organisms and biocidal products.
ECHA, doi: 10.2823/82218.

Berger, S., El Chazli, Y., Babu, A. F. and
Coste, A. T. (2017). Azole resistance in
Aspergillus fumigatus: a consequence of
antifungal use in agriculture? Frontiers
in Microbiology, 8, 1024.

Bulgarelli, D., Rott, M., Schlaeppi, K.
et al. (2012). Revealing structure and
assembly cues for Arabidopsis root-
inhabiting bacterial microbiota. Nature,
488, 91-95.

Busby, P. E., Peay, K. G. and Newcombe,

G. (2016a). Common foliar fungi
of Populus trichocarpa modify

Downloaded from https://www.cambridge.org/core. Copenhagen University Library, on 18 Jun 2019 at 08:59:59, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108607667.003


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108607667.003
https://www.cambridge.org/core

44

ROLE IN GROWTH AND STRESS RESISTANCE

Melampsora rust disease severity. New
Phytologist, 209, 1681-1692.

Busby, P. E., Ridout, M. and Newcombe, G.
(2016b). Fungal endophytes: modifiers
of plant disease. Plant Molecular
Biology, 90, 645-655.

Card, S., Johnson, L. E. B., Teasdale, S.
and Caradus, J. (2016). Deciphering
endophyte behaviour: the link between
endophyte biology and efficacious
biological control agents. FEMS
Microbiology Ecology, 92, fiw114.

Carter, J. P, Spink;, J., Cannon, P. E,
Daniels, M. J. and Osbourn, A. E.
(1999). Isolation, characterization,
and avenacin sensitivity of a diverse
collection of cereal-root-colonizing
fungi. Applied and Environmental
Microbiology, 65, 3364-3372.

Chagas, F. O,, Dias, L. G. and Pupo, M. T.
(2013). A mixed culture of endophytic
fungi increases production of antifungal
polyketides. Journal of Chemical
Ecology, 39, 1335-1342.

Coleman-Derr, D. and Tringe, S.

G. (2014). Building the crops of
tomorrow: advantages of symbiont-
based approaches to improving
abiotic stress tolerance. Frontiers in
Microbiology, 5, 283.

Collinge, D. B. (2018). Transgenic crops
and beyond: how can biotechnology
contribute to the sustainable control
of plant diseases? European Journal of
Plant Pathology, 152, 977-986.

Collinge, D. B, Jorgensen, H.J. L., Lund,
0. S. and Lyngkjeer, M. E. (2010).
Engineering pathogen resistance
in crop plants - current trends and
future prospects. Annual Review of
Phytopathology, 48, 269-291.

Collinge, D. B., Mullins, E., Jensen, B. and
Jorgensen, H. J. L. (2016). The status
and prospects for biotechnological
approaches to attaining sustainable

disease resistance. In Plant Pathogen
Resistance Biotechnology, ed. D. B.
Collinge. New York and London: Wiley-
Blackwell, pp. 1-20.

Comby, M., Lacoste, S., Baillieul, E,
Profizi, C. and Dupont, J. (2016).
Spatial and temporal variation of
cultivable communities of co-occurring
endophytes and pathogens in wheat.
Frontiers in Microbiology, 7, 403.

de Jonge, R., Peter van Esse, H., Kombrink,
A. etal. (2010). Conserved fungal
LysM effector Ecp6 prevents chitin-
triggered immunity in plants. Science,
329, 953.

De Silva, D. D., Crous, P. W., Ades, P. K.,
Hyde, K. D. and Taylor, P. W. J. (2017).
Life styles of Colletotrichum species
and implications for plant biosecurity.
Fungal Biology Reviews, 31, 155-168.

De Vleesschauwer, D., Gheysen, G. and
Hofte, M. (2013). Hormone defense
networking in rice: tales from a different
world. Trends in Plant Science, 18,
555-565.

Diaz, P. L., Hennell, J. R. and Sucher, N.

J. (2012). Genomic DNA extraction
and barcoding of endophytic fungi.

In Plant DNA Fingerprinting and
Barcoding: Methods and Protocols, ed.
N. J. Sucher, J. R. Hennell and M. C.
Carles. Totowa, NJ: Humana Press,
pp. 171-179.

Dupont, P.-Y,, Eaton, C. J., Wargent, J.

J. et al. (2015). Fungal endophyte
infection of ryegrass reprograms
host metabolism and alters
development. New Phytologist, 208,
1227-1240.

