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Preface

Virtually all plants in nature build intimate associations with microbes. Some microbes not
only reside on the plant surface but are also capable of migrating into the plant without show-
ing a distinct phenotype and eliciting disease responses. These rather elusive endophytic
microbes are often closely related to plant pathogenic species and can even display the
endophytic behaviour in one plant species while being pathogenic in another. Plants that
have a persisting endophytic association with microbes often have a significant advantage
over those that have not, because their performance and survival under stressful biotic and
abiotic conditions, such as herbivory, disease, drought, extreme temperatures, or a combination
of these, is positively affected by this association. Expanding the knowledge on plant-endophyte
interactions is of crucial importance for future developments in plant breeding and sustain-
able agricultural practices. What is more, as they are involved in biotrophic interactions,
endophytes and, by combining their biosynthetic pathways, the plant-endophyte association
may hold new peptides and metabolites with valuable properties for pharmacological and
biotechnological purposes.

In the past ten years, the fundamental and applied research on endophytes has significantly
accelerated by using state-of-the-art molecular, biochemical, microscopical and biological
techniques. This book aims at appreciating the added value of the current accumulated
knowledge on endophytes by elaborating on the latest insights regarding microorganisms,
their mesmerizing diversity and distribution, their intriguing interactions with plants, their
ecological functions, and their benefits and applications in agriculture, biotechnology and
medicine.

I sincerely acknowledge all the colleagues who contributed, thus making this book possible:
David Hemming at CABI for inviting me to edit this book in this series and both David Hem-
ming and Emma McCann at CABI for their friendly support, advice and patience.

Alexander Schouten
Wageningen
February 2019
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Introduction

Alexander Schouten*

Laboratory of Phytopathology, Wageningen University &
Research, Wageningen, The Netherlands

1.1 Microbes: Ancient Allies
in Sustaining Plant Life

Fossil records revealing the presence of
arbuscular and fungal structures in 400-million-
year-old plants indicate that intimate rela-
tionships between plants and microorganisms
are very ancient (Remy et al., 1994; Taylor
et al., 1995; Redecker et al., 2000; Taylor et al.,
2005; Taylor and Krings, 2005; Krings et al.,
2007; Labandeira and Prevec, 2014). Due to
the sometimes devastating plant diseases in
crops caused by microorganisms, such as late
blight in potato, Panama disease in banana,
rusts in cereals and brown spot in rice
(Klinkowski, 1970; Marquardt, 2001), most
microorganisms were initially mistrusted
and plants were considered to be rather
vulnerable to microbial invasion. Based on
research over the past six decades, this view
has gradually changed, and the current view is
that in nature plants are not all that vulnerable
to microbial diseases and can cope perfectly
with both biotic and abiotic stress conditions.
In this concept, the microbial community in
the rhizosphere, phyllosphere and endosphere
is even considered a true asset for plant sur-
vival (Rodriguez et al., 2008; Rodriguez and
Redman, 2008), and may even be deliber-
ately recruited and manipulated by the plant
to maximize growth and development. Mi-
crobes can protect plants against biotic
(pests and pathogens) and abiotic (extreme
temperatures, drought, chemical contamin-
ants) stress conditions and facilitate nutrient
uptake. A typical and very practical illustration
that particular microorganisms can benefit

the plant is the presence of specific antibiotic-
producing pseudomonads in wheat and bar-
ley, which significantly reduce root disease
caused by the soilborne fungus Gaeummanno-
myces graminis var. tritici. Although this dis-
ease can be significantly detrimental in the
first three to five growing seasons, by sus-
taining a strict monoculture approach, the
bacterial population is capable of accumulat-
ing to effective antagonistic levels in the
plant’s rhizosphere in several important
growing areas, such as the Inland Pacific
Northwest of the USA, The Netherlands and
the UK. In this way, these crops have been
successfully cultivated for many decades with-
out showing significant detrimental effects
caused by the pathogen (Gerlagh, 1968; Ship-
ton, 1972; Baker and Cook, 1974; Gurusiddai-
ahetal., 1986; Cook, 2003; Weller et al., 2007).
This counterintuitive monoculture approach
proved to be crucial in suppressing the take-all
disease because it could reappear when this
growing strategy was interrupted, e.g. by fal-
low or crop rotation (Baker and Cook, 1974;
Cook et al., 1995; Cook, 2007).

The ability to establish a beneficial associ-
ation with particular microbes is most likely
not an easy task, considering the vast num-
bers of microorganisms that can be found in
both the rhizosphere and phyllosphere. It has
been calculated that the rhizosphere, which
is the thin zone of soil around the root in
which the microbial life is affected through
root exudates (Curl and Truelove, 1991), can
harbour up to 10" colony forming units (cfu)
of prokaryotic cells (Shafer and Blum, 1991),
comprising more than 30,000 different species

* Corresponding author e-mail: sander.schouten@wur.nl
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(Mendes et al., 2011), and more than 107 cfu
of fungi per gram of fresh root (Shafer and
Blum, 1991). And for the rhizoplane itself,
prokaryotic population densities of 107 cfu
per gram of fresh material were calculated
(Benizri et al., 2001; Bais et al., 2006). The
microbial community structures within the
rhizosphere environments are nevertheless
tremendously inconsistent in place and time
(Sasse et al.,, 2018). This inconsistency is
regulated not only by abiotic factors, such as
soil type and geographical location, but also
by the plant species, its genotype and its de-
velopmental stage (Micallef et al., 2009a,b;
Weinert et al., 2011; Inceoglu et al., 2013).
Root cap, border and other root cells release an
array of constituents such as insoluble muci-
lage and soluble (antibiotic) exudates as well as
volatile organic carbons (Walker et al., 2003;
Bais et al.,, 2006; Hartmann et al., 2009;
Jones et al., 2009). Within root exudates,
sugars, amino compounds, organic acids, fatty
acids, sterols, growth factors, nucleotides,
flavones, enzymes, together with an array of
miscellaneous compounds, such as auxins,
scopoletin, hydrocyanic acid and microbial
growth stimulants and inhibitors, were
detected (Curl and Truelove, 1991), thus
illustrating the chemical complexity of the
rhizosphere.

1.2 The Plant Endosphere as Habitat
for Microorganisms

Primarily from the rhizosphere, a selected
number of (beneficial) microorganisms are
allowed access to the endosphere of the plant
(Bulgarelli et al., 2013). This is nevertheless
a rather oversimplified view, as some micro-
organisms are obligate endophytic and not
only transferred horizontally but also verti-
cally, i.e. through seeds, such as the grass
endophytes, and are therefore not encoun-
tered in the bulk soil or rhizosphere (Schardl
et al., 2004). Nevertheless, the microbial
community within the endosphere is signifi-
cantly less complex than that of the rhizo-
sphere (Compant et al., 2010; Edwards et al.,
2015; Vandenkoornhuyse et al., 2015).
At first, only arbuscular mycorrhizae (AMs)

printed on 2/12/2023 10:51 PMvia .

and rhizobia (Denison and Kiers, 2011) were
considered and extensively scrutinized (Par-
niske, 2008; Denison and Kiers, 2011). But it
is now evident that virtually every plant can
allow a much broader assortment of micro-
organisms, particularly bacteria and fungi,
to reside in its endosphere without really
exhibiting its presence (Rodriguez and Red-
man, 2008). As for arbuscular AMs and rhizobia,
the endosphere is regarded as a protective
environment and serving as an important car-
bon source for the microbe, whereas the benefit
for the host plant is often more difficult to
define. This is because these benefits may be
more indirect and multifaceted, not only
facilitating nutrient uptake (Garcia-Garrido
and Ocampo, 2002), as described for AMs
and rhizobia, but also providing other means
to increase plant vigour, growth and develop-
ment (Sikora, 1992; Rodriguez and Redman,
2008; Aly et al., 2011; Bakker et al., 2013;
Ludwig-Miiller, 2015), which may only be
determined by considering the environmental
or ecological context (Schardl, 2001; Miiller
and Krauss, 2005; Rodriguez et al., 2008;
Redman et al,, 2011). In all, these endophytes
can be mutualistic, serving the host plant in
ways AMs and rhizobia may not.

Similar to AMs and rhizobia, it is believed
that chemical queues released by the roots
are involved in the recruiting of microorgan-
isms from the bulk soil and subsequently
manipulating the evolved microbial commu-
nity, all aiming at allowing beneficial micro-
organisms to enter the rhizosphere and en-
dosphere, while simultaneously repressing or
repelling unwelcome, pathogenic or parasitic
microorganisms. However, the occurrence
of diseases indicates that the selection for
beneficial microorganisms is error prone. As
discussed in Chapter 2, this volume, this
may not be without reason because the dif-
ference between a pathogenic and beneficial
microorganism can in some cases be subtle.
The underlying mechanisms for the change
in microbial behaviour are still poorly under-
stood. Nevertheless, biological, genetic and
molecular studies suggest that both plant
and endophytes are responsible. Knowledge
on these issues is elemental when endo-
phytes are to be exploited for agricultural
practices.
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1.3 Exploiting Endophytes

Endophytes can be exploited in several ways.
Firstly, they can be used in agricultural prac-
tices to support plant vigour, growth and
development, even making it possible to
reduce the usage of fertilizers and pesticides
and to grow plants under less ideal conditions,
such as water deficiency, increased soil salin-
ity and high temperatures. Secondly, endo-
phytes are known to synthesize a plethora of
chemical constituents. This is most likely
because, over time, the intimate association
between plants and endophytes led to com-
plex chemical interactions, not only with the
host plant but also with competitors. These
constituents may benefit not only the plant
but also humans. From many (medicinal)
plants, endophytes are being characterized
that are by themselves able to synthesize
compounds relevant for pharmacological (Aly
etal.,2011) and agronomical reasons.

1.4 Aim of This Book

The aim of this book is to give an overview
on the current knowledge about endophytic
fungi and bacteria, their diversity, their rela-
tionships with pests and pathogens, their
distribution and activities inside the plant
and their (potential) applications in develop-
ing more sustainable agricultural practices.
Furthermore, the identification of chemical
constituents synthesized by endophytes or
by the endophyte-host plant association is
discussed, as they can be most relevant for
identifying novel compounds relevant for
medicine, such as antibiotics and anticancer
drugs, and for agriculture, such as biologic-
ally sound pesticides. It demonstrates that
the current research on endophytes is highly
technology-based on every level, relying
on state-of-the-art molecular, biochemical,
microscopical, computational and biological
methods.
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Abstract

Endophytes are set opposite to pathogens and therefore should colonize plants asymptomatically.
However, as will be illustrated, endophytic fungi may behave differently under various biotic and
abiotic circumstances, in which the host plant can play a defining role as well. The genetic differ-
ences between an endophytic fungus and a phylogenetically related pathogenic fungus may vary
significantly. Nevertheless, over the years endophytic fungi have frequently been isolated and never
elicit disease symptoms in various host plants. Such true endophytes are considered mutually bene-
ficial; the endophyte, embedded in the stable, protective and resource-rich environment of the host
plant, supports the host plant to sustain biotic and abiotic stress conditions. The mechanisms by
which endophytic fungi protect the host plant against biotic stress factors are generally diverse
because they can directly antagonize pests or pathogens, trigger plant defence mechanisms or do

both simultaneously.

2.1 Endophytes Defined

The term endophyte indicates a heteroge-
neous group of microorganisms, primarily
consisting of bacteria and fungi. As it means
‘inside the plant’, an endophyte can essentially
be any microorganism that resides for a certain
period inside a plant at a certain point during
its lifetime, regardless of its beneficial, detri-
mental or neutral impact on the host plant
during this period. Over the years, the defin-
ition has nevertheless evolved, indicating not
only the endospheric environment in which this
organism can be encountered but also the
particular relationship it has with the host
plant, which is considered as being neutral
or beneficial (Petrini, 1991; Wilson, 1995;
Stone et al., 2004). The term endophyte
has thus become more meaningful, standing
opposite to the term pathogen. However,

microorganisms can be very dynamic in
their behaviour, and for several endophytes,
depending on the host plant species or even
genotype and physiological and developmen-
tal stages of both host plant and endophyte,
disease symptoms may still be elicited (Wilson,
1995; Kuldau and Yates, 2000; Schulz and
Boyle, 2005). Thus, the definition is not as
solid as envisaged. Arbuscular mycorrhizae
(AMs) are often set aside from endophytic
fungi because they do form arbuscules, which
are specialized fungal structures responsible
for nutrient transfer between fungus and
plant, when proliferating into the roots
(Wilson, 1995; Brundrett, 2004; Rodriguez
etal., 2009).

The association between microorganisms
and plants can be considered a continuum, in
which pathogens can be found at one end and
true endophytes (Wilson, 1995; Mostert et al.,
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2000) at the other end (Wilson, 1995; Schulz
and Boyle, 2005). The relationship between
host plants and true endophytes has evolved
to a level that no visual symptoms during
colonization of and subsequent proliferation
inside the host plant are being provoked at any
time. True endophytes are therefore con-
sidered as being capable of maintaining a
continuous balanced association that is often
mutualistic (Brundrett, 2004; Schulz and
Boyle, 2005). For some, the definition of a true
endophyte is still too loose because it can apply
to both transient and obligate endophytes. In
the more stringent definition, true endophytes,
which are also called systemic endophytes,
would be interpreted as being obligate endo-
phytes, which can only survive by their endo-
phytic association with the host plant and are
therefore transmitted vertically through seeds
and/or vegetative structures over time (Wani
et al., 2015). In this chapter the more relaxed
definition for a true endophyte is used.

2.2 How to Obtain and Analyse
Fungal Endophytes from a Plant

Whatever the exact definition, the continu-
ous balanced association with the host plant
means that true endophytes in particular are
elusive, meaning that these organisms are often
overlooked in practice and their potential in
sustaining plant life ignored. And finding
fungal endophytes in itself can be difficult,
particularly when they are obligate endophytic
(Schulz and Boyle, 2005). One can use histo-
logical methods, but that makes further
studies, like biological studies, difficult, if
not impossible. Immunological or metagen-
omic analysis may give insight in the pres-
ence of endophytic isolates residing inside
the plant but as these generally are destruc-
tive methods, further biological assays can-
not be done. The best approach for obtaining
live endophytes that can be used in subse-
quent biological studies is the screening of
surface-sterilized plant tissue, such as shoots
or roots, placed on growth media suitable for
fungal growth. An antibiotic may be added
to prevent endophytic bacteria from prolifer-
ating as well. Fungal colonies that emerge

from the plant tissue are then purified by
transferring them individually to fresh media,
after which they can be identified. When
sporulating, individual spores can be sub-
cultured to exclude any contamination and
to obtain pure isolates. Such a screening ap-
proach is thus highly biased towards fungi that
can be cultured in vitro, but has the advantage
that the encountered endophytes can be eas-
ily maintained and studied and used in bio-
logical assays for evaluating their beneficial
effects on plants, which may not necessarily
be the plants they were isolated from. Over
the years thousands of endophytic fungal iso-
lates have been characterized (Petrini, 1986;
Schulz et al., 1993, 1995, 1998; Schulz and
Boyle, 2005; Yan et al., 2011; Miles et al.,
2012; Sanchez Marquez et al., 2012).

2.3 Diversity of Fungal Endophytes

On the basis of their ecology, a differentiation
between balanciaceous endophytes and the
nonbalanciaceous endophytes is often made
(Schulz and Boyle, 2005). The balanciaceous
endophytes, also referred to as grass endo-
phytes, are phylogenetically related and com-
prise the ascomycete genera Epichloé and
Balansia (anamorphs Neotyphodium and
Ephelis, respectively) within the Clavicipitaceae
family (Schulz and Boyle, 2005). Balancia-
ceous endophytes are unique in the sense that
they have probably evolved from insect-
parasitic fungi rather than plant-parasitic
fungi (White et al., 2002). They are obligate
endophytic, transmitted both horizontally
and vertically, i.e. through seeds and vegetative
parts, and growing intercellularly in a strictly
controlled manner in the above-ground plant
tissue. Balanciaceous endophytes generate
specific mycelial structures by which the
uptake of nutrients is facilitated. Some grass
endophyte species manifest themselves at a
certain stage as being antagonistic to their
host, suppressing seed production (choke dis-
ease), thereby preventing vertical transmission,
whereas others always remain elusive, staying
mutualistic by enhancing growth, develop-
ment and desiccation tolerance of the host
plant and reducing herbivory (Schardl et al.,
2004; see also Chapter 7, this volume).
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The majority of the thousands of nonbal-
anciaceous endophytes isolated from various
plant species are acsomycetes, with Alter-
naria, Colletotrichum, Fusarium, Trichoderma,
Chaetomium and Acremonium being the dom-
inating genera (Petrini, 1986; Schulz et al.,
1993,1995,1998; Yan etal., 2011; Miles et al.,
2012; Sanchez Marquez et al., 2012). Among
those, the genera Fusarium, particularly the
species Fusarium oxysporum, and Trichoder-
ma are generally the most prominent (Kuldau
and Yates, 2000; Bacon and Yates, 2006;
Macia-Vicente et al., 2008; Yan et al., 2011).
To a lesser extent, several basidiomycetes
can also be found among the endophytic iso-
lates, with Piriformospora indica as the best
studied example (Qiang et al., 2012). Based
on their ecology, the classification of endo-
phytes may be refined by considering host
range, transmission mechanisms, their
simultaneous occurrence (biodiversity) in-
side a single host plant and ecological role
(Rodriguez et al., 2009). In that case, class 1
endophytes are the balansiaceous endo-
phytes, having a narrow host range. Class 2,
3 and 4 comprise the nonbalanciaceous endo-
phytes, in which dass 2 endophytes can be
distributed throughout the plant, root aerial
plant parts and rhizome, with, like class 1,
low species abundancy (biodiversity) within
a single host plant and potential horizontal
and vertical (seed coats, seeds and rhizomes)
transmission. Class 3 endophytes are only lo-
cally distributed within the aerial plant parts
and show a high species abundancy within a
single host, which can reach more than 20
species in a single leaf (Arnold and Herre,
2003). Class 4 comprises dark septate fungi
(Jumpponen and Trappe, 1998; An-
drade-Linares et al., 2011), which have only
been observed in the roots and have a broad
host range.