Eevers, N., Gielen, M., Sinchez-Lépez,

A. et al. (2015). Optimization of
isolation and cultivation of bacterial
endophytes through addition of plant
extract to nutrient media. Microbial
Biotechnology, 8, 707-715.

Downloaded from https://www.cambridge.org/core. Copenhagen University Library, on 18 Jun 2019 at 08:59:59, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108607667.003


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108607667.003
https://www.cambridge.org/core

SEARCHING FOR NOVEL FUNGAL BIOLOGICAL CONTROL AGENTS

Ehlers, R.-U. (2011). Regulation of
biological control agents and the
EU policy support action REBECA.

In Regulation of Biological Control
Agents, ed. R.-U. Ehlers. Dordrecht, The
Netherlands: Springer, pp. 3-23.

Evangelisti, E., Rey, T. and Schornack, S.
(2014). Cross-interference of plant
development and plant-microbe
interactions. Current Opinion in Plant
Biology, 20, 118-126.

Finkel, O. M., Castrillo, G., Herrera Paredes,
S., Salas Gonzélez, I. and Dang], J. L.
(2017). Understanding and exploiting
plant beneficial microbes. Current
Opinion in Plant Biology, 38, 155-163.

Franken, P. (2012). The plant strengthening
root endophyte Piriformospora
indica: potential application and the
biology behind. Applied Microbiology
and Biotechnology, 96, 1455-1464.

Fravel, D., Olivain, C. and Alabouvette,

C. (2003). Fusarium oxysporum and
its biocontrol. New Phytologist, 157,
493-502.

Furnkranz, M., Lukesch, B., Muller, H.
et al. (2012). Microbial diversity
inside pumpkins: microhabitat-
specific communities display a
high antagonistic potential against
phytopathogens. Microbial Ecology, 63,
418-428.

Gdanetz, K. and Trail, E. (2017). The wheat
microbiome under four management
strategies, and potential for endophytes
in disease protection. Phytobiomes, 1,
158-168.

Giraud, T., Gladieux, P. and Gavrilets,

S. (2010). Linking the emergence of
fungal plant diseases with ecological
speciation. Trends in Ecology &
Evolution, 25, 387-395.

Grof3kinsky, D. K., van der Graaff, E. E.
and Roitsch, T. (2016). Regulation of
abiotic and biotic stress responses by

plant hormones. In Plant Pathogen
Resistance Biotechnology, ed. D. B.
Collinge. New York and London: Wiley-
Blackwell, pp. 131-154.

Guimil, S., Chang, H. S., Zhu, T. et al. (2005).
Comparative transcriptomics of rice
reveals an ancient pattern of response to
microbial colonization. Proceedings of
the National Academy of Sciences of the
United States of America, 102, 8066-8070.

Gutjahr, C. (2014). Phytohormone signaling
in arbuscular mycorhiza development.
Current Opinion in Plant Biology,

20, 26-34.

Hardoim, P. R,, van Overbeek, L. S., Berg, G.
et al. (2015). The hidden world within
plants: ecological and evolutionary
considerations for defining functioning
of microbial endophytes. Microbiology
and Molecular Biology Reviews, 79,
293-320.

Hertz, M., Jensen, I. R., Jensen, L. @.
et al. (2016). The fungal community
changes over time in developing wheat
heads. International Journal of Food
Microbiology, 222, 30-39.

Hilbert, M., Voll, L. M., Ding, Y. et al. (2012).
Indole derivative production by the root
endophyte Piriformospora indica is not
required for growth promotion but for
biotrophic colonization of barley roots.
New Phytologist, 196, 520-534.

Houterman, P. M., Cornelissen, B. J. C. and
Rep, M. (2008). Suppression of plant
resistance gene-based immunity by
a fungal effector. PLoS Pathogens, 4,
€1000061.

Howlett, B. J. (2006). Secondary metabolite
toxins and nutrition of plant pathogenic
fungi. Current Opinion in Plant Biology,
9,371-375.

Ionescuy, I. A., Lopez-Ortega, G., Burow,

M. et al. (2017). Transcriptome and
metabolite changes during hydrogen
cyanamide-induced floral bud break in

45

Downloaded from https://www.cambridge.org/core. Copenhagen University Library, on 18 Jun 2019 at 08:59:59, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108607667.003


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108607667.003
https://www.cambridge.org/core

46

ROLE IN GROWTH AND STRESS RESISTANCE

sweet cherry. Frontiers in Plant Science,
8,1233.