2.4 How Different Are Endophytic
Fungi from Pathogenic Fungi?

As indicated in Chapter 1, the current view is
that the distinction between a microorgan-
ism being pathogenic or endophytic may
not be very discrete. It may depend on the

printed on 2/12/2023 10:51 PMvia .

host plant species or, sometimes, host plant
variety or cultivar. Also, many fungal species
harbour individual isolates that have an
endophytic or pathogenic lifestyle or both,
emphasizing that plant pathogens and endo-
phytes may in fact be genetically quite simi-
lar. This can be illustrated by looking at the
genus Fusarium. Isolates within the Fusar-
ium graminearum species complex (FGSC)
cause diseases in cultivated grasses, known
as Fusarium head blight in wheat and barley
and Fusarium ear rot in maize. They produce
mycotoxins, which can also be found in the
harvested grains and therefore is a major
health issue for humans and animals. It was
shown that 25 native North American
grass species harbour FGSC isolates, which
all grow asymptomatically with little or no
trichothecene accumulation, although they
were capable of producing these mycotoxins
in wheat. There are indications that the co-
existence of North American grasses and
isolates from FGSC is very ancient, suggest-
ing that evolutionary processes have shaped
the host-fungus relationship into a benign
and possibly mutualistic interaction (Lof-
gren et al., 2018). F. oxysporum is a cosmopol-
ite, always saprophytically competent and
notorious for the various pathogenic iso-
lates that have been characterized, which
have been grouped in formae speciales on the
basis of their host plant species (Lievens
et al., 2008). The majority of the F. oxysporum
isolates are, however, harmless and can even
perform as true endophytes by supporting
the host plant in antagonizing fungal patho-
gens, plant-parasitic nematodes and in-
sects (Alabouvette and Couteaudier, 1992;
Hallmann and Sikora, 1994; Griesbach, 1999;
Schouten, 2016). Several isolates were found
to be restricted to the endosphere of the
roots. Not all endophytic F. oxysporum iso-
lates, capable of colonizing banana, could be
distinguished from pathogenic F. oxysporum
f. sp. cubense isolates in a phylogenetic ana-
lysis, which was based on sequences of the
ribosomal intergenic spacers (Kurtz et al.,
2008). Becoming pathogenic may be the result
of amutual interaction going astray, in which
the host plant cannot properly manipulate
and contain the endophyte, resulting in the
proliferation of the fungus into critical areas
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of the plant, like particular cells or the vascular
tissue. An endophytic isolate of Fusarium
verticillioides systemically propagated only
intercellularly, whereas a pathogenic strain
also invaded intracellularly (Bacon and Hin-
ton, 1996). The endophyte P. indica shows all
the features of a mutualist by promoting
plant growth and supporting the plant in
resisting biotic and abiotic stress elements,
although this fungus is notably aggressive
when colonizing and proliferating, because it
induces cell death inside the roots. However,
only the cortex is affected in this way and vas-
cular tissue remains intact, thus not harming
the development and functioning of the root
(Deshmukh et al., 2006; Jacobs et al., 2011;
Qiang et al., 2012). Then again, xylem-associ-
ated fungal endophytes have frequently been
identified (Stone et al., 2000; Martin et al.,
2015; Pérez-Martinez et al., 2018; Win et al.,
2018), suggesting that such type of invasive
growth can be handled by the host plant.
Comparsion of whole genomes of F. ver-
ticillioides, F. graminearum, both pathogenic
on cereals, and E. oxysporum f. sp. lycopersici
(Fol) revealed lineage-specific (LS) genomic
regions in the latter, covering more than
one-quarter of its genome, including four
entire chromosomes, 3, 6, 14 and 15, and parts
of chromosomes 1 and 2 (Ma et al., 2010).
LS chromosome 14 harbours genes coding
for the unrelated small proteins Six1 (Avr3)
and Six3 (Avr2), which are involved in viru-
lence on tomato (Rep et al., 2004; Houterman
et al., 2009) and secreted by the pathogen
during proliferation into the xylem system
(Houterman et al., 2007; van der Does et al.,
2008a), together with a gene coding for an
in planta-secreted oxidoreductase (ORX1)
(Houterman et al., 2007). These genes were
initially thought to be exclusively present in
E. oxysporum strains causing tomato wilt
(van der Does et al., 2008b). Transfer of two
LS chromosomes into the non-pathogenic
E. oxysporum strain Fo47 (Fo47), which was
capable of colonizing the outer cortex of flax
roots (Olivain et al., 2003) and lacks LS
chromosomes, resulted in mutant strains
with varying levels of virulence on tomato. In
those mutants, chromosome 14 was present
and the most virulent mutant additionally
contained a smaller chromosome comprising

a fragment present in two LS chromosomes,
3and 6 (Maetal.,2010). Recently, F. oxysporum
f. sp. cubense tropical race 4 (TR4), which is
currently the most threatening banana
pathogen for the dominant Cavendish culti-
vars grown worldwide, was shown to possess
three SIX1 homologues, SIX1a, b and ¢, with
a sequence similarity of 74%, 63% and 73%,
respectively, when compared to Fol SIXI.
A TR4 SIX1a gene deletion mutant was severely
reduced with respect to its virulence and the
subsequent ectopic reintegration of the
Focub-SIX1a gene into this deletion mutant
fully reestablished virulence to wild-type
levels again (Widinugraheni et al., 2018).
By using PCR analysis only SIX5 and SIX6
could be detected in the endophytic F. ox-
ysporum strain Fol62, suggesting that the gen-
ome of this isolate, like Fo47, lacks one or
more LS regions (Eschweiler and Schouten,
unpublished). Although it does colonize,
E. oxysporum Fol62 is non-pathogenic on
various plant species, such as tomato, where
it was originally isolated from (Hallmann and
Sikora, 1994), banana, squash (Cucurbita
pepo L.), melon (Cucumis melo L.) and Arabi-
dopsis (Vu et al., 2006; Menjivar et al., 2011;
Martinuz et al., 2015).

Supernumerary chromosomes, also
known as conditionally dispensable chromo-
somes, dispensable chromosomes, accessory
chromosomes or minichromosomes have
been frequently encountered in fungal gen-
omes (Covert, 1998; Bertazzoni et al., 2018).
They are dispensable for basic, saprophytic
growth but can be imperative for colonizing
certain ecological niches (Covert, 1998; Ber-
tazzoni et al., 2018). In Nectria haematococca
(anamorph Fusarium solani), a pea pathogen,
1.6-Mb supernumerary chromosomes were
identified, which contain functional genes
encoding proteins that detoxify the pea phyto-
alexin pisatin (PDA genes) and the chickpea
phytoalexins maackiain and medicarpin (MAK
genes), together with genes associated with
pathogenicity on pea (PEP genes) (Miao et al.,
1991; Covert et al., 1996; Kistler et al., 1996;
Wasmann and VanEtten, 1996). Loss of this
chromosome resulted in loss of the ability
to cause disease (Covert, 1998; VanEtten et al.,
1998). Loss of a 1.1-1.8 Mb chromosome
in Alternaria alternata resulted in loss of
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AM-toxin production and loss in pathogenicity
on apple. Among the many genes encoded on
this chromosome, genes encoding proteins
for AM-toxin synthesis were identified (Hari-
moto et al., 2007). There are, however, no data
on whether the loss of these supernumerary
chromosomes resulted in losing the ability to
colonize the host asymptomatically.

A single allelic mutation in Colletotrichum
magna can turn the pathogen into a fungus
displaying a completely endophytic lifestyle
in susceptible watermelon cultivars (Freeman
and Rodriguez, 1993). The presence of this
path-1 mutant also prevented the patho-
genic wild-type C. magna, Colletotrichum
orbiculare and unrelated F. oxysporum f. sp.
niveum from eliciting disease in watermelon.
Remarkably, the path-1 mutant could extend
its host range, as it also proliferated endo-
phytically in wild-type C. magna-resistant
cucurbit cultivars (Freeman and Rodriguez,
1993; Redman et al., 2001). The host range
for C. magna could even be expanded further
to at least four plant families, Solanaceae,
Fabaceae, Poaceae and Rosaseae, in which both
wild-type and path-1 mutant proliferated
asymptomatically in various species (Redman
etal., 2001).

Overall, endophytes may thus be latent
pathogens, in which virulence traits are
successfully repressed, even for extended
periods, by the pathogen, by the host plant
or both (Schulz and Boyle, 2005), and true
endophytes have gradually evolved from plant
pathogenic fungi (Saikkonen et al., 1998), by
losing traits that initiate a disease phenotype
without losing the ability to invade the plant.
For these latent pathogens, the change from
beneficial lifestyle into a pathogenic one may
be triggered by environmental factors (Junker
et al., 2012). Typical examples are found
within the balanciaceous endophytes causing
choke disease in grasses. Epichloé species
generally proliferate in the intercellular space
of stems, leaves, inflorescences and seeds of
the grass plant without eliciting disease symp-
toms. However, especially under nutrient-
poor conditions in the soil, they can turn
pathogenic, developing fungal stroma or
sclerotia on tillers and suppressing the de-
velopment of their host plant's inflorescence
(Malinowski and Belesky, 2000; see also
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Chapter 7, this volume). Iriartea deltoidea,
the dominating palm tree in many wet low-
land Neotropical forests, is frequently colon-
ized asymptomatically by the endophytic
ascomycete Diplodia mutila. This fungus may
cause disease in seedlings, although this oc-
curred only under intense light conditions.
It was suggested that light-induced hydrogen
peroxide, generated by the fungus, initiated
hypersensitivity and necrosis of palm tissue
(Alvarez-Loayza et al., 2011). From two
guarana (Paullinia cupana) genotypes, the
second most abundant endophytic species
encountered was Phomopsis asparagi, which
is known to be pathogenic on asparagus (As-
paragus officinalis), causing stem blight (Yin
et al., 2012). In in vitro tests, P. asparagi and
another isolated endophyte, Peyronellaea
pinodella, developed microsclerotia on roots,
suggesting that these species may become
pathogenic in nature as well, under yet un-
identified conditions (Alvarez—Loayza etal.,
2011). The ascomycete genus Botrytis (teleo-
morph Botryotinia) harbours many aggres-
sive necrotrophic plant pathogenic species.
Nevertheless, the interior of multiple tissues
of apparently healthy host plant species,
belonging to the Asteraceae, Brassicacae,
Primulacae and Rosaceae families, could fre-
quently harbour Botrytis species, reaching
tissue sample infection frequencies of 50%
or more. Botrytis cinerea and Botrytis pseudo-
cinerea were predominant, although novel
species were encountered as well. The asymp-
tomatic infection only advanced into tissue
damage and fungal sporulation upon tissue
stress or when the host tissue reached
maturity or became senescent by itself (Shaw
et al., 2016). Such observations should, how-
ever, be considered with care because, as dis-
cussed later in this chapter, other endophytes
may have pacified P. asparagi, P. pinodella and
the Botrytis species.

2.5 The Influence of the Host Plant
on Asymptomatic Proliferation

Host plant species or genotype may have
effective tools in properly negotiating
asymptomatic interactions as well. Similar
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to the wild-type, the C. magna path-1 mu-
tant formed appressoria and systemically
infected the stem, but it proliferated slower
within the host tissue. This was attributed to
host defence responses mounted by the host
plant (Freeman and Rodriguez, 1993; Red-
man et al., 1999). When the stress-activated
mitogen-activated protein kinase sakA in
the fungus Epichloé festucae was disrupted,
this grass endophyte turned into a more
aggressive mutant, proliferating more vigor-
ously inside the host plant and provoking
disease responses, such as early senescence
and disturbance of the normal plant pheno-
type and growth (Eaton et al., 2010, 2011).
At the molecular level, the host plants accu-
mulated transcripts typical for defence against
pathogens upon infection with the sakA
mutant. The involvement of sakA in repress-
ing a disease phenotype suggests that the
host plant exerts some sort of pressure on
the fungus, thereby forcing it into submis-
sion. In maize, a high total antioxidant activ-
ity and free phenolic acid concentrations at
the beginning of kernel development signifi-
cantly reduced deoxynivalenol contamination
in the mature seeds at harvest (Giordano
et al., 2017). Wheat genotypes most resist-
ant towards FHB disease in a field situation
displayed the highest ferulic acid contents in
wheat spikes (Martin et al., 2017). Myco-
toxin production by F. oxysporum f. sp. niveum
was increased more in the presence of exud-
ates from susceptible rather than resistant
watermelon (Citrullus lanatus) cultivars and
after flowering rather than before flowering.
Both before and after flowering, a higher ratio of
antifungal phenolic acids — p-hydroxybenzoic,
phthalic, gallic, coumaric, cinnamic, ferulic,
salicylic and sinamic acids - to fungus-
stimulating phenolic acids - vanillic and
syringic acids — was observed in the root
exudates of resistant cultivars when com-
pared to susceptible ones (Wu et al., 2009).
In in vitro assays, ferulic acid was shown
to be an efficient inhibitor of the myco-
toxin type B trichothecene biosynthesis in a
dose-dependent manner, in Fusarium culmo-
rum and F. graminearum strains, through
reducing Tri-gene transcription (Boutigny
etal., 2009).

2.6 The Diversity and Distribution
of Fungal Endophytes Inside a Plant

There are multiple factors that influence the
endophytic fungal population structure,
such as the host species or cultivar, host plant
tissue, geographical location, soil type, physio-
logical condition of the plant and season.
Fungal endophytes can be found throughout
the plant, such as roots, stem, leaves, flowers
and seeds, in which individual species or iso-
lates may proliferate systemically or remain
restricted to certain plant parts or even
areas within plant parts. As already men-
tioned, grass endophytes colonize intercel-
lular space of stems, leaves, inflorescences
and seeds but not roots (Schardl et al., 2004).
In four rice (Oryza sativa) cultivars grown in
the Guangdong province, South China, endo-
phytic actinomycetes, particularly Streptomyces
species, dominated in the Panyu district,
whereas endophytic fungi, particularly Fusar-
ium species, dominated in the Wushan district
(Tian et al., 2004). This was associated with
the soil features, being acidic in the Wushan
district, favouring the growth and coloniza-
tion of fungi, and alkalic in the Panyu district,
favouring the growth and colonization of
actinomycetes. In the same study, endophytic
fungi were more or less evenly distributed
between roots and leaves, whereas the ac-
tinomycetes were more frequently encoun-
tered in the roots (Tian et al., 2004). The
dominating endophytes, collected from rice
in the Bhadra River Project Area in Southern
India, were bacterial Streptomyces species
and the fungal species Chaetomium globo-
sum, Penicillium chrysogenum, F. oxysporum
and Cladosporium sp., although the coloniza-
tion rates differed, being 40% in roots and
26% in leaves during the winter season of
2005 and 20% in roots and 9% in leaves dur-
ing the summer season of 2006 (Naik et al.,
2009). It was assessed that leaves of tropical
trees are hotspots of fungal endophyte
diversity, harbouring numerous species that
had never before been recovered from other
biomes (Arnold and Lutzoni, 2007). A study
of three healthy tea (Camellia sinensis) culti-
vars, Hokumei, Sayamakaori and Yabukita,
resulted in 520 endophytic isolates from
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new leaf, old leaf, bark and xylem, which
could be classified into 44 taxa, of which
93% belonged to the ascomycetes. The endo-
phytes in stem tissue were more diverse
than in leaf tissue and the xylem tissue was
the least colonized. Tissue type was more
important than cultivar with respect to the
endophytic community structure. The dom-
inating species encountered was Colletotri-
chum gloeosporioides f. sp. camelliae, which
favoured bark and old leaf tissue, and Pleo-
sporales sp., which favoured new leaf tissue.
C. gloeosporioides f. sp. camelliae colonized
the Yabukita cultivar significantly less fre-
quently (Win et al., 2018). In oilseed rape
(Brassica napus), the fungal endophyte com-
position was diverse as well, resulting in
40 species, with 80% belonging to the asco-
mycetes, 17.5% to the basidiomycetes and
2.5%, i.e. only Rhizopus oryzae, to the zygo-
mycetes (Zhang et al., 2014). The most dom-
inant species encountered was A. alternata,
followed by C. globosum, Clonostachys rosea,
E. oxysporum, Fusarium proliferatum and Per-
iconia sp. The various species were not evenly
distributed among roots, stem and leaves.
Only two species, A. alternata and C. globo-
sum, were isolated from all three parts; six
species, such as F. oxysporum and Fusarium
tricinctum, were only isolated from the roots;
20 species, including all basiodiomycetes,
were only isolated from the stem; and three
species were only isolated from leaves. In a
previous study (Chen et al., 2004), the endo-
phytic content of oilseed rape differed re-
garding several genera, although Acremoni-
um, Alternaria, Aspergillus, Chaetomium,
Epicoccum, Fusarium, Nigrospora, Penicillium
and Rhizoctonia were isolated as well. The
differences were attributed to the geograph-
ical locations where the oilseed rape plants
were grown (Zhang et al., 2014).