Jacobs, S., Zechmann, B., Molitor, A. et al.
(2011). Broad-spectrum suppression
of innate immunity is required for
colonization of Arabidopsis roots by the
fungus Piriformospora indica. Plant
Physiology, 156, 726-740.

Jensen, B., Knudsen, I. M. B. and Jensen,

D. E (2000). Biological seed treatment
of cereals with fresh and long-term
stored formulations of Clonostachys
rosea: biocontrol efficacy against
Fusarium culmorum. European Journal
of Plant Pathology, 106, 233-242.

Jensen, B., Knudsen, I. M. B., Madsen, M.
and Jensen, D. E (2004). Biopriming of
infected carrot seed with an antagonist,
Clonostachys rosea, selected for
control of seedborne Alternaria spp.
Phytopathology, 94, 551-560.

Jensen, B., Liibeck, P. S. and Jorgensen, H.
]. L. (2016a). Clonostachys rosea reduces
spot blotch in barley by inhibiting
prepenetration growth and sporulation
of Bipolaris sorokiniana without
inducing resistance. Pest Management
Science, 72, 2231-2239.

Jensen, D. F,, Karlsson, M., Sarrocco, S. and
Vannacci, G. (2016b). Biological control
using microorganisms as an alternative
to disease resistance. In Plant Pathogen
Resistance Biotechnology, ed. D. B.
Collinge. New York and London: Wiley-
Blackwell, pp. 341-363.

Kapongo, J. P, Shipp, L., Kevan, P. and
Sutton, J. C. (2008). Co-vectoring of
Beauveria bassiana and Clonostachys
rosea by bumble bees (Bombus
impatiens) for control of insect pests
and suppression of grey mould in
greenhouse tomato and sweet pepper.
Biological Control, 46, 508-514.

Kaul, S., Sharma, T. and Dhar, M. K. (2016).
‘Omics’ tools for better understanding

the plant-endophyte interactions.
Frontiers in Plant Science, 7, 955.

Kernaghan, G., Mayerhofer, M. and Griffin,
A. (2017). Fungal endophytes of wild
and hybrid Vitis leaves and their
potential for vineyard biocontrol.
Canadian Journal of Microbiology, 63,
583-595.

Keyser, C. A., Jensen, B. and Meyling, N.

V. (2016). Dual effects of Metarhizium
spp. and Clonostachys rosea against an
insect and a seed-borne pathogen in
wheat. Pest Management Science, 72,
517-526.

Khan, A. L., Hamayun, M., Kang, S.-

M. et al. (2012). Endophytic fungal
association via gibberellins and indole
acetic acid can improve plant growth
under abiotic stress: an example of
Paecilomyces formosus LHL10. BMC
Microbiology, 12, 3.

Khatabi, B., Molitor, A., Lindermayr, C.
(2012). Ethylene supports colonization
of plant roots by the mutualistic fungus
Piriformospora indica. PLoS One,

7, e35502.

Knudsen, I. M. B., Hockenhull, J. and
Jensen, D. F. (1995). Biocontrol of
seedling diseases of barley and wheat
caused by Fusarium culmorum and
Bipolaris sorokiniana: effects of
selected fungal antagonists on growth
and yield components. Plant Pathology,
44, 467-477.

Knudsen, I. M. B., Thomsen, K. A., Jensen,
B. and Poulsen, K. M. (2004). Effects
of hot water treatment, biocontrol
agents, disinfectants and a fungicide
on storability of English oak acorns
and control of the pathogen, Ciboria
batschiana. Forest Pathology, 34, 47-64.

Koch, E., Schmitt, A., Stephan, D. et al.
(2010). Evaluation of non-chemical
seed treatment methods for the control
of Alternaria dauci and A. radicina on

Downloaded from https://www.cambridge.org/core. Copenhagen University Library, on 18 Jun 2019 at 08:59:59, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108607667.003


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108607667.003
https://www.cambridge.org/core

SEARCHING FOR NOVEL FUNGAL BIOLOGICAL CONTROL AGENTS

carrot seeds. European Journal of Plant
Pathology, 127,99-112.

Kohl, J., Postma, J., Nicot, P., Ruocco, M. and
Blum, B. (2011). Stepwise screening of
microorganisms for commercial use in
biological control of plant-pathogenic
fungi and bacteria. Biological Control,
57, 1-12.

Kohl, J., Scheer, C., Holb, 1. J., Masny, S.
and Molhoek, W. (2014). Toward an
integrated use of biological control by
Cladosporium cladosporioides H39
in apple scab (Venturia inaequalis)
management. Plant Disease, 99, 535-543.

Kojima, M., Kamada-Nobusada, T.,
Komatsu, H. ef al. (2009). Highly
sensitive and high-throughput
analysis of plant hormones using
MS-probe modification and liquid
chromatography-tandem mass
spectrometry: an application for
hormone profiling in Oryza sativa.
Plant and Cell Physiology, 50,
1201-1214.

Kosawang, C., Amby, D. B., Bussaban,

B. et al. (2018). Fungal communities
associated with species of Fraxinus
tolerant to ash dieback, and their
potential for biological control. Fungal
Biology, 122, 2110-2120.

Kroll, S., Agler, M. T. and Kemen, E. (2017).
Genomic dissection of host-microbe
and microbe-microbe interactions
for advanced plant breeding. Current
Opinion in Plant Biology, 36, 71-78.

Kurose, D., Furuya, N., Tsuchiya, K.,
Tsushima, S. and Evans, H. C. (2012).
Endophytic fungi associated with
Fallopia japonica (Polygonaceae) in
Japan and their interactions with Puccinia
polygoni-amphibii var. tovariae, a
candidate for classical biological control.
Fungal Biology, 116, 785-791.

Kusari, S., Hertweck, C. and Spiteller, M.
(2012). Chemical ecology of endophytic

fungi: origins of secondary metabolites.
Chemistry & Biology, 19, 792-798.

Lahiri, A., Douglas, G. C., Murphy, B. R.
and Hodkinson, T. R. (2019). In
vitro methods for plant-microbe
interaction and biocontrol studies in
European ash (Fraxinus excelsior L.).
In Endophytes for a Growing World,
ed. T. R. Hodkinson, F. M. Doohan,

M. J. Saunders and B. R. Murphy.
Cambridge: Cambridge University
Press, Chapter 15.

Latz, M. A. C., Jensen, B., Collinge, D. B. and
Jorgensen, H. J. L. (2018). Endophytic
fungi as biocontrol agents: elucidating
mechanisms in disease suppression.
Plant Ecology and Diversity, doi:
10.1080/17550874.2018.1534146.

Lo Presti, L., Lanver, D., Schweizer, G. et al.
(2015). Fungal effectors and plant
susceptibility. Annual Review of Plant
Biology, 66, 513-545.

Lofgren, L. A., LeBlanc, N. R., Certano,
A.K. et al. (2018). Fusarium
graminearum: pathogen or endophyte
of North American grasses? New
Phytologist, 217, 1203-1212.

Louarn, S., Nawrocki, A., Thorup-
Kristensen, K. et al. (2013). Proteomic
changes and endophytic micromycota
during storage of organically and
conventionally grown carrots.
Postharvest Biology and Technology,
76, 26-33.

Lucas, J. A., Hawkins, N. J. and Fraaije, B.
A. (2015). The evolution of fungicide
resistance. Advances in Applied
Microbiology, 90, 29-92.

Ludwig-Miiller, J. (2015). Plants and
endophytes: equal partners in
secondary metabolite production?
Biotechnology Letters, 37, 1325-1334.

Lugtenberg, B.].]., Caradus, J. R.
and Johnson, L. J. (2016). Fungal
endophytes for sustainable crop

47

Downloaded from https://www.cambridge.org/core. Copenhagen University Library, on 18 Jun 2019 at 08:59:59, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108607667.003


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108607667.003
https://www.cambridge.org/core

48

ROLE IN GROWTH AND STRESS RESISTANCE

production. FEMS Microbiology
Ecology, 92, fiw194.

Lundberg, D. S., Lebeis, S. L., Paredes,

S. H. et al. (2012). Defining the core
Arabidopsis thaliana root microbiome.
Nature, 488, 86-90.

Ma, K. W. and Ma, W. B. (2016).
Phytohormone pathways as targets of
pathogens to facilitate infection. Plant
Molecular Biology, 91, 713-725.

Ma, L. J., van der Does, H. C., Borkovich,
K. A. et al. (2010). Comparative
genomics reveals mobile pathogenicity
chromosomes in Fusarium. Nature,
464, 367-373.

Malinovsky, F. G., Fangel, J. U. and Willats,
W. G. T. (2014). The role of the cell wall
in plant immunity. Frontiers in Plant
Science, 5, 178.