From the bark, branches and leaves of
Taxus chinensis var. mairei growing in the
Jiangxi, Zhejiang and Chongging regions of
China, the isolated fungal endophytes com-
prised 145 genera, of which 125 belonged to
the ascomycetes, 14 to the basidiomycetes, 5
to zygomycetes, and 1 could not be defined.
Species richness was higher in the branches
and bark than in the leaves. Locality and tis-
sue both affected the encountered dominant
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genera (Wu et al., 2013). From seven- to ten-
day-old cucumber (C. sativus) seedlings, culti-
vated in 87 different soil samples gathered
from tropical, subtropical and temperate cli-
matic regions, 514 endophytic fungal isolates
from roots (275 isolates), stems (88 isolates)
and leaves (151 isolates) were collected and
grown on potato dextrose agar (PDA) (Yan et
al., 2011). Of the 294 endophytic fungi that
could be properly cultivated on PDA and
produced spores, 189 isolates could be char-
acterized and belonged to 16 genera, primar-
ily Fusarium (91 isolates) and, to a lesser ex-
tent, Trichoderma (25 isolates). Fusarium
was found in all plant parts, but this was not
the case for the other genera, such as Ac-
tinomucor, Paeacilomyces, Curvularia and
Trichoderma, which were only recovered
from roots, roots and leaves and roots and
stems, respectively.

From two guarana (P. cupana) genotypes,
growing in two sites of the Brazilian Amazon
basin, 256 endophytic fungal strains, com-
prising 8 species in seeds, 23 in roots and 3 in
both organs, were identified (de Azevedo Silva
et al., 2018). The ascomycete Xylogone gano-
dermophthora was the most abundant species
in the roots and one of the eight species never
encountered before as endophyte, although
the genus Xylogone has been identified as
being endophytic in T. chinensis var. mairei in
China (Wu et al., 2013). The endophytic com-
munity structure in P. cupana depended on
the geographic location in which the plant
was growing, the clonal type and plant organ,
with the latter being the most relevant (de
Azevedo Silva et al., 2018). These examples are
to illustrate the rich diversity of fungal endo-
phytes that can be encountered. By no means
is it intented to describe them all. Many more
studies regarding the screening for and char-
acterization of endophytes from an array of
plant species can be found in the literature.

2.7 Ecological Roles of Endophytes
in Plant Life

It is assumed that the overall outcome of the
endophyte-host plant interaction generally
is beneficial for both parties. The endophyte
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is protected against soil-bound competitors
by the plant while having a direct access to
nutrient supplies. At the same time, the
endophyte can protect its niche, i.e. the host
plant, against other competing organisms,
such as insects, nematodes, bacteria and
fungi, and support the host plant with respect
to growth and development, the uptake of nu-
trients from the soil and to sustain adverse
abiotic conditions, such as drought, extreme
temperatures, soil salinity and contaminated
soils (Sikora, 1992; Schardl et al., 2004; Miil-
ler and Krauss, 2005; Trillas and Segarra,
2009; Weyens et al., 2009; Aly et al., 2011,
Bakker et al., 2013; Ludwig-Muller, 2015; see
also Chapters 5, 6, 7, 8 and 9, this volume).
Because of the potential benefits endophytes
may provide, it is often difficult to determine
what the actual benefits for the host plant
are. The study on the beneficial activity of
endophytes is therefore generally trial-and-
error based and, as a consequence, highly
biased by the type of research in which the
endophyte-plant interaction is embedded.
Nevertheless, the ecological context in
which plants grow may provide clues. Such
habitat-adapted symbiosis (Rodriguez et al.,
2008; Redman et al., 2011) with endophytes
was observed when plants were exposed to
abiotic stress conditions. In coastal regions,
dune grass (Leymus mollis) was associated
with particular endophytic F. culmorum iso-
lates, which supported the plant in tolerat-
ing salt stress (Rodriguez et al., 2008). The as-
sociation with the endophytic Curvularia
protuberate conferred heat tolerance of panic
grass (Dichanthelium lanuginosum), allow-
ing its growth on geothermal soils of
Yellowstone National Park (Redman et al.,
2002). Inoculation of broad bean (Vicia faba)
with an endophytic root-associated Acremo-
nium strictum isolate resulted in a significant
lower performance of the aphid Aphis fabae
with respect to fecundity (Jaber and Vidal,
2009). Inoculation of tomato (Solanum lyco-
persicum) with A. strictum revealed an even
more severe effect on the unspecialized cot-
ton bollworm (Helicoverpa armigera), which
was significantly reduced in growth rate, dis-
played an extended development time and
suppressed moulting, and produced smaller
and less viable pupae. The emerging adults

had a lower fecundity. These effects could
not be related to the amount of foliage con-
sumed, indicating that A. strictum inocula-
tion did not have a deterring effect on feed-
ing (Jallow et al., 2004). Similar effects
were observed when H. armigera was reared
on A. strictum-inoculated broad bean (Jaber
and Vidal, 2010).

What is more, endophytes may be benefi-
cial in various ways simultaneously. Grass
endophytes are typical in this matter. As men-
tioned before, they can benefit the host
plant by enhancing growth, development
and desiccation tolerance and reducing her-
bivory by insects, nematodes and vertebrates
(Elmi et al., 2000; Kauppinen et al., 2016; see
also Chapter 7, this volume). Beauveria bassi-
ana may be known for protecting plants
against insect pests (Arnold and Lewis, 2005;
Jaber and Vidal, 2009, 2010; Reay et al., 2010;
Akello and Sikora, 2012; Biswas et al., 2013),
but can protect the host plant against diseases
(Ownley et al., 2008, 2010; Jaber and Alanan-
beh, 2018) and enhance plant growth as well
(Jaber and Enkerli, 2017; Jaber and Araj, 2018;
Jaber and Ownley, 2018). Although primarily
free living, some isolates of Trichoderma spe-
cies can asymptomatically colonize plants
and promote plant growth. In cucumber,
Trichoderma asperellum T-203 (also known
as Trichoderma harzianum) was shown coiling
its hyphe around the root, forming appessori-
um-like structures on the root surface, and
subsequently migrating intercellularly into
the cortex, most likely by using lytic enzymes
to degrade cell walls (Yedidia et al, 1999,
2000). However, T. asperellum T-203 was also
shown to parasitize the extraradical structures
of the AM Glomus sp. MUCL 41833 and, through
this, to extend into the intraradical AM struc-
tures. AMs may thus serve as a gateway for
endophytic colonization and proliferation of
Trichoderma species (De Jaeger et al., 2010).
The endophytic E oxysporum Fol62 stimulate
root growth and, as determined by split-root
assays, systemically reduce the infection of
sedentary nematodes in Arabidopsis (Martinuz
etal.,, 2015; see also Chapter 9, this volume).

The impact of endophytes may be com-
plex in the sense that it not only affects plant
herbivory but also completes food webs.
Aphid density was three times higher on
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Italian ryegrass (Lolium multiflorum) grown in
the absence of Neotyphodium colonization,
although the aphid species Rhopalosiphum
padi and Metopolophium festucae were differ-
ently affected (Omacini et al., 2001). How-
ever, the absence of the endophyte resulted
in an eightfold increase of parasitized aphids
comprising primary parasitoids, which at-
tack the live aphids, and secondary parasit-
oids, which attack either parasitized live or
mummified aphids. The primary parasitoids
were nevertheless relatively less successful
on endophyte-free plants, because of an un-
equal increase in secondary parasitism. The
body size of secondary parasitoids emerging
from R. padi mummies was larger on
endophyte-free plants, an effect which was
not observed for secondary parasitoids
emerging from M. festucae. The overall out-
come was that the aphid and secondary
parasite reproduction benefited from the ab-
sence of the endophyte, whereas this benefit
was not observed for the primary parasites,
regardless of their increased attack rate
(Omacini et al., 2001).

Mortality of the fall armyworm, Spodop-
tera frugiperda, caused by the entomopatho-
genic nematode, Steinernema carpocapsae,
was reduced when the insect fed on Lolium
perenne, infected with Neotyphodium lolii
(Richmond et al., 2004). S. carpocapsae was
less fatal to the fourth and fifth instars of
the black cutworm Agrotis ipsilon when feed-
ing on N. lolii infected ryegrass as well (Kun-
kel and Grewal, 2003). The nematodes seem
to be affected by toxins produced by grass
endophytes. Ergonovine malate increased
and ergocristine decreased the rates of
nematode infection of black cutworm and in
vitro experiments demonstrated a repressed
growth of Xenorhabdus nematophila, which is
the symbiotic bacterium of S. carpocapsae, in
the presence of ergocristine (Kunkel et al.,
2004). Although the larvae had a significantly
lower biomass when feeding on endophyte-
infected ryegrass, it seems that the herbi-
vore can tolerate these ergot alkaloids, while
simultaneously exploiting them for its own
gain against the entomopathogenic nema-
tode’s symbiotic bacterium that is essential
for the parasitism on insects (Richmond
et al., 2004). Cheatgrass (Bromus tectorum)
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can host many different fungal endophytes,
although individual plants generally contain a
subset. One of these endophytes is Fusarium
cf. torulosum, which is particularly preferred
by the fungivorous nematode Paraphelen-
chus acontioides. Studies indicated a mutual-
istic interaction between nematode and
endophyte, in which the nematode supports
the proliferation of this endophyte in the
host plant, without affecting the host plant
(Baynes et al., 2012).

2.8 Competition between
Endophytes and Pathogens

The C. magna path-1 mutant conferred resist-
ance not only towards the C. magna wild-type
but also towards C. orbiculare and F. oxysporum
f. sp. niveum in watermelon and towards the
oomycete Phytophthora capsica in a squash
(C. pepo) variety (Freeman and Rodriguez,
1993; Redman et al., 2001). However, other
than established for E oxysporum f. sp.
niveum, both C. magna wild type and P. capsica
could never be reisolated from the path-1-
colonized plant tissue suggesting that, al-
though endophyte-conferred resistance may
be common (Redman et al., 2001), the level is
different at which the pathogen is controlled.
This suggests that different mechanisms are
responsible for the observed resistance. The
studies by Zhang et al. (2014) indicated that
oilseed rape harbours various endophytic
fungi that can protect it against disease
development caused by Sclerotinia sclerotiorum
and B. cinerea. In the presence of endophytes,
B. cinerea was apparently living asymptoma-
tially, as it could even be recovered from
endophyte-colonized plants. From Espeletia
grandiflora and Espeletia corymbosa (Aster-
aceae), plant species that are endemic for the
Paramo region in the Andean mountains,
two endophytes were collected, identified as
Aureobasidium pullulans and Paraconiothyri-
um sporulosum, which individually protected
tomato plants against Rhizoctonia solani
in a co-inoculation experiment (Miles et al.,
2012). The endophytic Phoma eupatorii iso-
late 8082 nearly eliminated the infection of
potato by Phytophthora infestans (de Vries
etal.,2018).
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2.9 Competition among
Endophytes

Just as plant-colonizing microorganisms can
compete with fungal and bacterial pathogens,
they can compete with each other. A metagen-
omic analysis revealed that grass endophytes
reduced root biomass and mycorrhizal col-
onization but significantly stimulated the
production of root exudates (Omacini et al.,
2012). The overall consequences of these
endophyte-imposed changes are discussed
further in Chapter 8. As mentioned before,
T. harzianum can also parasitize the struc-
tures of the AM Glomus sp. MUCL 41833
both intraradically and extraradically. This
caused a decrease in the overall viability of
the AM mycelial structures (De Jaeger et al.,
2010). As determined in a split-root experi-
ment, the endophytic antagonistic bacter-
ium Rhizobium etli, strain R12, systemically
reduced the colonization of tomato by the
fungal endophyte F. oxysporum Fol62
(Martinuz et al., 2012a). The endophytic
fungus Alternaria tenuissima increased the
synthesis of several polyketides, including
the antifungal stemphyperylenol when co-
cultured in vitro with the endophytic fungus
Nigrospora sphaerica. Stemphyperylenol was
toxic for N. sphaerica but not for the host
plant yacén (Smallanthus sonchifolius), even
at relatively high concentrations (Chagas
etal., 2013).

2.10 Mechanisms Involved
in Endophyte-mediated
Antagonism

The actual mechanisms by which endophyte-
mediated antagonism towards a pest or
pathogen works can be diverse. These mech-
anisms can be operating simultaneously and
be both direct, immediately directed towards
the targeted organism, and indirect, through
triggering local or systemic plant defences
that are aimed at the targeted organism. All
these options complicate the dissecting of
endophyte-mediated antagonism. In the fol-
lowing section the general mechanisms are
discussed.

2.10.1 Attacking and trapping

Trichoderma species are rather opportunistic
fungi as they can attack and devour many dif-
ferent (plant pathogenic) fungi, such as
R. solani, A. alternata, B. cinerea (teleomorph
Botryotinia fuckeliana) and S. sclerotiorum,
and nematodes, such as Meloidogyne, Het-
erodera and Globodera species, either in the
soil or in the roots (Chet and Baker, 1981;
Bordallo et al., 2002; Singh and Mathur,
2010; Druzhinina et al., 2011; Escudero and
Lopez-Llorca, 2012). Endophytic Metarhi-
zium and Beauveria species are known to kill
and consume a wide range of insect species
(McKinnon et al., 2017). Several endophytic
fungal isolates are known to be nematopha-
gous. Like T. asperellum, isolates from Acre-
monium implicatum, Paecilomyces lilacinus
and Arthrobotrys oligospora can trap or attack,
kill and devour nematodes at various devel-
opmental stages (Bordallo et al., 2002; Rum-
bos and Kiewnick, 2006; Singh and Mathur,
2010; Escudero and Lopez-Llorca, 2012). For
penetrating, mechanical forces through
appressorial structures and lytic enzymes
are employed to enter nematode eggs, lar-
vae and adults (Curtis et al., 2011; Lin
et al., 2013; Yao et al., 2015). A. implicatum
has been shown to produce chitinases, which
play a role in penetrating nematode eggs,
in in vitro experiments. Endophytic strains
of the trapping fungus A. oligospora perform
better in controlling nematodes than the
soilborne strains. This quality was attributed
to the support by the host plant when the
endophyte has to proliferate into the rhizo-
sphere and produce its trapping structures
(Bordallo et al., 2002).

2.10.2 Competition for space
and resources

The endophytes Monographella nivalis var. ne-
glecta strain 114 and Pyrenochaeta cava, both
isolated from elm (Ulmus spp.), are potential
antagonists towards the causal pathogen of the
Dutch elm disease (DED), Ophiostoma novo-
ulmi (Martin et al., 2013). P. cava (Schulzer)
Gruyter, Aveskamp & Verkley was isolated
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from xylem samples, and M. nivalis var. neglec-
ta strain 114 was isolated from bark. M. niva-
lis var. neglecta is the teleomorph of Micro-
dochium majus (Wollenw.) Glynn & S.G.
Edwards, previously known as Fusarium nivale
var. majus Wollenw. (Glynn et al., 2005), and is
primarily known as a snow mold and an endo-
phyte of grasses and cereals (Dahl, 1934; Sie-
ber et al., 1988), although it can also cause
symptomless endophytic infections in elms
(Martin et al, 2013). By using phenotype
microarrays, the carbon utilization profiles of
the highly virulent DED pathogen and the
asymptomatic endophyte isolates were deter-
mined (Blumenstein et al., 2015). This showed
that the endophytes displayed an extensive
substrate utilization overlap with the patho-
gen, which was especially the case for sub-
strates that are principal to carbon metabol-
ism, such as sugar alcohols, tri- and
tetra-saccharides and monosaccharides, and
for fatty acids. P. cava showed the highest util-
ization rates for the various sugars and sugar
alcohols, whereas M. nivalis var. neglecta 114
isolate showed the broadest niche with re-
spect to C-substrate utilization. It was postu-
lated that, next to the release of bioactive con-
stituents by M. nivalis var. neglecta 114, the
protection of elm by both endophytes could
be based on the competition for substrates.
Sedentary plant-parasitic nematodes
actively establish an intricate biotrophic re-
lationship with their host by altering particular
root cells into nurse cells, also called syncytia
(for cyst nematodes), or giant cells (for root
knot nematodes, RKNs), for the duration of
their development and reproduction, from
which they actively acquire their nourish-
ment by means of their stylet (Gheysen and
Mitchum, 2011; Goverse and Smant, 2014).
The root-associated endophyte F. oxysporum
Fo162 impaired or suspended the develop-
ment of the RKN (Meloidogyne incognita)
larvae into adult females and decreased re-
production rates (Martinuz et al., 2012b).
An impaired or suspended development, to-
gether with an increase in the male-female
ratio was also found for another RKN species,
Meloidogyne graminicola, in rice, after inocu-
lation with the endophytic Fusarium monili-
forme strain Feld (Le et al., 2016). As sex
determination among RKNs is primarily
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epigenetically driven (Papadopoulou and
Triantaphyllou, 1982; Chan et al., 2010), the
observed postinfection effects collectively
suggest that particular endophytes nega-
tively affect the initiation of the giant cell to
such a level that the extraction of sufficient
nourishment by the nematode to perform
optimally is compromised. The intense trans-
port of sugars from phloem into the giant cell
(Hofmann et al., 2009a, b) may also serve as
an important energy source for endophytes
(Martinuz et al., 2012b). A particular class of
plant sugar transporters (SWEET) take part
in the loading of sugars from the phloem par-
enchyma, via the apoplast, into the phloem
companion cell (Chen et al., 2010; Chen,
2014). Bacterial symbionts and fungal and
bacterial pathogens were shown to be cap-
able of initiating SWEET gene expression,
suggesting that these microorganisms drive
sugar translocation into the apoplast, thus
enabling immediate access to sugars for their
own gain (Chen, 2014).