Mamarabadi, M., Jensen, B., Jensen, D. F.
and Liibeck, M. (2008). Real-time RT-
PCR expression analysis of chitinase
and endoglucanase genes in the three-
way interaction between the biocontrol
strain Clonostachys rosea 1IK726,
Botrytis cinerea and strawberry. FEMS
Microbiology Letters, 285, 101-110.

McGrann, G. R. D., Stavrinides, A., Russell,
J. et al. (2014). A trade off between mlo
resistance to powdery mildew and
increased susceptibility of barley to a
newly important disease, Ramularia
leaf spot. Journal of Experimental
Botany, 65, 1025-1037.

McGrann, G. R. D., Andongabo, A., Sjokvist,
E. et al. (2016). The genome of the
emerging barley pathogen Ramularia
collo-cygni. BMC Genomics, 17, 584.

McKinney, L. V., Nielsen, L. R., Collinge,
D. B. et al. (2014). The ash dieback
crisis; genetic variation in resistance
can prove a long-term solution. Plant
Pathology, 63, 485-499.

Moissl-Eichinger, C., Pausan, M., Taffner,
]. et al. (2018). Archaea are interactive

components of complex microbiomes.
Trends in Microbiology, 26, 70-85.

Moller, K., Jensen, B., Andersen, H. P.,
Stryhn, H. and Hockenhull, J. (2003).
Biocontrol of Pythium tracheiphilum
in Chinese cabbage by Clonostachys
rosea under field conditions. Biocontrol
Science and Technology, 13, 171-182.

Mukherjee, M., Mukherjee, P. K., Horwitz,
B. A. et al. (2012). Trichoderma-plant-
pathogen interactions: advances in
genetics of biological control. Indian
Journal of Microbiology, 52, 522-529.

Miiller, C. B. and Krauss, J. (2005).
Symbiosis between grasses and asexual
fungal endophytes. Current Opinion in
Plant Biology, 8, 450-456.

Murphy, B. R., Batke, S. P., Doohan, F. M.
and Hodkinson, T. R. (2015). Media
manipulations and the culture of
beneficial fungal root endophytes.
International Journal of Biology, 7,
94-102.

Newsham, K. K. (2011). A meta-analysis
of plant responses to dark septate root
endophytes. New Phytologist, 190,
783-793.

Nicolaisen, M., Justesen, A. E, Knorr, K.,
Wang, J. and Pinnschmidt, H. O. (2014).
Fungal communities in wheat grain
show significant co-existence patterns
among species. Fungal Ecology, 11,
145-153.

Nowara, D., Gay, A. P,, Lacomme, C. et al.
(2010). HIGS: Host-Induced Gene
Silencing in the obligate biotrophic
fungal pathogen Blumeria graminis.
The Plant Cell, 22, 3130-3141.

OEDC (2012). OECD guidance to the
environmental safety evaluation of
microbial biocontrol agents. OECD
Environment, Health and Safety
Publications, Series on Pesticides
and Biocides, No. 67, Paris: OECD
Publishing, pp. 63.

Downloaded from https://www.cambridge.org/core. Copenhagen University Library, on 18 Jun 2019 at 08:59:59, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108607667.003


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108607667.003
https://www.cambridge.org/core

SEARCHING FOR NOVEL FUNGAL BIOLOGICAL CONTROL AGENTS

Peskan-Berghofer, T., Vilches-Barro, A.,
Miiller, T. M. et al. (2015). Sustained
exposure to abscisic acid enhances
the colonization potential of the
mutualist fungus Piriformospora indica
on Arabidopsis thaliana roots. New
Phytologist, 208, 873-886.

Pieterse, C. M. J., Van der Does, D.,
Zamioudis, C., Leon-Reyes, A. and
van Wees, S. C. M. (2012). Hormonal
modulation of plant immunity. Annual
Review of Cell and Developmental
Biology, 28, 489-521.

Ploch, S. and Thines, M. (2011).

Obligate biotrophic pathogens of

the genus Albugo are widespread as
asymptomatic endophytes in natural
populations of Brassicaceae. Molecular
Ecology, 20, 3692-3699.

Rafiqi, M., Jelonek, L., Akum, N., Zhang,

F and Kogel, K.-H. (2013). Effector
candidates in the secretome of
Piriformospora indica, a ubiquitous
plant-associated fungus. Frontiers in
Plant Science, 4, 228.