2.10.3 Chemical antibiosis

Similar to most fungi, fungal endophytes are
able to produce an assortment of secondary
metabolites, of which the biological function
is in most cases not or only partially known
(Tan and Zou, 2001; Zhang et al., 2006; Aly
et al., 2011). These constituents may affect
the host plant, such as auxins (plant patho-
genic), microorganisms, herbivores or a com-
bination of these (Schulz et al., 2015; see also
Chapter 9, this volume). For example, anti-
biosis was, at least in part, the suggested
mode of action by which endophytes pre-
vented R. solani and P. infestans infection in
tomato and potato, respectively (Miles et al.,
2012; de Vries et al., 2018). The grass endo-
phytes are known for their antagonistic ac-
tivity towards insect and vertebrate herbi-
vores based on the production of toxic con-
stituents (Bush et al., 1997; Lane et al., 2000;
see also Chapter 7, this volume). The presence of
the endophyte can make a host less attract-
ive or more repulsive for herbivores. Italian
ryegrass (L. multiflorum) infected by Epichloé
occultans reduced the feeding preference of
young Aberdeen Angus steers (Bos taurus) in
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a choice experiment, which was associated
with the presence of alkaloids and changes on
grass metabolome (Hernindez-Agramonte
et al., 2018). The RKN M. incognita preferred
root exudates extracted from tomato over those
extracted from tomato colonized by the endo-
phytic E oxysporum Fo162 (Kunkel and Grewal,
2003; Dababat and Sikora, 2007). The same
preference was observed for M. graminicola
in rice in the absence and presence of
F. moniliforme strain Fel4 (Le et al., 2016).
Loline, ergovaline and o-ergocryptine
have nematocidal activity, whereas ergocorn-
ine and ergonovine are generally nemato-
static (Bacetty et al., 2009a, b). A nematode
seems capable of sensing particular com-
pounds because ergovaline had a repelling ef-
fect on Pratylenchus scribneri at both high and
low concentrations (Bacetty et al, 2009a).
N-formylloline served as an attractant at con-
centrations lower than 20 pg/ml, whereas it
served as a repellent at higher concentrations.
Nevertheless, when the ergot alkaloid biosyn-
thesis was disrupted, the negative effect of the
ryegrass-endophyte association with P. scrib-
neri was not affected. In the absence of nema-
tode infection, ergot alkaloid accumulation in
the pseudostem was undetectable or not high
enough, which also questioned the meaning of
these toxins in resistance towards nematodes
(Panaccione et al., 2006). In other studies, lo-
line accumulation could nonetheless reach
nematocidal levels inside roots (Bush et al,,
1993; Bacetty et al., 2009b).
Nonbalanciaceous endophytes, such as
Fusarium, Acremonium, Trichoderma, Chaeto-
mium and Paecilomyces species, can all produce
various constituents when grown in vitro.
Volatile organic compounds of the F. ox-
ysporum CanR-46 endophyte from oilseed rape
could protect tomatoes against B. cinerea to-
mato fruit rot in a postharvest situation
(Zhang et al., 2014). Culture filtrates of
A. strictum, A. implicatum, P. lilacinus, T. har-
zianum and F. oxysporum were lethal to M. in-
cognita second-stage preparasitic juveniles
(Goswami et al., 2008; Tian et al., 2014; Bogner
et al., 2017). Culture filtrates of F. oxysporum
Fol62 contained constituents that notably
affected several, but not all, tested nematode
species (Amin, 1994; Hallmann and Sikora,
1996; Athman et al., 2006). Preparasitic

juveniles of Heterodera schachtii, M. incog-
nita, Meloidogyne javanica and Meloidogyne
arenaria were particularly sensitive, being
fully immobilized. Only 60% of mixed stages
of the migratory endoparasites Radopholus
similis and Pratylenchus zeae were immo-
bilized, and none of the the mycophagous
species Aphelenchoides composticola and
microphagous species Panagrellus redivivus
were affected, collectively suggesting that
larval stages were more sensitive to the
tested culture filtrates (Hallmann and Siko-
ra, 2011). From the endophytic basidio-
mycete P. indica, exudates as well as cell wall
extracts had an effect on vigour, infectivity,
development and fecundity of the sedentary
cyst nematode H. schachtii (Daneshkhah
etal.,2013).

Except for one example (Bogner et al.,
2017), culture filtrates have thus far not been
assessed for the particular nematocidal con-
stituents present. Amazingly, of the various
nematode constituents that were produced
by the endophyte F. oxysporum Fo162, idole-
3-acetic acid (IAA) and 4-hydroxybenzoic acid
were most toxic for M. incognita preparasitic
juveniles (Bogner et al., 2017; see also Chap-
ter 9, this volume).

Because two biosynthetic pathways are to
a certain extent combined in the intimate
association between plant and endophyte,
supplementary constituents (derivatives) may
be produced, which cannot be produced by the
individual organisms alone (Ludwig-Miuller,
2015). Furtheremore, the two organisms may
reciprocally trigger or enhance particular
synthesis pathways (Ludwig-Miiller, 2015; see
also Chapter 12, this volume).

2.10.4 Induced plant defences

and tolerance

The order of arrival may sometimes deter-
mine the success of disease control, suggest-
ing that an endophytic interaction with the
plant must first be initiated in order to obtain
a successful control of pathogen. Endophytic
E. verticillioides strains, which could suppress
Ustilago maydis, the causal agent of smut
disease in maize, were only effective in reducing
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disease severity in seedlings upon a simultan-
eous inoculation with the pathogen (Lee et al,
2009). A non-pathogenic Verticillium dahliae
strain could prevent infection by a pathogenic
strain, when it was inoculated earlier or
simultaneously (Shittu et al., 2009). In wild
lima bean (Phaseolus lunatus), endophytes,
identified as Cochliobolus cynodontis, Hy-
phozyma variabilis, Cochliobolus australiensis,
Keissleriella genistae and Fusarium sp., could
individually control Pseudomonas syringae best
when they were preinoculated (Adame-
Alvarez et al., 2014).

Although no apparent disease symp-
toms are observed, it is now generally recog-
nized that plants do respond to invading
and proliferating endophytes (Rodriguez
et al., 2009) both locally and systemically.
This may not be without reason because the
entering of the plant may be sometimes as
aggressive as found for pathogens as already
mentioned for the non-pathogenic C. magna
path-1 mutant, which still formed appresso-
ria (Freeman and Rodriguez, 1993), T. as-
perellum T-203, which coiled its hyphe around
the root, formed appessorium-like structures
on the root surface and most likely used lytic
enzymes to degrade cell walls for intercellu-
lar migration into the cortex (Yedidia et al.,
1999, 2000), and P. indica, which killed root
cortex cells (Deshmukh et al., 2006; Jacobs
et al., 2011; Qiang et al., 2012). Initially the
plant may respond to endophytes with im-
mune responses that are similar to those
found for invading pathogenic microorgan-
isms, but which are subsequently modulated,
thus allowing an asymptomatic colonization
while simultaneously priming for defence
against other microorganisms (Zamioudis
and Pieterse, 2012). Priming is a latent form
of induced resistance, in which there is no
apparent accumulation of defence-related
transcripts, such as those coding for phenyl
ammonia lyase (PAL) and pathogenesis-
related (PR) proteins. Upon additional biotic
or abiotic stresses, such as root-associated
microorganisms, particular synthetic com-
pounds, pathogens and herbivores, defence
responses are quickly activated, which can
be observed molecularly by an often dra-
matic increase in the defence-related tran-
scripts (Conrath et al., 2006; Heil and Silva

printed on 2/12/2023 10:51 PMvia .

Bueno, 2007; Frost et al., 2008; Pineda et al.,
2010). Next to priming, immediate defences
may be activated as well. The endophytic
nematophagous A. oligospora and Pochonia
chlamydosporia both induced papillae forma-
tion and other cell wall appositions in barley
and tomato, respectively (Escudero and
Lopez-Llorca, 2012; Larriba et al.,, 2015).
Similar appositions were observed when
cucumber (C. sativus) was inoculated with
T. asperellum T-203 (Yedidia et al., 1999, 2000).
Although they are generally associated with
plant resistance, these appositions can be
elicited by both pathogenic and non-patho-
genic fungi (Beswetherick and Bishop, 1993;
Heitefuss, 1997; Bao and Lazarovits, 2001).
The colonization and proliferation of both
A. oligospora and P. chlamydosporia was not
obstructed, and the deposition of phenolics
(including lignin), proteins and callose, and
the triggering of particular plant defence
responses was implied as one of the mech-
anisms to antagonize plant-parasitic nema-
todes (Larriba et al., 2015). Transcriptome
analysis of barley root colonization by
P. chlamydosporia showed an enrichment of
transcripts involved in abiotic stress responses,
primarily those coding for heat shock pro-
teins, transcripts associated with plant hor-
mone biosynthesis, such as auxin, ethylene
and jasmonic acid (JA), and transcripts related
to effector-triggered immunity (ETI) and
pattern-triggered immunity (PTI) (Larriba
et al., 2015). Inoculation of cucumber
plants with the nematode antagonistic
root-endophyte T. asperellum T-203 resulted
in an increase in lipoxygenase (Lox1), ethyl-
ene receptor 1 (ETR1) and constitutive triple
response 1 gene B (CTR1) transcript accu-
mulation in both roots and leaves, suggesting
a triggering of the JA/ethylene-mediated
induced defences (Shoresh et al., 2005).
A strong correlation was found between the
abilities of Trichoderma virens strains to trig-
ger terpenoid phytoalexin defence compounds
in cotton seedlings, and the control of R.
solani. T. virens harbours genes coding for
non-ribosomal peptide synthetases (NRPSs)
and polyketide synthase/NRPS (PKS/NRPS)
hybrid enzymes. When one of PKS/NRPS
hybrid genes was mutated, the ability of
T. virens to induce the defence responses
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through PAL (phenylalanine ammonia lyase)
was impaired, whereas the induction of
another defence response, i.e. allene oxide
synthese, was not (Viterbo et al., 2005;
Djonovié et al., 2007; Shoresh and Harman,
2008; Vargas et al., 2008; Mastouri et al.,
2010; Shoresh et al., 2010; Mukherjee et al.,
2012). When Trichoderma-preinoculated
cucumber plants were challenged with the
bacterial leaf pathogen P. syringae pv. lachry-
mans, a higher systemic expression of the
pathogenesis-related genes encoding for
chitinase 1, p-1,3-glucanase and peroxid-
ase was increased when compared to the
challenged non-inoculated control plants,
indicating that the endophyte enhanced
plant defences. Transcripts coding for the
stress-related glutathione-S-transferase and
glutathione-dependent FALDH proteins had
also accumulated (Shoresh et al., 2005). The
glutathione-S-transferase substrate, the thiol
GSH, can serve as an antioxidant and per-
forms in the detoxification of xenobiotics and
in abiotic and biotic stress tolerance (Xiang
et al., 2001; Roubhier et al., 2008; Foyer and
Noctor, 2009). Sufficient concentrations of
(homo)GSH are a prerequisite in the root
nodulation process and therefore seem rele-
vant for the proper formation of the symbi-
otic interaction between Rhizobium spp. and
legumes (Frendo et al.,, 2005). Conversely,
because it can regulate related stress defence
genes, GSH is involved in the resistance
towards oomycetes, bacterial pathogens and
insect herbivores (Ball et al., 2004, Parisy
et al., 2007, Schlaeppi et al., 2008). In barley
roots, an infection with the pathogenic
FE. culmorum lowered ascorbate and GSH accu-
mulation levels (Harrach et al., 2013). In Arabi-
dopsis, a mutation of the y-glutamylcysteine
synthetase coding gene (PAD2) led to a
mutant that contained only about 20% of
the GSH found in wild-type plants (Parisy
et al., 2007), accumulated lower levels of
camalexin (Glazebrook and Ausubel, 1994)
and glucosinolates (Schlaeppi et al., 2008),
and turned out to be susceptible to the gen-
eralist insect Spodoptera littoralis (Schlaeppi
et al., 2008) and hypersusceptible to the
oomycete Phytophthora porri (Roetschi et al.,
2001). P. porri resistance was impartial of
SA and JA/ethylene signalling. P. indica

colonization in barley resulted, at particular
stages, in the accumulation of transcripts
involved in phytohormone metabolism, pri-
marily gibberellin, auxin and abscisic acid
(ABA), although salicylic acid (SA)-associated
transcript accumulation was reduced (Schifer
et al., 2009). Although these studies were all
done in the absence of an additional biotic
stressor, such as a pathogen, it still seems
that for T. asperellum T-203, P. chlamydosporia
and P. indica trigger JA/ethylene-mediated
defence pathways, whereas SA-mediated
pathways are not involved (Schouten, 2016).

The conclusion that the JA/ethylene
pathway is the general pathway triggered in
endophyte-mediated induced resistance should,
however, be considered with care (Schouten,
2016). In the aforementioned example of wild
lima bean, in which P. syringae could be con-
trolled by individual preinoculation with vari-
ous endophytic isolates (Adame-Alvarez et al.,
2014), the control of the biotrophic P. syringae
was assumed to be mediated by the salicylic
acid-dependent pathways (Cameron et al.,
1999; Cui et al., 2005), which usually inhibits
JA signalling (Caarls et al., 2015). The root-
associated endophytic A. oligospora in-
creased the activity of plant defence-related
enzymes, such as PAL, polyphenol oxidase,
chitinase, glucanase, superoxide dismutase,
catalase and peroxidases in tomato leaves after
infection with the RKN M. incognita, indicating
that these responses were systemic (Singh et al.,
2013). In the presence of the root-associated
endophytic F. oxysporum Fol62, PAL, PR1
and PR5 transcript accumulation in tomato
leaves was significantly increased within 24 h
after being challenged with the whitefly Tri-
aleurodes vaporariorum, whereas LOX transcript
accumulation had not changed (Eschweiler
et al., 2014). And another non-pathogenic
root-associated E. oxysporum strain Fo47, able
toinduce systemic resistance to pathogenic
F. oxysporum isolates in tomato, caused an
accumulation of PR1 transcripts and in-
creased chitinase, p-1,3-glucanase and p-1,4-
glucosidase activity (Fuchs et al., 1997; Duijff
et al., 1998). In flax, Fo47 caused a biphasic
H,0, accumulation, typical for a hypersensi-
tive response (HR), together with Ca?* spiking
in the host plant (Olivain et al., 2003). All this
would indicate that an endophyte can initiate
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the SA-dependent systemic acquired resistance
(SAR) (van Loon et al., 1998). HR responses
were proposed to cause the observed delay in
postinfection development of another RKN
M. arenaria on susceptible and resistant pea-
nut cultivars (Proite et al., 2008). SAR may also
lead to the accumulation of particular sec-
ondary plant metabolites that are detrimental
towards nematodes. In N. coenophialum-
inoculated tall fescue plants, metabolites
were generated, which reduced the motility of
the burrowing nematode P. scribneri (Bacetty
et al., 2009a). Several plant-derived phenolics
were reported that could lead to nematode
paralysis (Wuyts et al., 2006) and a phyto-
alexin, the phenylphenalenone anigorufone,
found in a R. similis-resistant banana cultivar,
showed nematocidal activity (Hélscher et al.,
2014). Also, PAL, the initial enzyme of the
phenylpropanoid biosynthesis pathway,
involved in phenylphenalenone synthesis, was
significantly induced in R. similis-infected
roots of the resistant banana cultivar Ykm5
(Wuyts et al., 2006). F. oxysporum Fol62
may as well elicit anigorufone accumula-
tion in the banana roots (Schouten, 2016),
similar to what is found for the pathogenic
F. oxysporum £. sp. cubense (Luis et al., 1994),
and possibly other phytoalexins with, cur-
rently, unknown nematocidal activity in other
plant species.

However, to complicate things further,
split-root experiments in tomato revealed that
both SA and methyl jasmonate, when applied
to the inducer side, can reduce M. incognita
colonization at the responder side (Selim,
2010), and systemic resistance induced
against nematodes was reported to be inde-
pendent of SA accumulation inside the roots
in the case of soilborne antagonistic fluores-
cent pseudomonads (Siddiqui and Shaukat,
2004). For the endophyte-induced defence
pathways against pests and pathogens,
cross-talk between SA- and JA/ethylene-
mediated defence pathways (Caarls et al.,
2015; Vos et al., 2015) must therefore still be
taken into account. Studies in rice suggests
that both pathways are in fact part of a much
more complex defence-regulating network,
in which ABA and brassinosteroids act as re-
pressors and the ABA pathway is activated
by the sedentary nematode itself to induce

printed on 2/12/2023 10:51 PMvia .

rice susceptibility (Kyndt et al., 2014, 2017).
Whether endophytes can affect this over-
arching network has so far not been studied.

Nevertheless, in vitro studies have shown
that endophytic fungi can, like many bacteria
and fungi, produce plant hormones, such as
auxins, cytokinins and gibberellins (Tan and
Zou, 2001; Zhang et al., 2006; Aly et al., 2011,
Redman et al,, 2011; see also Chapter 9, this
volume). When Arabidopsis seedlings were
inoculated with either T. virens or Trichoderma
atroviride, the typical auxin-related pheno-
types, e.g. increased biomass or accelerated
root development, were observed. Mutant
analysis showed that disruption of auxin
transport or signalling reduced growth pro-
motion and increased root proliferation
after T. virens inoculation (Contreras-Cornejo
etal.,2009). Invitro experiments with Arabi-
dopsis revealed an increase in root prolifer-
ation in the presence of F. oxysporum Fol62,
an endophytic isolate that is also capable of
synthesizing indole acetic acid (IAA) in vitro
(Bogner et al., 2017). Such an increased root
growth may increase tolerance to nematode
infections because this will compensate for the
restricted water transport caused by the loca-
tion of the nurse cells, initiated by sedentary
nematodes, or the damaged root system,
caused by burrowing nematodes (Haverkort
etal., 1992; Hoveland, 1993; Haverkort et al.,
1996). Hormones or functional analogues
also may have a more direct impact on the
infecting nematode. First, as was mentioned
before, IAA was shown to be toxic for the
nematode M. incognita (Bogner et al.,
2017; see also Chapter 9, this volume).
Second, sedentary plant-parasitic nema-
todes delicately control pathways responsive
to auxins, ethylene and, possibly, other phy-
tohormones, which are crucial for properly
establishing and maintaining the nurse cells
(Gheysen and Mitchum, 2011). By altering
the IAA content, the proper initiation and
maintenance of the nurse cell could be dis-
turbed. Both H. schachtii and M. incognita
could produce cytokine-comprising exudates,
with benzyladenine and zeatin-type cyto-
kinins being the most dominant, at suffi-
cient levels to modify the physiological
processes inside a host plant (De Meutter
et al., 2003). In H. schachtii, the silencing of

Al'l use subject to https://wmv. ebsco. conlterns-of-use



EBSCChost -

printed on 2/12/2023 10:51 PMvia .

Endophytic Fungi 21

a cytokinin-synthesizing isopentenyltrans-
ferase gene resulted in a reduced nurse cell ex-
pansion (Siddique et al., 2015).

2.11 Conclusions and Outlook

Fungal endophytes are omnipresent, and a
screening generally results in many isolates
belonging to different species, apparently
forming a small ecosystem within the plant.
The encountered endophytic species generally
do not differ from plant pathogenic species.
Genetically, however, they may be signifi-
cantly different, lacking whole chromosomes
or sections thereof. Small mutations as well
may convert a pathogenic fungus into an
endophytic fungus and vice versa. The reason
for such discrepancies is still poorly under-
stood, particularly because plant species or
genotype, too, can influence whether a fungus
can proliferate asymptomatically inside the
host. Nevertheless, there are fungal endo-
phytes that proliferate inside host plants and
never elicit disease symptoms.

The association with such true endo-
phytes can affect whole food webs and be
beneficial for the host plant against biotic
and abiotic stress conditions, although the
exact beneficial role(s) may be difficult to
determine. The ecological setting in which
the association occurs may give clues. Endo-
phytic fungi can directly and indirectly
improve the quality of plant life by compet-
ing with pests and pathogens, ameliorating
abiotic stress and/or triggering plant resist-
ance mechanisms. Hence, endophytes are
particularly interesting from an agronomical
point of view, as they can reduce disease in-
cidence or ameliorate the effect of high tem-
peratures, drought or salinity in crop plants
(see Chapters 5-9, this volume, for further
reading). Although there are already ex-
amples of successful applications, an inte-
grated biological, molecular and biochemical
research on aspects of plant-endophyte as-
sociations is still necessary to further ex-
pand the applications for endophytes in
agricultural practices.

As indicated, endophytes can synthesize
many biological active compounds, all of
which have the potential to be used for

pharmacological purposes (see Chapters
10-12, this volume, for further reading).
The currently accessible state-of-the-art tech-
nologies, such as next-generation sequencing,
integrated microscopical and biochemical
techniques, and site-directed mutagenesis,
will help to accelerate the research on
host-endophyte interactions, bringing a
broader application of endophytes in agri-
cultural practices closer than ever before.
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Abstract

The plant individual is a holobiont as it hosts diverse microbial assemblages in and on vegetative,
reproductive or disseminative organs. All plant compartments - roots, stems, leaves, flowers, fruits
and seeds — have been shown to host microorganisms that can influence positively or negatively the
plants performance. Some of these microorganisms thrive as endophytes inside plant tissues. Iden-
tifying the environmental sources of these microorganisms and the route they take to colonize plant
tissues, visualizing their niches within their hosts and understanding how they make intimate asso-
ciations with plants are of crucial importance in developing biocontrol and biofertilization ap-
proaches, both in organic and integrated protection systems. This chapter considers that the plant
individual is part of a complex network of biotic interactions influenced by the environment in the
phytobiome and provides a comprehensive review on the development of the interactions between

plants and beneficial bacterial endophytes.

3.1 Introduction

Since the 19th century and the discovery of
endophytes, i.e. microbes living inside plants,
efforts have been made to identify which
microbial taxa and assemblages inhabit plant
tissues, depending on plant species and
environmental conditions (Hardoim et al,,
2015). How the tissues are colonized, how
the microorganisms are acquired from the
environment and how they are transmitted
from one generation to the next, and what
influence they have on their hosts have been
further revealed during the last decades
(Compant et al., 2016; Brader et al., 2017;
Kandel et al., 2017). While some colonizers
are known as pathogenic, others have been
acknowledged as mutualists (Lemanceau et al.,
2017). The latter are of special interest for

agriculture as they can improve agroecosys-
tem health and productivity by alleviating
abiotic stresses, reducing pathogen attacks
and stimulating plant growth. A thorough
understanding of the sources, niches and
colonization routes of beneficial bacterial
endophytes is required, however, for their
successful application on crops and plantation
forests (Turner et al., 2013).

Most research performed so far on bene-
ficial bacterial endophytes has focused on
bacteria deriving from the rhizosphere and
colonizing root tissues. However, other micro-
environments on the plant surfaces, such as
the anthosphere, carposphere, spermosphere,
phyllosphere, calusphere, caulosphere or
laimosphere, can also host beneficial micro-
organisms and constitute entry points toward
internal plant tissues (Compant et al., 2011,
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2016; Vacher et al., 2016; Lemanceau et al.,
2017; Nelson et al., 2018). As plants interact
both with their abiotic environment and
complex communities of organisms (form-
ing the phytobiome; Beans, 2017; Leach
et al., 2017), beneficial endophytes can also
come in other ways, such as neighbouring
plants, and be transmitted by wind or ani-
mal vectors (Vacher et al., 2016). In this
chapter, we first review the knowledge on
below-ground sources of colonization. We
describe how the soil bacteria can reach the
internal root tissues, and then eventually
the above-ground plant organs. We then re-
view the knowledge on the above-ground
sources of colonization, which have been less
studied so far. The colonization through nat-
ural openings in above-ground vegetative or-
gans and the role played by insect vectors
are discussed. Finally, a focus on the colon-
ization of reproductive and disseminative or-
gans (flowers, fruits and seeds) and the pos-
sibility of transmission of beneficial bacteria
to the plant offspring is provided.

3.2 Below-ground Colonization Routes

3.2.1 From soil to inside roots

The soil is the main reservoir for bacterial
endophytes. Many bacterial endophytes
originate from the rhizosphere, the micro-
environment surrounding roots, which is
influenced by the presence of root exudates,
rhizodeposits and microorganisms (Mendes
et al., 2013). Up to 40% of the photosyn-
thates produced by the plant can be released
in the rhizosphere, thereby attracting many
microorganisms from the surrounding bulk
soil (Lugtenberg and Kamilova, 2009). Some
bacteria can further colonize specific zones of
the root surfaces (i.e. the rhizoplane) as sin-
gle or several cells (Fig. 3.1A-C) or by form-
ing biofilms (Benizri et al., 2001). Advanced
visualization techniques revealed that strains
can form lines along the grooves between
root cells, multiply on them and then enter
plant root tissues between two rhizodermal
cells (Compant et al., 2010; Fig. 3.1A-C).
It has further been shown that Pseudomonas
fluorescens 95rkG5 can colonize tomato roots

in the root elongation zone (as single or div-
iding cells), in the root hair zone (as single or
clustered cells) and in the collar zone, but
not in the root tip zone (Gamalero et al., 2005).
Other bacteria are able to colonize root tips
before establishing subcommunities inside
root tissues (Brader et al., 2017), as recently
demonstrated for a strain isolated from
grapevine plants and re-inoculated on in vitro
plantlets (Lopez-Fernandez et al., 2016).

Bacterial endophytes can actively or pas-
sively penetrate root tissues, depending on
the strain and the root zone being colonized
(James et al., 2001; Mercado-Blanco, 2015).
Several bacterial traits can favour endophyt-
ism, such as pili, flagella, fimbriae, nod factors,
quorum sensing, cell-wall-degrading en-
zymes, twitching motility, lipopolysacchar-
ide, in addition to several traits required for
rhizosphere competence (Compant et al,,
2010). Interestingly, some (non-nodulating)
bacteria have been visualized colonizing the
interior of root hairs. For instance, P. fluo-
rescens PICF7 and Pseudomonas putida PICP2
were observed inside root hairs of olive trees
(Prieto et al., 2011). Bacteria were detected
as either single cells or clusters (colonies)
attached to inner membrane structures of a
few root hairs, before they reached the cor-
tical cell layers (Prieto et al., 2011). Once in-
side the rhizodermis, some bacteria colonize
intercellular spaces while a few can be intra-
cellular inside the cortical cell layers. James
et al. (2002) showed, for instance, that a
strain of Herbaspirillum seropedicae entered
the roots through cracks at the point of lat-
eral root emergence of rice plantlets. This
strain subsequently colonized the root inter-
cellular spaces, aerenchyma and cortical cells,
and a few cells penetrated the stele and en-
tered into the xylem vessels.

3.2.2 From roots to above-ground organs

Some bacteria can further progress within
root tissues. Some of them remain in the root
cortex, while others can reach the endoder-
mis barrier and pass to the central cylinder
up to the xylem vessels (Compant et al.,
2010; Fig. 3.1D). Once inside xylem vessels,
some bacteria can pass from one element to
the other (Fig. 3.1D) through the perforated
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Fig. 3.1. Confocal microscopy photographs of bacteria (green fluorescent stained with Syto9®) colonizing
root surfaces of a plant (A—B), or being inside root tissues (D), on leaf surfaces (E) and inner fruit tissues
(F) of grapevine natural microbial communities (A—-B, D—F) or salad inoculated with a beneficial strain (C).

plates of the xylem vessels, thus coloniz-
ing the plant systemically (Compant et al.,
2005, 2008). For instance, Paraburkholderia
phytofirmans strain PsJN was visualized
from roots up to the infructescence tissues
of grapevine plants, after being inoculated
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into the soil (Compant et al, 2008).
Azorhizobium caulinodans ORS571 has been
observed colonizing rice from the roots up
to some leaves (Chi et al., 2005). In poplar,
Pseudomonas sp. PopHV6 was found in cut-
tings 10 weeks after cutting inoculation

Al'l use subject to https://wmv. ebsco. conlterns-of-use



EBSCChost -

printed on 2/12/2023 10:51 PMvia .

Sources, Niches and Routes of Colonization 35

(Germaine et al., 2004). However, not all
bacteria are able to migrate from below-ground
to above-ground plant organs. A strain of
Pantoea agglomerans 33.1 tagged with the gfp
was not recovered from inside leaf tissues
after seedlings inoculation but was found
inside root and stem tissues of Eucalyptus
grandis and the hybrid E. grandis x E. globulus
(Ferreira et al., 2008).

It is not yet clear why some bacteria are
attracted by xylem vessels. However, an
interesting study by Malfanova et al. (2013)
demonstrated that some sugar compounds,
especially l-arabinose, were present as traces
inside xylem vessels of cucumber plants.
These sugars could enable survival inside xylem
of some endophytes such as Pseudomonas
spp. strains. The time for bacterial colonization
of above-ground plant organs, e.g. weeks or
months (James et al., 2002; Compant et al.,
2005), suggests that the perforated plates
slow down the spread of the endophytes.
Nevertheless, some bacteria finally reach sub-
stomatal chambers in leaves, as they are close
to xylem vessels inside leaf tissues (Compant
et al., 2010). For instance, P. phytofirmans
strain PsJN has been observed inside substo-
matal chambers of grapevine leaves after dis-
semination inside the plant (Compant et al.,
2005). The cells even exited from stomata to
attack the fungal pathogen Botrytis cinerea
growing on leaves (Miotto-Vilanova et al.,
2016). These observations suggest that the
plant can select endophytes to improve its
resistance to pathogen attacks (Berg, 2009).
Other bacteria have been observed in sub-
stomatal chambers, such as the strain Z67 of
H. seropedicae (James et al., 2001, 2002). How-
ever, in this case, the possibility of a bacterial
colonization from the phylloplane was not
excluded (James et al., 2001, 2002).

3.3 Above-ground Colonization
Routes

3.3.1 Colonization through stomata,
other natural openings and wounds

Diversified bacterial assemblages thrive on
the surface of the plant aerial organs. A multi-
tude of bacteria colonize the stem external

environment and its surface, the caulosphere,
the one from the bud, the calusphere, and the
leaf one, the phyllosphere (Vorholt, 2012;
Vacher et al., 2016). These above-ground bac-
teria are less studied than those of the rhizo-
sphere and have long been neglected in plant
ecology, despite substantial evidence of the
link between phyllosphere microbial commu-
nities and crucial functional traits such as
photosynthetic strategy, hydraulics, repro-
duction or defence (Rosado et al., 2018). For
example, bacteria on the leaf surface can alter
cuticular permeability and thus plant water
loss through transpiration. They can also pro-
tect the plant against pathogens by competing
with them or by priming the plant immune
system (Remus-Emsermann and Schlechter,
2018). Phyllosphere microorganisms can be
deposited on the leaf surface by wind, rain-
water and irrigation water, or insects or they
can colonize the flushing leaf after over-
wintering on twigs or in buds (Vacher et al.,
2016). Those that survive the selection exerted
by the leaf microclimate and foliar traits can
multiply and enter the tissues via stomata,
hydathodes or wounds (Vorholt, 2012;
Vacher et al., 2016; Fig. 3.1E). Caulosphere
bacteria can colonize stem internal tissues
through lenticels, or stomata present on
photosynthetic stems (Hardoim et al., 2015;
Brader et al., 2017). Recently, a FISH ana-
lysis showed the aggregation of Methylobac-
terium PA1 cells in the substomatal cham-
bers of Arabidopsis thaliana, after a phase of
colonization of the phyllosphere (Peredo
and Simmons, 2018). Another example of
beneficial bacteria able to colonize the plant
internal tissues through stomata is the nod-
ulating bacteria belonging to the genus
Paraburkholderia. These bacteria induce the
formation of leaf nodules in about 450 di-
cotyledonous plant species, mostly growing
in the tropics. They do not fix nitrogen but
produce secondary metabolites that protect
plants from herbivory. These endophytic
bacteria are obligate symbionts and are main-
tained in a mucilage layer in buds and colon-
ize young leaves through stomata. They are
then transmitted to the plant offspring by
colonizing inflorescences and then seeds
(Pinto-Carbé et al., 2018).

The ability to colonize the leaf internal
tissues from the leaf surface is restricted to
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a few bacteria. Not all strains of non-patho-
genic bacterial species can thrive as endo-
phytes inside leaf internal tissues (Wilson
et al., 1999; Sabaratnam and Beattie, 2003).
Moreover, the penetration of bacteria into
leaf internal tissues through stomata is a
process regulated by both the plant and the
environment. Stomata can close when patho-
genic bacteria are recognized by the plant,
but this mechanism of plant defence is less
effective when the relative humidity is high
(Panchal and Melotto, 2018). Water on the
leaf surface is indeed a key factor of the colon-
ization process, since it influences both leaf
physiology and the development of phyllo-
sphere microorganisms. Water promotes the
diffusion of nutrients to the leaf surface,
through the cuticle, and can form films that
create a connection between the leaf surface
and the substomatal chambers (Vacher et al.,
2016; Dawson and Goldsmith, 2018). Heat
can also influence the efficiency of colonization.
It has been shown to reduce the number of
leaf nodules in tropical plant species (Pinto-
Carbd et al., 2018). Symbiosis establishment
should be considered therefore as a tripartite
interaction between the plant, the endophytic
bacterium and the abiotic environment.