Rodriguez, R. J., White Jr, J. E, Arnold, A.

E. and Redman, R. S. (2009). Fungal
endophytes: diversity and functional
roles. New Phytologist, 182, 314-330.

Rojas, E. C., Joargensen, H. J. L., Jensen, B.
and Collinge, D. B. (2018). Fusarium
diseases: biology and management
perspectives. In Integrated Disease
Management of Wheat and Barley, ed.
R. P. Oliver. Cambridge, UK: Burleigh
Dodds Science Publishing.
doi: 10.19103/AS.2018.0039.02

Rook, E. (2016). Metabolic engineering of
chemical defence pathways in plant
disease control. In Plant Pathogen
Resistance Biotechnology, ed. D. B.
Collinge. New York and London: Wiley-
Blackwell, pp. 71-89.

Rovenich, H., Boshoven, J. C. and Thomma,
B. P. H.J. (2014). Filamentous pathogen

effector functions: of pathogens, hosts
and microbiomes. Current Opinion in
Plant Biology, 20, 96-103.

Sanchez-Vallet, A., Saleem-Batcha, R.,
Kombrink, A. et al. (2013). Fungal
effector Ecp6 outcompetes host
immune receptor for chitin binding
through intrachain LysM dimerization.
eLife, 2, €00790.

Sanchez-Vallet, A., McDonald, M. C.,
Solomon, P. S. and McDonald, B.

A. (2015). Is Zymoseptoria tritici a
hemibiotroph? Fungal Genetics and
Biology, 79, 29-32.

Sapkota, R., Jorgensen, L. N. and
Nicolaisen, M. (2017). Spatiotemporal
variation and networks in the
mycobiome of the wheat canopy.
Frontiers in Plant Science, 8, 1357.

Schifer, P., Pfiffi, S., Voll, L. M. et al.
(2009). Manipulation of plant innate
immunity and gibberellin as factor
of compatibility in the mutualistic
association of barley roots with
Piriformospora indica. The Plant
Journal, 59, 461-474.

Schard], C. L. and Phillips, T. D. (1997).
Protective grass endophytes: where are
they from and where are they going?
Plant Disease, 81, 430-438.

Schisler, D. A. and Slininger, P. J. (1997).
Microbial selection strategies that
enhance the likelihood of developing

commercial biological control products.

Journal of Industrial Microbiology and
Biotechnology, 19, 172-179.

Schulz, B. and Boyle, C. (2005). The
endophytic continuum. Mycological
Research, 109, 661-686.

Shetty, N. P, Kristensen, B. K., Newman, M.
A. et al. (2003). Association of hydrogen
peroxide with restriction of Septoria
tritici in resistant wheat. Physiological
and Molecular Plant Pathology, 62,
333-346.

49

Downloaded from https://www.cambridge.org/core. Copenhagen University Library, on 18 Jun 2019 at 08:59:59, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108607667.003


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108607667.003
https://www.cambridge.org/core

50 ROLE IN GROWTH AND STRESS RESISTANCE

Stein, E., Molitor, A., Kogel, K. H. and
Waller, E. (2008). Systemic resistance in
Arabidopsis conferred by the mycorrhizal
fungus Piriformospora indica requires
Jasmonic Acid signaling and the
cytoplasmic function of NPR1. Plant and
Cell Physiology, 49, 1747-1751.

Tenenboim, H. and Brotman, Y. (2016).
Omic relief for the biotically
stressed: metabolomics of plant biotic
interactions. Trends in Plant Science,
21, 781-791.

Tian, B.-Y,, Cao, Y. and Zhang, K.-Q.
(2015). Metagenomic insights into
communities, functions of endophytes,
and their associates with infection
by root-knot nematode, Meloidogyne
incognita, in tomato roots. Scientific
Reports, 5,17087.

Toju, H., Tanabe, A. S., Yamamoto, S.
and Sato, H. (2012). High-coverage
ITS primers for the DNA-based
identification of ascomycetes and
basidiomycetes in environmental
samples. PLoS One, 7, e40863.

van den Burg, H. A., Harrison, S. J.,
Joosten, M. H. A. ]., Vervoort, J. and de
Wit, P.J. G. M. (2006). Cladosporium
Jfulvum Avr4 protects fungal cell walls
against hydrolysis by plant chitinases
accumulating during infection.
Molecular Plant-Microbe Interactions,
19, 1420-1430.