3.3.2 Introduction by animal vectors

Endophytic bacteria can also be introduced
into the internal tissues of above-ground
plant organs by insect herbivores. For example,
the leafhopper Scaphoideus titanus, which
feeds on phloem sap in vines, is known to
transmit the phytoplasma responsible for
flavescence dorée. It has recently been shown
that it can also transmit endophytic bacteria
from one plant to the other by feeding on
stems. The endophytic bacteria are then able to
spread from the stems to the roots (Lopez-
Fernandez et al., 2017). Similar results were
obtained for the phloem-sucking insect Hya-
lesthes obsoletus. This insect species carries a
bacterial species capable of colonizing the
phloem and reducing symptoms caused by
phytoplasmas. Interestingly, this protective
bacterium can be effectively introduced into
vine plants by spraying the leaves with a bac-
terial culture, confirming that the leaves are
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a possible entry point for endophytic bacteria
(Tasur-Kruh et al., 2018). Interestingly, the
bacterium Propionibacterium acnes type Zappa
has been observed further colonizing the
bark, the pith, and xylem vessels of several
grapevine plants using FISH microscopy.
Its role is unknown, but it has established a
subpopulation in grapevine since the neo-
lithic period and has diverged from human-
associated populations of P. acnes, suggesting
that not only insects but also other animals
(including humans) can introduce endophytes
inside plants (Campisano et al., 2014).

3.3.3 Transmission from plants to plants

Plant individuals are usually not isolated.
They live in association with other plant indi-
viduals, belonging or not to the same species.
Neighbouring plants can be a reservoir of
plant pathogens, but also a reservoir of
beneficial endophytes. Samad et al. (2017)
showed, for instance, that similar microbial
taxa were associated with vines and weeds
growing in the same vineyard and that some
taxa had beneficial properties such as auxin,
siderophore and HCN production and also
some properties that would be of interest for
biocontrol approaches. More information is
currently needed, however, on the possibil-
ity for direct and indirect (through vectors)
transmission of endophytic bacteria from
one plant to its neighbour and on the influ-
ence of phylogenetic relatedness between
plant species on the rate of transmission.

3.4 Colonization of Reproductive
and Disseminative Organs and
Vertical Transmission

3.4.1 Colonization of flowers

Flowers, fruits and seeds were considered as
sterile up to the 2000s (Hallmann, 2001) due
to very few isolates that could be isolated
and cultivated, but there is increasing evidence
that they are also colonized by beneficial
bacterial endophytes. Flowers host diversi-
fied microbial assemblages, and endophytic
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bacteria have been visualized in their ovar-
ies, epidermis and xylem tissues. For instance,
bacteria belonging to the Pseudomonas and
Bacillus genera have been observed in grape-
vine flowers using FISH microscopy (Compant
etal.,2011). Most of the bacterial colonizers
of flowers derive from the anthosphere,
the external microenvironment of flowers
(Compant et al., 2011). Bacteria have been
observed colonizing inner flower tissues
through stomata present on the surfaces of
preflower buds (Compant et al., 2011).
Bacteria can also enter inside flower tissues
throughout stigma, by using pollen as a vec-
tor (Escobar-Rodriguez et al., 2018). Furnk-
ranz et al. (2012) showed, for instance, the
presence of bacteria on pollen of pumpkin
flowers. Ambika Manirajan et al. (2016)
further visualized the presence of bacteria
on pollen of birch, rye, rapes and autumn
crocus. Pollen grains support diverse bacter-
ial communities, the composition of which
depends on the plant species and pollination
type (Manirajan et al., 2018). The role of
these bacteria in the reproductive process
and their ability to be transmitted vertically
are, however, poorly understood. To date,
only a few studies suggest a possibility of
transmission of endophytic bacteria from
pollen to offspring (reviewed by Franck
etal., 2017). It is highly possible that pollin-
ator insects also transport bacteria from
flower to flower, and some bacteria could
then penetrate into plant tissues (Junker
etal.,2011).

3.4.2 Colonization of fruits

Bacteria have been observed in the pericarp
zones of fruits, corresponding to exo-, meso-
and endocarp tissues (Fig. 3.1E). A differen-
tial colonization was revealed, depending on
strains, taxa and preflower colonization sites
(Glassner et al., 2015). These authors stud-
ied the colonization routes of native bacteria
within fruits of several Cucurbitaceae and
suggested that they derive from flowers.
Some of these strains have biocontrol prop-
erties against melon pathogens (Glassner
etal., 2015). Fruits can also have microwounds
due to external factors such as insects or

wind, allowing some carpospheric and car-
poplane microorganisms to endophytically
colonize fruits. Some bacteria can further de-
rive from the soil as they have been visualized
inside xylem vessels, albeit the soil being not
the most important source of colonization of
flowers and fruits (Compant et al., 2011).

3.4.3 Colonization of seeds
and transmission of endophytic
bacteria to the plant offspring

Bacteria have been visualized inside seeds as
well, both inside the embryo (in the cotyle-
don and the root-hypocotyl tissues) and in
the seed coat (Escobar-Rodriguez et al., 2018;
Glassner et al., 2018). For instance, Compant
et al. (2011) located bacteria by FISH ana-
lyses inside the tegument of seeds of grape-
vine. Non-culturable endophytic bacteria
were also detected in seeds of cactus Mam-
millaria fraileana by scanning electron
microscopy, and FISH enabled the location
of bacteria inside the seed coat and embryo
(Lopez et al., 2011). Glassner et al. (2018)
further visualized bacteria inside the seed
coat, cotyledon and root-hypocotyl tissues of
melon seeds, and Escobar-Rodriguez et al.
(2018) also described the presence of bac-
teria inside tomato seeds, especially on the
root surface of the embryo, the cotyledon and
the seed coat. Similar findings were obtained
for kernels of wheat (Escobar-Rodriguez et al.,
2018) and other plants such as Anadenan-
thera colubrina (Alibrandi et al., 2018).

These seed endophytes can derive from
the tissues of either flowers or fruits, depend-
ing on their location. Bacteria present inside
the seed coat might derive from the fruit
and colonize the seed when it is still imma-
ture. Bacteria inside the cotyledon and
root-hypocotyl embryo might derive from
the colonized ovule at flowering. This could
be the same for the perisperm/endosperm
envelope surrounding the embryo. This thin
layer can be massively colonized by bacteria
as it is rich in nutritive compounds that can
be used by bacteria (Glassner et al., 2018),
and we can expect that among all bacteria
some could be beneficial for their hosts.
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Interestingly, the routes of colonization
from flowers to seeds have been further re-
vealed by using a beneficial strain of P. phyto-
firmans. This strain, PsJN, has been found in
seeds (including the embryo) of cereals and
other plants after flower inoculation (Mitter
et al., 2017) and can promote plant growth
of the offspring. However, the strain was not
recovered in the seeds of the offspring. This is
not surprising, however, as different sources
of colonization exist, and due to various
environmental conditions and plant status,
different routes of colonization can lead to
different bacterial assemblages inside seeds
(Escobar-Rodriguez et al., 2018). Seeds har-
bour, however, a core microbiome with some
bacteria being transmitted from one gener-
ation to the next with some of them helping
the new plant generation (Nelson, 2018).

Once seeds reach the soil and germinate,
some bacteria present from the soil can col-
onize the spermosphere, the microenviron-
ment surrounding the seed once the seed
has germinated. Similar to the rhizosphere,
this zone contains exudates and other com-
pounds attracting microbes (Nelson, 2018).
After colonizing the spermoplane, the micro-
bial colonizers then can enter inside plant
tissues at the root, stem and crown levels
using the same routes described before from
the soil to inner root tissues. Bacteria have
been also visualized as entering breaches
due to stem and root development from the
seeds. However, some bacteria can also exit
from the seed when it germinates and colon-
ize the soil surrounding the plant. Yang et al.
(2017) showed that the seed microbiota has
an early impact on the soil microbiota com-
position, while later on other colonizers
replace the original population. They also
demonstrated that some seed endophytes,
belonging to the Enterobacteriaceae and Pae-
nibacillaceae families, were abundant in plant
roots in axenic systems but became less abun-
dant when plants were grown in natural soil.
Recently, Rahman et al. (2018) showed, with
a FISH approach on young roots of barley
plants grown under sterile conditions and
from surface-sterilized seeds, a dense bacter-
ial colonization from the root tip to the root
hair zone after germination, suggesting the
vertical transmission of some bacteria.

printed on 2/12/2023 10:51 PMvia .

3.5 Conclusions

Microorganisms isolated from the internal
tissues of plants (that are endophytes) have
long been considered as a contaminant.
However, several decades of research dem-
onstrated that these endophytes readily
interact with the plant host and may or may
not improve its performance, depending
on the physiological and genetic status of
the plant, the microorganism, soil character-
istics and the abiotic environmental condi-
tions. Albeit some of them could be beneficial
for the plant, many bacterial endophytes do
not provide the expected beneficial effects
once applied in the field, due to screening
bias or ineffective colonization caused by
non-appropriate environmental conditions
and microhabitats (Compant et al., 2010).
A current challenge is to place the beneficial
bacteria at the right place and time to improve
agroecosystem health and productivity.
To do so, knowledge on the environmental
sources of beneficial bacteria, their routes of
colonization and their niches within the
plant is required. Here we showed that
beneficial bacterial endophytes can derive
from the soil, the surfaces of flowers, fruits
and seeds and can also be transmitted by
insects and other animals, other plants and
humans. Interestingly, some bacterial endo-
phytes originate from the soil, enter into
the internal tissues of plant roots and then
move up to the aerial plant organs through
xylem vessels. These bacteria constitute a
functional linkage between the below-ground
and above-ground subsystems that should
be included in future network analyses
aimed at predicting the response of phytobi-
omes to global change (Ramirez et al., 2018).
Overall, future research on beneficial bacter-
ial endophytes should take into account the
various components of phytobiomes. It should
go beyond the understanding of the molecu-
lar interactions enabling the plant to recog-
nize the bacterial endophytes, and of the
mechanisms enabling the bacteria to benefit
the plant. Research at the community and
ecosystem levels is needed. For instance, the
environmental reservoirs of beneficial bac-
terial endophytes should be better explored.
The impact of the abiotic environment on
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the success of colonization and on the
output of the interaction should be further
assessed.
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Abstract

Seed endophytes play a crucial role during the entire life cycle of plants due to their ability to promote
germination and plant growth and provide defence against biotic and abiotic stress. The increasing
interest related to these microorganisms for applications in sustainable agriculture requires the use of
a wide spectrum of techniques to investigate their ecological role and to exploit their biotechnological
potential. While the isolation of microorganisms is the most straightforward method to characterize
and select microorganisms, molecular techniques represent an advantageous option for the discovery
and tracking of uncultivable microbial species. This chapter shows that the concomitant employment
of cultivation-dependent and cultivation-independent techniques represents the most sophisticated
approach for the study of endophytic communities. In addition to a general assessment of develop-
ments in this field, the most frequently used tools are described in detail. Moreover, their possible
integration as shown in various studies targeting seed endophytes is highlighted. We expect that novel
products for biotechnology will become more feasible in the future due to the recent technological and

methodological developments.

4.1 Introduction

Endophytes are defined as microorganisms
that are able to asymptomatically reside within
plant tissues for at least a part of their life
cycle (Hardoim et al., 2015). While these
microorganisms are primarily known for
their ability to enhance plant growth and de-
fence, they also represent a significant source
of natural metabolites and bioactive com-
pounds of biotechnological interest (Tan and
Zou, 2001; Gunatilaka, 2006; Aly et al., 2013;
Martinez-Klimova et al., 2017; Gao et al.,
2018). Among endophytes, a subgroup of
microorganisms able to reside in plant seeds
and to be vertically transmitted to the succes-
sive plant generation represent a crucial
starting inoculum of beneficial microbes for

improved plant development and health
(Puente et al., 2009; Johnston-Monje and
Raizada, 2011; Hardoim et al., 2012). A better
understanding of these microorganisms and of
their vertical transmission will enhance the op-
portunities to exploit beneficial microbe-plant
interactions in agriculture and horticulture
(Berg and Raaijmakers, 2018).

The understanding of the plant microbi-
ome, including endophytic communities, was
revolutionized by the technological advance-
ments in DNA sequencing and computational
technologies of the last decade (Mendes et al.,
2011; Bulgarelli et al., 2012; Rybakova et al.,
2016). However, the study of seed microbi-
omes can be considered to be still in its infancy
as research efforts for their characterization
are relatively recent (Barret et al., 2015;
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Klaedtke et al., 2016). In the past, seed micro-
biology was focused on seed-borne pathogens
and their detection and control (Munkvold,
2009). Due to the dormant phase of many
microorganisms inside seeds, knowledge
about seed endophytes obtained by cultiva-
tion was limited for a long time. Now it is
possible to map the microbial community of
interest with fast and cost-effective solu-
tions by next-generation sequencing (NGS)
technologies (Hugerth and Andersson, 2017),
but it is important to emphasize that such
technologies have limitations when studying
endophytes. For this reason, several tech-
niques are potentially employable to iden-
tify and characterize seed endophytes. All
have advantages and disadvantages, but the
combined results are indispensable for a hol-
istic understanding of the ecological role of
these microorganisms and their biotechno-
logical applicability. In this chapter we provide
a summary of the main methodologies that
are employed today and that represent the
fundamentals for the future of seed endo-
phytes research. A schematic representation
of the most commonly used approaches is
provided in Fig. 4.1 and includes advantages
and disadvantages connected with each
strategy. In addition, an overview is pro-
vided and includes a selection of publica-
tions (Table 4.1) related to seed endophytes
as well as methodologies that have been em-
ployed in these studies. The following sec-
tions include the most frequently applied
approaches to study seed endophytes. Inte-
grative approaches that combine different
methodologies can more likely deliver deep-
ening insights into the ecology and func-
tioning of seed endophytes.

4.2 Isolation of Seed Endophytes

4.2.1 Seed surface sterilization

In order to study or extract seed endophytes
from non-endophytic microorganisms, sur-
face sterilization is required for removing
microbes on the seed surface (Fig. 4.1). This
initial and yet crucial step can be problem-
atic, as the sterilization should be achieved

without destructive effects on the host tissue.
The procedure normally entails two washing
steps: shaking in sodium hypochlorite and a final
soaking in ethanol. Concentrations of sodium
hypochlorite and ethanol and washing/shaking
time vary based on the seed texture: we re-
port valuable examples of seed surface steril-
ization methodologies for prominent crops.

* Maize (Zea mays L.) seeds can be subjected
to two consecutive washing steps with 3%
sodium hypochlorite for 10 min followed
by 10 min washing in 95% ethanol for 10
min (Johnston-Monje and Raizada, 2011).

* Rice (Oryza sativa L.) seeds are surface-
sterilized by washing for 25 min in a saline
solution containing 0.12% sodium hypo-
chlorite (NaClO) and 0.15% sodium hy-
droxide followed by a washing step with
2% sodium thiosulfate to remove surface-
adhered NaClO (Hardoim etal., 2012).

* Quinoa (Chenopodium quinoa Willd.) seeds
are surface-sterilized by two consecutive
incubations in 70% ethanol for 5 min fol-
lowed by three washes in distilled water
(Pitzschke, 2016).

* Cucurbitaceae seeds are surface-sterilized
by washing them twice for 5 min in a sodium
hypochlorite solution with a specific con-
centration (2.5-3.5%) based on seed coat-
ing texture for 5 min. After rinsing with
autoclaved distilled water, the seeds were
again washed with 95% ethanol for 5 min
(Khalaf and Raizada, 2016).

° Bean (Phaseolus vulgaris L.) seeds are
surface-sterilized by immersion in 95%
ethanol for 3 min, followed by immersion
in 20% NaClO for 20 min, and rinsed with
sterile distilled water three times (Malin-
ich and Bauer, 2018).

4.2.2 Seed activation and extraction
of endophytes

The most straightforward approach to study
the biotechnological capacities of endophytic
microorganisms is the isolation and culti-
vation of the living strains (Fig. 4.1). This
approach has the goal of extracting the
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Fig. 4.1. Graphical representation of different methodologies employed in studies focusing on seed endophytes.
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Table 4.1. Overview of current studies on the seed microbiome with the main endophytes-related

methodologies employed.

Plant species/cultivar

Reference

Technologies employed

Maize (Zea mays)

Rice (Oryza sativa)

Brassica and Triticum species
Bean (Phaseolus vulgaris)

Radish (Raphanus sativus)

Pumpkin (Cucurbita pepo)
Maize (Z. mays)

Sueda salsa

Quinoa
Cucurbitaceae species

Pepper (Capsicum annuum),
soybean (Glycine max),
Triticum aestivum

Malvaceae species

Oilseed rape (Brassica napus)

Soybean (G. max)

Rice (O. sativa)

Radish (R. sativus)

Muskmelon (Cucumis melo)

Browntop millet (Brachiaria
species)

Cucurbitaceae species

Bean (P. vulgaris)

Bean (P. vulgaris), Radish
(R. sativus)

Barley (Hordeum vulgare)

Crotalaria pumila

Phragmites australis

Salvia miltiorrhiza

Ground-ivy (Glechoma
hederacea)

Johnston-Monje and
Raizada (2011)
Hardoim et al. (2012)

Links et al. (2014)

Klaedtke et al. (2016)
Rezki et al. (2016)

Adam et al. (2016)

Johnston-Monje et al.
(2016)

Qin et al. (2016)

Pitzschke (2016)

Khalaf and Raizada
(2016)

Mitter et al. (2017)

Irizarry and White
(2017)
Rybakova et al. (2017)

Huang et al. (2018)

Wallitang et al. (2017)

Rezki et al. (2018)
Glassner et al. (2018)

Verma and White
(2018)

Khalaf and Raizada
(2018)

Malinich and Bauer
(2018)

Torres-Cortés et al.
(2018)

Rahman et al. (2018)

Sanchez-Lopez et al.
(2018)
White et al. (2018)

Chen et al. (2018)
Vannier et al. (2018)

Isolation and phenotyping, cloning, TRFLP

Isolation of seed endophytes, PCR-DGGE

cpn60 metabarcoding, gPCR quantification
of microorganisms of interest, isolation of
seed endophytes and characterization

16S and ITS metabarcoding

Isolation of seed endophytes, gPCR, 16S,
gyrB and ITS1 metabarcoding

16S metabarcoding

TRFLP and 16S metabarcoding

ITS1 and ITS2 metabarcoding, fungal
isolation and in planta characterization

Microscopy, isolation of seed endophytes

Isolation of seed endophytes and 16S rRNA
gene fingerprinting

gPCR, 16S metabarcoding

Isolation of seed endophytes and in planta
characterization

16S metabarcoding, gPCR, isolation of seed
endophytes and characterization,
FISH-CLSM microscopy

ITS1 and ITS2 metabarcoding, bacterial
isolation and in planta characterization

Isolation of seed endophytes and
functional and genetic characterization
of isolates

gyrB and ITS metabarcoding

Scanning electron microscopy (SEM) and
CLSM DOPE-FISH

Isolation of seed bacterial endophytes and
in vitro characterization

Isolation of seed bacterial endophytes and
in vitro characterization

Cloning, isolation of seed bacterial
endophytes, gPCR

Shotgun metagenomics, bacterial isolation
and in planta characterization

Isolation of seed endophytes, 16S
metabarcoding, FISH-CLSM

16S metabarcoding

Isolation of seed bacterial endophytes and
in planta characterization

16S and ITS metabarcoding

16S and 18S metabarcoding targeting
bacteria/archaea and fungi
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microorganisms alive and growing them under
laboratory conditions to study their meta-
bolic properties and capacities. From a tech-
nical point of view, the isolation of endophytes
from seeds is more complicated than from
other plant compartments due to the dormant
state of this structure. For this reason, most
of the current techniques for isolating micro-
organisms from seeds rely on an initial seed
activation step under gnotobiotic conditions.
To soften seeds and revive endophytic popu-
lations, washing and gently shaking the seeds
is necessary; the liquid phase is usually dis-
tilled water or 0.85% NaCl. The soaking time,
as for the surface sterilization, depends on
the seed texture: 4 h is employed for rape-
seeds (Brassica napus) (Rybakova et al., 2017)
while 48 h is necessary for maize seeds
(Johnston-Monje and Raizada, 2011). With
this process the seed switches from a dry
and quiescent state to a hydrated and active
state (Dekkers et al., 2013) that enables
endophytes to overcome dormancy and
improves cultivation ratios and extraction
by softening the seed. In order to extract the
endophytic microorganisms from inner tis-
sues of seeds, maceration is the preferred
methodology. The softened activated seeds
are grinded with autoclaved mortar and pes-
tle and a liquid phase (buffer) is added (Berg
et al., 2013). This suspension is therefore
plated in serial dilutions on the selected me-
dium. Commonly employed media for isolating
bacteria from plant tissues are tryptic soya
agar (TSA), R2A and nutrient broth-yeast
extract (Gardner et al., 1982). Concerning the
isolation of fungi, standard media include
PDA (potato dextrose agar), malt extract-
peptone-yeast extract and biomalt agar
(Philipson and Blair, 1957; Schulz et al., 1995;
Hallmann et al., 2006).

4.2.3 Assessment of yet uncultivable
microorganisms

A second limitation for the isolation of seed
endophytes is the high portion of ‘so far
uncultivable’ microorganisms. The presence
of dormant cells and insufficiently optimized
cultivation media represents the main impedi-
ments for the isolation of endophytes from
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plant and seed tissues (Torsvik and @vreas,
2002; Eevers et al., 2015). Even if molecular
and cultivation-independent techniques have
undisputable higher screening power, in order
to deeply understand the physiology of an
endophyte, the cultivation of the microorgan-
ism in the laboratory is still required (Stewart,
2012). For this reason, even if time-consuming
and expensive, attempts in the cultivation
of ‘so far uncultivable’ microorganisms of
biotechnological relevance are being carried
out. Since the limitations for cultivation of
these microorganisms are sometimes due to
their reliance on the interaction with other
beneficial microorganisms or with the bio-
chemical surroundings, co-cultivation with
helper strains and the recreation of the envir-
onment in the laboratory can sometimes
result in their successful culturing (Ohno et al.,
2000; Nichols et al., 2008).

4.2.4 Phenotyping

The main advantage of extracting living
microorganisms from seeds lies in the possi-
bility to directly test their properties in the
laboratory. Several screenings have been
developed in the last decade and can be
adapted to the characteristics of the micro-
organism or of the plant. Shahzad et al. (2018)
provided an almost complete summary of
the functional attributes tested for both bac-
teria and fungi isolated from different seeds
linking it to plant host and reference meth-
odology. The assessment of microbial func-
tioning can be tested in vitro, in vivo or in situ
to assess the behaviour of the microorganism,
respectively, without the host, inside the host
tissues (also referred as in planta) or in a spe-
cific structure of the host. Specific assess-
ments, e.g. the production of bioactive volatile
compounds (Cernava et al., 2015), can be
integrated in deepening screenings based
on the specific research question. These
approaches represent the ground floor for
the biotechnological employment of seed
endophytes in several fields of agriculture.
Endophytes are employable as:

* Dbiofertilizers, for their ability to promote
the acquisition of essential nutrients by,
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for example, solubilizing phosphorus, fix-
ating nitrogen and producing siderophores
that enhance iron uptake (Chhabra and
Dowling, 2017);

e plant biostimultants, for the production
of phytohormones and spermidine against
abiotic stress (Berg, 2009); and

* biopesticides, for their ability to produce
lytic enzymes, antibiotics, antimicrobial
volatiles (Rybakova et al., 2016).

From the biotechnological standpoint,
it is evident that the cultivation of seed
endophytes has great advantages, but also
undeniable limitations connected with the
impossibility to isolate the greatest portion
of the seed endophytic community. For this
reason, more investments are crucial for
enhancing the cultivation efficiency from this
promising plant compartment.

4.3 Molecular Techniques for the
Analysis of Seed Endophytes

Since most endophytic microorganisms are
uncultivable, studies of seed endophytes
mostly rely on culture-independent tech-
niques for their detection and identification
(Liaqgat and Eltem, 2016). Cultivation-
independent techniques are primarily based
on the extraction and analysis of target mol-
ecules (DNA, RNA, proteins, metabolites). The
resulting sequences and information can be
compared with microbial databanks to iden-
tify the microorganism’s taxonomy or specific
genes in its genome. In a similar way, the
extraction and analysis of endophytic RNA
and proteins can be used to identify active
genes from living cells. While older techniques
such as fingerprinting (e.g. terminal restric-
tion fragment length polymorphism — TRFLP)
and qPCR cannot provide deep and accurate
insights at community level, NGS-based omics
techniques are used to characterize highly
complex microbial communities. Even if mo-
lecular techniques can represent powerful
tools for the description of seed endophytes,
they become powerless if used in poorly
designed experiments. In fact, good experi-
mental design, replication and appropriate

methodology selection are essential for a pre-
cise interpretation of molecular data (Hall-
mann et al., 1997; Prosser, 2010) regardless of
the resolution power of the tool employed.

4.3.1 DNA extraction

In order to extract microbial genetic material
from the seed endosphere, an initial surface
sterilization is required. Similar to the pro-
cedure that allows the isolation of endophytes,
according to the protocol described by Bragina
etal. (2012), seeds can be homogenized with
mortar and pestle and suspended in 0.85%
NaCl. In contrast to isolation approaches,
homogenization can also be done by using
liquid nitrogen as no living cells are required.
Pellets containing seed endophytes are col-
lected by centrifugation and then used for
total community DNA isolation, e.g. using
the FastDNA" SPIN Kit for Soil and the Fast-
Prep’ Instrument (MP Biomedicals, Santa
Ana, CA). This specific kit can be employed for
the isolation of endophytic DNA (Compant
et al., 2011; Adam et al., 2016; Rybakova
et al., 2017; Bergna et al., 2018) as it con-
tains a lysing matrix that allows treating
complex tissues. It is important to specify
that regardless of the intensity of pretreat-
ments, plant genetic material will represent
most of the DNA extracted with this and any
other extraction procedures. Specific meth-
odologies to target endophytic DNA are
described in the following paragraphs.

4.3.2 Differentiation between living
and dead cells

Since DNA can persist in the environment
for relatively long periods after cell death
(Josephson, 1993; Nocker et al., 2007), surface
sterilization alone would lead to the over-
estimation of the number of living cells. The
use of propidium monoazide (PMA) after
seed surface sterilization and homogenization
leads to covalent binding of the photoreac-
tive dye to accessible DNA from dead cells.
This blocks the PCR amplification of genetic
material belonging to dead microbial and
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damaged plant cells. Even if not yet broadly
employed in the study of endophytes, this
procedure enhances the probability to spe-
cifically amplify endophytic DNA (McKin-
non, 2016).

4.3.3 DNA metabarcoding

DNA metabarcoding or amplicon sequencing
is a rapid method for biodiversity assess-
ment of highly diverse microbial communi-
ties (Fig. 4.1). Advances in sequencing tech-
nologies made this technique a fast and
cost-effective solution that can now be con-
sidered as a routine assessment for endo-
phytic microbial communities (Barret et al.,
2015; Berg et al., 2015; Vandenkoornhuyse
et al., 2015; Adam et al., 2016; Rybakova
et al., 2017). The approach relies on two
main steps: (i) a mass PCR amplification of a
single marker gene (DNA barcode) from envir-
onmental DNA followed by (ii) the sequen-
cing of the amplicons with a high-throughput
sequencing platform.

Primers and PCR reaction

The ribosomal operon is broadly accepted as
the ‘gold standard’ for diversity assessment
for its broad presence in all organisms and
its favourable topology (Amann et al., 1995).
In fact, the alternating presence of conserved
and highly variable regions is ideal for the
construction of PCR primers, recognizing
highly conserved regions for the amplifica-
tion of the neighbouring variable regions
(Sanschagrin and Yergeau, 2014). The genes
employed for 16S, ITS, or 18S are to describe
the composition of, respectively, bacterial,
archaeal, fungal (Lindahl et al., 2013), and
micro-eukaryote communities (Lentendu
et al., 2014). The central role that this operon
has been playing in microbial diversity assess-
ments brought the construction of databases
of unmatched size that are perfect for this
methodology. Due to the difficulty of design-
ing universal primers, primers for amplicon
sequencing are in continuous evolution. The
reference project is the Earth Microbiome
Project (EMP, www.earthmicrobiome.org),
providing primers designed for sequencing
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on [llumina platforms extensively used for
the study of plant-associated microorgan-
isms. Here we provide a short description
of the key primers used for amplicon
sequencing and of alternatives for the study
of endophytes.

16S rRNA

This gene is extensively used for bacteria and
archaea. The most commonly used primer
pair in combination with metabarcoding ap-
proaches is provided by the EMP (www.earth-
microbiome.org/) and named 515F-806R
(Caporaso et al., 2012). It targets the V4
region of the 16S SSU rRNA gene. In addition
to this primer pair, primer pairs targeting the
V2 region or V4-V5 and V5-V7 are applicable
for these types of studies (Beckers et al., 2016).
As a microbial genome can host multiple
copies of the 16S rRNA gene with intragen-
omic variability, alternative target single-copy
housekeeping genes have also been success-
fully employed on seed endophytic commu-
nities (Links et al., 2014; Rezki et al., 2016,
2018).

* gyrBisan example of an alternative bacterial
marker developed by Barrett et al. in 2015
to overcome the low sequence divergence
among related bacterial taxa of 16S rRNA
gene (Vétrovsky and Baldrian, 2013) and
to provide valuable insights into the taxo-
nomic composition of the seed microbiota
(Barret et al., 2015). This DNA barcode is
based on a portion of gyrB, a gene encoding
the subunit of the DNA gyrase, frequently
employed as a phylogenetic marker for many
bacterial genera (Yamamoto and Harayama,
1995; Vétrovsky and Baldrian, 2013).

* In cases where resolution beyond the genus
level and the confident identification of
potentially novel taxa is desirable, cpn60
metabarcoding could represent a solution
for de novo assembly of sequence data.
This DNA barcode has the great advan-
tage of simultaneously targeting bacteria
and fungi with a unique primer providing
a unified cross-domain view of the micro-
bial community (Links et al., 2012).
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Although universal primers have been de-
signed and tested for the cpn60 gene (Schellen-
bergetal., 2011), the size of sequence databases
of 16S rRNA gene greatly exceeds those of other
bacterial genes. For this reason, the employ-
ment of 16S remains still the target of choice
for studies in bacterial ecology and seed
endophytes (Vétrovsky and Baldrian, 2013).

As already mentioned, when total commu-
nity DNA (tcDNA) is extracted from seeds,
microbial genetic material composes only a
minor fraction of the obtained DNA. Since
bacterial 16S rDNA primer pairs exhibit high
affinity to plastid and mitochondrial DNA, a
high proportion of NGS reads would include
host-derived sequences. In order to facilitate
PCR amplification of endophyte DNA, it is
crucial to exclude non-target tcDNA from the
PCR reaction. Two solutions are possible.

1. The employment of primer pairs
(799F-1391R) targeting the V5-V7 hyper-
variable regions of the 16S rDNA. Primers
targeting this region have been shown to
produce very low amplification rate of non-
target DNA across all plant compartments
(Beckers et al., 2016).

2. The employment of the peptide nucleic
acid (PNA)-PCR clamping technique. This
technique uses PNA oligomers with comple-
mentary sequences to mitochondria and plas-
tid SSU rRNA genes. Their overlapping with
the region in the 1492r primer-binding site
suppresses the amplification of the two or-
ganelles (Sakai and Tkenaga, 2013).

Internal transcribed spacer

The internal transcribed spacer (ITS) region
is extensively employed to identify fungal
lineages and is formally the DNA barcode for
fungi due to the presence of a rich and up-
to-date database (Schoch et al., 2012; Bates
etal.,2013). While microbiome projects util-
ize and endorse ITS1 subregion as a target
using ITS1F (Gardes and Bruns, 1993) and
ITS2 as primers (De Filippis et al., 2017),
recent studies propose to test different target
genes simultaneously, recommending the use
of ITS2 or the whole ITS region for metabar-
coding. Unlike the ability of 16S universal
primer to cover the bacterial domain almost

completely, primers constructed on the ITS
cannot be considered as phylogenetically
inclusive for fungal genomes. In fact, the
employment of this gene for amplicon sequen-
cing can be biased by the preferential ampli-
fication of specific taxa. This is due to the
length variability of the ITS1-2 region among
different fungal genera and species (Esteve-
Zarzoso et al., 1999). For this reason, in the
use of ITS subregions for amplicon sequen-
cing there is no consistency in the choice of
primer pairs (Tedersoo et al., 2016). Finally,
ITS primers could also be selected based on
the relative proportion of fungal DNA and
the expected dominant groups (Tedersoo et al.,
2015) or by using ‘mock communities’ that
allow the evaluation of the reliability of each
primer pair (Tessler et al., 2017).

High-throughput sequencing platforms

Current NGS platforms are not optimized
for the production of reads long enough to
cover a whole marker gene in combination
with a low error rate and high sequencing
depth. Since using a single marker gene for
inferring whole genome differences, sequen-
cing quality has become a crucial factor. For
these reasons, the choice of the sequencing
platform comes together with the choice
of the primer pair and is made in order to
sequence the target region with the higher
quality and depth. Due to a preferred utiliza-
tion of primers provided by the EMP, studies
focusing on seed endophytes mainly use
[llumina sequencing technologies (MiSeq or
HiSeq platforms). For a good understanding
of the sequencing platforms and their use,
we recommend the clear summary table pro-
vided by Tessler et al. (2017).