Villaverde, J. J., Sevilla-Moran, B., Sandin-
Espana, P., Lépez-Goti, C. and Alonso-
Prados, J. L. (2014). Biopesticides in the
framework of the European Pesticide
Regulation (EC) No. 1107/2009. Pest
Management Science, 70, 2-5.

Waller, E, Mukherjee, K., Deshmukh, S.

D. et al. (2008). Systemic and local
modulation of plant responses by
Piriformospora indica and related
Sebacinales species. Journal of Plant
Physiology, 165, 60-70.

Wani, Z. A., Ashraf, N., Mohiuddin, T. and
Riyaz-Ul-Hassan, S. (2015). Plant-
endophyte symbiosis, an ecological
perspective. Applied Microbiology and
Biotechnology, 99, 2955-2965.

Wagqas, M., Khan, A. L., Kamran, M. et al.
(2012). Endophytic fungi produce
gibberellins and indoleacetic acid and
promotes host-plant growth during
stress. Molecules, 17, 10754-10773.

Wagas, M., Khan, A. L., Shahzad, R., Ullah,

I, Khan, A. R. and Lee, L. J. (2015).
Mutualistic fungal endophytes produce
phytohormones and organic acids that
promote japonica rice plant growth under
prolonged heat stress. Journal of Zhejiang
University Science B, 16, 1011-1018.

Weifs, M., Waller, F,, Zuccaro, A. and Selosse,
M.-A. (2016). Sebacinales: one thousand
and one interactions with land plants.
New Phytologist, 211, 20-40.

Woolhouse, M. E. J., Haydon, D. T.
and Antia, R. (2005). Emerging
pathogens: the epidemiology and
evolution of species jumps. Trends in
Ecology & Evolution, 20, 238-244.

XuX., Wang, C., Li, S. et al. (2015). Friend
or foe: differential responses of rice to
invasion by mutualistic or pathogenic
fungi revealed by RNAseq and
metabolite profiling. Nature Reports,
5(13624), 1-14.

Xu, X. M., Jeffries, P., Pautasso, M. and
Jeger, M. J. (2011). A numerical study of
combined use of two biocontrol agents
with different biocontrol mechanisms
in controlling foliar pathogens.
Phytopathology, 101, 1032-1044.

Ye, W., Shen, C.-H., Lin, Y. et al. (2014).
Growth promotion-related miRNAs in
Oncidium orchid roots colonized by
the endophytic fungus Piriformospora
indica. PLoS One, 9, €84920.

Zachow, C., Tilcher, R. and Berg, G. (2008).
Sugar beet-associated bacterial and

Downloaded from https://www.cambridge.org/core. Copenhagen University Library, on 18 Jun 2019 at 08:59:59, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108607667.003


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108607667.003
https://www.cambridge.org/core

SEARCHING FOR NOVEL FUNGAL BIOLOGICAL CONTROL AGENTS

fungal communities show a high
indigenous antagonistic potential
against plant pathogens. Microbial
Ecology, 55, 119-129.

Zamioudis, C. and Pieterse, C. M. J. (2011).
Modulation of host immunity by
beneficial microbes. Molecular Plant-
Microbe Interactions, 25, 139-150.

Zeilinger, S., Gupta, V. K., Dahms, T. E. S.
et al. (2016). Friends or foes? Emerging
insights from fungal interactions with
plants. FEMS Microbiology Reviews, 40,
182-207.

Zhao, Y., Gao, Z., Tian, B. et al.

(2017). Endosphere microbiome
comparison between symptomatic

and asymptomatic roots of Brassica
napus infected with Plasmodiophora
brassicae. PLoS One, 12, e0185907.
Zuccaro, A., Basiewicz, M., Zurawska,
M., Biedenkopf, D. and Kogel, K.-H.
(2009). Karyotype analysis, genome
organization, and stable genetic
transformation of the root colonizing
fungus Piriformospora indica. Fungal
Genetics and Biology, 46, 543-550.
Zuccaro, A., Lahrmann, U., Guldener, U.
et al. (2011). Endophytic life strategies
decoded by genome and transcriptome
analyses of the mutualistic root
symbiont Piriformospora indica. PLoS
Pathogens, 7, €1002290.

51

Downloaded from https://www.cambridge.org/core. Copenhagen University Library, on 18 Jun 2019 at 08:59:59, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108607667.003


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108607667.003
https://www.cambridge.org/core


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