Computational data analysis for microbial
community reconstruction

The inference of endophytic diversity using
sequencing data from a single marker gene
involves the clustering of sequencing reads
into operational taxonomic units (OTUs). In
this computational step, similar marker gene
sequences are clustered and considered as be-
longing to the same taxon (Edgar, 2013). The
taxonomy assignment of the OTU is retrieved
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by the comparison of a representative
sequence of the OTU with a database. The
main databases employed for this step are
RDP (Cole et al., 2014), SILVA (Quast et al.,
2013) and Greengenes (McDonald et al.,
2012). Various pipelines for such analyses are
employable; however, the most recognized
and broadly used is QIIME (Caporaso et al.,
2010; https://giime2.org).

As a conclusion, DNA metabarcoding is a
technique that allows characterization of the
complex structure of microbial communities.
Its reliance on a single non-functional gene
does not allow the study of the functional
potentiality of microorganisms. In addition,
it should be taken into account that the
application of this methodology on endo-
phytic communities can be challenging dur-
ing DNA extraction, PCR and data analysis
steps. Nevertheless, this technique has to be
accounted as a powerful tool to routinely
study microbial communities with the possi-
bility to detect indicator species and commu-
nity shifts.

4.3.4 Omics technologies

In order to answer important ecological ques-
tions on functional roles of seed endophytic
microbiomes, metagenomic and metatran-
scriptomic approaches are often applied
(Alibrandi et al., 2018). It is important to
highlight that although the sequencing depth
that can be reached with NGS instruments is
steadily increasing, complex microhabitats
(e.g. seed endosphere) still cannot be com-
pletely assessed with these methods (Myrold
etal., 2014).

Metagenomics

Metagenomics comprise the study of the
genomic content within complex microbial
communities (Wooley et al., 2010; Fig. 4.1).
This technique relies on the random frag-
mentation and sequencing of genomic DNA
isolated (shotgun metagenomics) and allows
reconstruction of the gene set of the micro-
bial communities residing in a specific en-
vironment with no cultivability restriction. In
addition, the possibility of mapping discovered
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genes to known microbial genomes allows
the simultaneous study of both the com-
position and the functional capabilities of
the community in a single experiment
(Kurokawa et al., 2007; Arumugam et al.,
2011). An example is the study conducted by
Torres-Cortés et al. (2018) that, having both
ecological and functional insights into the
community of germinating seeds (bean and
radish), was able to determine the functional
traits connected with the modification and
selection of the microbiome.

Metatranscriptomics

The same principle of metagenomics has been
successfully applied to the study of mRNA.
In fact, the mRNA is converted to cDNA and
sequenced on an NGS platform (Fig. 4.1).
The possibility to map activated microbial
genes inside plant tissues is essential to under-
stand the endophytic phenomenon (Kaul
et al., 2016) and the role of seed-associated
microbes in plant growth and development.
Even if several studies showed how benefi-
cial seed-borne endophytes could defend the
plant from stress (Truyens et al., 2014;
Khamchatra et al., 2016; Shahzad et al.,
2016, 2017) or produce compounds that
inhibit pathogen growth or strengthen plant
resistance (Bonos et al., 2005; Tayung et al.,
2012; Shahzad etal., 2017), the employment
of metatranscriptomics on seed endophytes
has not yet been accomplished.

In order to select the most suitable NGS-
based approach to study seed endophytes, it
is crucial to evaluate the methodology in a
broader context. While the ability of metagen-
omics to analyse the genomic content in a
complex mixture of microorganisms avoiding
PCR biases is of undoubtable importance
(Wooley et al., 2010), its ability to assess bio-
diversity and community ecology analyses
is highly dependent on additional factors.
Difficulties of this approach can be repre-
sented by the choice of sequencing depth and
length. Sequencing depth is an important
factor for shotgun metagenomics, as it deter-
mines its ability to discover new genes. Simi-
larly, longer reads are more likely to cover
full protein domains, and therefore allow to
distinguish between closely related genes
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from different organisms. In fact, short reads
are frequently misaligned leading to an infla-
tion of both species count and diversity
estimates (Caporaso et al., 2012; Schulze-
Schweifing et al., 2014; Clooney et al., 2016).
From another point of view, the analysis of
shotgun metagenomics data can be performed
with different strategies with a variety of
tools that can be employed for every compu-
tational step (Breitwieser et al., 2017). In add-
ition, the absence of recognized and unified
pipelines, as QIIME (Caporaso et al., 2010) is
for DNA metabarcoding studies, makes the
analysis more complicated and requires
specialized training. However, well-curated
databases, as those of major projects (as in
the human microbiome), can lead shotgun
metagenomics to have even more precise
detection of species and diversity compared
to DNA metabarcoding. Conversely, for en-
vironmental samples, shotgun metagenomics-
based assessment of diversity allows identifi-
cation of only half of the phyla and only 30%
of the families when compared to DNA
metabarcoding (Tessler et al., 2017). This is
mainly due to the lack of specific databases.

Metaproteomics

While proteomics is defined as the study
of the different proteins expressed by an
organism (Wilkins et al., 1996), metaproteom-
ics involves identification of the functional
expression and metabolic activities within a
microbial community (Siggins et al., 2012;
Fig. 4.1). From a technical point of view,
proteomics is based on the employment of
high-performance mass spectrometry (MS)
to characterize the complete assemblage of
proteins expressed by a microbial commu-
nity. Similar to DNA- and RNA-based NGS
approaches, the obtained data sets must be
processed by bioinformatics, and peptide
sequences must be aligned with specific
database entries.

Metabolomics

This methodology relies on the assessment
of all metabolites found in a specified sample.
The technique is based on the ability of mass
spectrometry to identify a large number of
molecules by their specific masses and high

accuracy. Based on the sensitivity and select-
ivity of both metabolite recovery and identi-
fication, a metabolomics approach can scan
the whole set of metabolites present in the
given environment (untargeted metabolo-
mics) or focus on specific classes of metab-
olites (targeted metabolomics). Commonly,
these two approaches are coupled. At first,
untargeted metabolomics is used to scan the
whole spectrum of metabolites and, after
studying which functions are present, tar-
geted studies allows one to quantify specific
pathways and functions (Johnson et al., 2016).
Even if the technical complexity and the dif-
ficult interpretation of data limit the accessi-
bility to this technique, the possibility to dir-
ectly identify metabolites in complex samples
makes this technique one of the most prom-
ising for the study of symbiotic relationship
as it happens within endophytic communi-
ties (Kaul et al., 2016).

Multi-omics approaches

Different omics techniques can be combined
with each other in order to increase their
informative value. For example, proteome-
based studies are often incomplete without
genomic information and the accuracy of
assignments can be substantially increased
when these data are added. For this reason,
the ideal concept is the parallel bioinformat-
ics assessment of several omics strategies
with a multi-omics approach allowing micro-
bial communities to be analysed from differ-
ent points of view. Since these technologies
are in continuous evolution, advantages and
disadvantages of omics technologies are
difficult to evaluate. As of today, even if the
continuous improvement and expansion of
databases will gradually resolve most of the
problems connected with these technologies,
the barrier to their application remains the
cost, which relegates their employment only
to big projects in advanced stages.

4.4 Microscopic Visualization
of Seed Endophytes

Since omics methodologies are based on the
extraction of nucleic acids or proteins, they
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cannot provide useful information on the
microorganism localization at microscale
level. This is the reason why microscopy is
still valuable for complementing molecular
microbiology tools as means for the visual-
ization of the microbe-host systems (Cardi-
nale, 2014). We here report the explanation
of the main microscopy technique used for
the study of seed endophytes.

4.4.1 Confocal laser scanning

microscopy

The most frequently used microscopy ap-
proach to study plant and seed endophytes is
confocal laser scanning microscopy (CLSM)
(Cardinale, 2014; Pawley, 2006; Fig. 4.1).
This is a widely applicable optical imaging
technique for an accurate study for plant-
microbe interactions. CLSM captures multiple
two-dimensional images at different depths
in a sample, allowing the in situ observation
of host-associated microorganisms with an
unprecedented accuracy.

In order to detect specific microorganisms,
itis possible to employ the fluorescent in situ
hybridization (FISH): a molecular cytogen-
etic technique that allows the identification
and localization of cells in their microenvir-
onment (Moter and Gébel, 2000). It uses the
hybridization of designable DNA-probes
labelled with fluorochromes able to bind with
the complementary target sequence of choice.

This technique is most frequently used for
visualization of microbial colonization pat-
terns (Moter and Gébel, 2000; Rudolf Amann
et al., 2001; Rybakova et al., 2017), providing
estimates of microbial abundance while avoid-
ing quantification biases associated with
cultivation or PCR (Bulgarelli et al., 2012).
The possibility to employ DNA-probes tar-
geting specific taxonomic ranges allows a
qualitative-quantitative study of microbial
populations. While its resolution power in
assessing diversity is not remotely compar-
able with that of molecular techniques, this
approach represents an optimal tool for the
validation of molecular analysis results while
studying basic processes of plant-microbe
interactions such as microbial localization,
colonization pattern and cell-cell interaction
(Cardinale, 2014). An example of the usage
of this microscopy technique is provided in
the study by Rybakova et al. (2017; Fig. 4.2).
The authors used CLSM visualizations to in-
vestigate microbial colonization patterns in
oilseed rape.

4.4.2 Scanning electron
microscopy

Other microscopy-based techniques are less
frequently applied for the study of seed
endophytes; one example is scanning elec-
tron microscopy. This microscopy tech-
nique relies on the use of a focused beam of
electrons scanning the surface of the sample.

Fig. 4.2. Visualization of bacterial colonization patterns in oilseed rape (A) and seedlings (B). In the first
visualization (A), differential BacLight LIVE/DEAD staining was used to visualize living (green) and dead
(red) Serratia plymuthica cells. In the second micrograph (B), Gammaproteobacteria were localized in
oilseed rape seedlings. White arrows highlight bacterial colonies. (From Rybakova et al., 2017)
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The remarkable magnification power of this
microscope allows the visualization of the
morphological features of cells by produ-
cing micrographs with unmatched three-
dimensional quality on natural surfaces.
Nevertheless, this technique provides less
specific information than CLSM when studying
sections of biological samples. Even though
this technique provides clear pictures at
high magnification levels, it is not possible
to obtain information on the taxonomy sim-
ultaneously. Therefore, it is of limited use for
the study of plant-microbe and cell-cell
interactions, which reduces its employment
in the study of seed endophytes (Golding
etal., 2016).
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4.5 Concluding Remarks

Different methods can be employed for
the study of seed endophytes. Integrative
approaches currently provide the most suit-
able strategies to describe these microorgan-
isms due to various limitations of single
methodologies (Fig. 4.3). While microbial
cell culturing seemingly represents the most
suitable way to exploit the biotechnological
potential of seed endophytes, the low applic-
ability and time requirements for microbial
isolation and cultivation are setting bound-
aries to this approach. Holistic descriptions
of seed endophytic communities require the
application of molecular techniques for the
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Fig. 4.3. Tracking of endophytes across a plant system. The integration of cultivation-dependent and
cultivation-independent techniques provided insights into the allocation of beneficial bacteria across
tomato plants. In a recent study (Bergna et al., 2018), bacterial isolation was coupled with phenotyping
and 16S metabarcoding to, respectively, detect plant beneficial bacteria and reconstruct the bacterial
community of the tomato plant system. By merging these data, it was possible to reconstruct the
association of beneficial bacteria to specific plant compartments. The identified key players are indicated

for the specific plant compartments.
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analysis of community structures and micro-
bial functioning therein. Nevertheless, mo-
lecular techniques have also specific limita-
tions. For example, the detection of genetic
material from two microorganisms in the
same niche could suggest specific interactions
between them. However, the validation of
their co-localization within the seed can be
obtained only using microscopy techniques.

The investigation of seed-borne endo-
phytes is in continuous evolution as are the
methodologies. While the endophytic popula-
tion in seeds has not yet been fully explored,
the great applicability of these microorgan-
isms for sustainable agriculture is attracting
attention and funding. For this reason, it is
feasible to believe that the characterization of
this valuable plant compartment will progress
very rapidly in the next decade.

As in a mosaic composed by precisely
drawn tiles, integrating one methodology to
the other shows that a combination of accur-
ate methods is still the best solution to in-
crease our understanding of the ecological
role of microorganisms within these essential
plant structures.
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Abstract

All plants in natural ecosystems are thought to be symbiotic with mutualistic fungal endophytes that
can significantly improve plant fitness by enhancing root growth, fertility, nutrient acquisition and
biotic or abiotic stress tolerance. Recently, Adaptive Symbiotic Technologies developed the product
line BioEnsure® comprised of fungal endophytes that confer abiotic stress tolerance (drought, tempera-
ture, salinity) to food crops (www.adsymtech.com). These endophytes communicate similarly with
monocots and eudicots to enhance crop production on marginal lands and mitigate the impacts of
high daytime or nighttime temperatures on crop fertilization. Yield benefits in endophyte-colonized
plants are remarkable and directly proportional to stress levels with average yield increases of 3-5%
above control plants under low stress and >26% under high stress. The relationship between stress
and yield enhancement was best exemplified in Rajasthan, India, where BioEnsure®-treated pearl
millet and mung bean seeds were provided to 400 small landholding farmers. Under the hot, dry
growing conditions that are typical in Rajasthan, the average yield increases were 29% for pearl millet
and 64% for mung bean compared to untreated plants. This demonstrated the power of this technology
to increase food security, animal fodder, carry-over seed and revenues. Interest in the USA is growing
with BioEnsure®-treated seeds planted in 300,000 acres in 2017 and 900,000 acres in 2018, and
>2,000,000 acres are projected for 2019.

5.1 Introduction globally involves small landholders and dry-

land cultivation, and climate impacts on crop
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The greatest threats to agriculture in this
century are abiotic stresses such as drought,
temperature and salinity, all of which are in-
creasing in frequency and severity as a result
of climate change (https://climate.nasa.gov/
effects/). In fact, the majority of crop production

yields are already increasing poverty, famine,
human migration and political instability
(Brinkman and Hendrix, 2011; Deaton and
Lipka, 2015; Sket et al., 2016; Simmons and
Flowers, 2017). An obvious solution to this
problem is to generate abiotic stress-tolerant

* Corresponding author e-mail: rijrodriguez@adsymtech.com
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crops. Over the last several decades, a tre-
mendous effort was undertaken to generate
abiotic stress-tolerant crops either through
breeding or through genetic modification,
neither of which have been very fruitful. This
is largely because the underlying strategies
incorrectly assumed plants adapt themselves
to stress in natural ecosystems (Gurian-
Sherman, 2012; Komives and Kiraly, 2017,
Nuccio et al., 2018). Over the last 20 years, it
has become clear that plants in high-stress
habitats commonly adapt to stress via sym-
biotic associations with fungal endophytes
(Lugtenberg et al., 2016; Singh et al., 2011;
Lofgren et al., 2018). In fact, without the fun-
gal partners, native plants are no more adapted
to abiotic stress than agricultural crops.

Based on how plants in nature adapt to
stress, Adaptive Symbiotic Technologies (AST)
developed BioEnsure®, a novel seed treatment
containing mutualistic fungal endophytes
that confer significant levels of abiotic stress
tolerance to both monocot and eudicot crop
plants (www.adsymtech.com; Redman and
Rodriguez, 2017). Field results demonstrated
that during periods of high drought, tem-
perature and/or salinity stress, BioEnsure®
increased crop yields on average from 26 to
60%, and under low to no stress, BioEnsure®
increased yields by an average of 3-5%. This
chapter will cover the science behind BioEnsure®,
seven years of field-testing data and efforts

-
‘.I,.I o (4] o

Yield versus degree of abiotic stress
I
o

to use this technology to enhance the food
security of poor rural farmers in India in an
effort to break the chain of poverty.

5.2 Fungal Endophytes and Abiotic
Stress Tolerance of Plants

There are at least four classes of fungal endo-
phytes associated with plants (Rodriguez et al.,
2009) that can be differentiated based on host
range and colonization, mode of transmission,
symbiotic function and genetic diversity. These
endophytes can have profound impacts on
plant physiology, health, fecundity, survival,
adaptation and ecology. The fact that all plants
in nature are thought to be symbiotic with fun-
gal endophytes suggests that these symbiotic
associations are a universal aspect of plant
ecology. Interestingly, it appears that many
endophytes confer some level of drought toler-
ance to plants, suggesting that this mutualistic
benefit may be an evolutionarily conserved
property of endophytes that may have played a
role in the movement of plants onto land 450
million years ago (Redecker et al., 2000; Krings
et al., 2007). In addition, many endophytes
confer tolerance to other environmental stress-
es including temperature, salinity, heavy met-
als, toxic chemicals and low nutrients (Figs 5.1
and 5.2), traits which can develop in a habitat-
specific manner (Rodriguez et al., 2008).

| Control

M BioEnsure

Fig. 5.1. Hypothetical relationship between stress during the growing season, stress tolerance conferred by
endophytes and crop yield. The increasing numbers in the chart reflect increasing amounts of abiotic stress.
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Fig. 5.2. Yield of untreated control (red) and BioEnsure-treated (green) corn plants versus irrigation level.
Seeds of a commercial corn hybrid were treated with a rotary aspirating seed treater and plants grown with
100% (1), 75% (2), 50% (3) of recommended levels of water. Each bar represents an average of four
replicate plots (4 rows x 30 ft), and plants were exposed to high heat stress throughout the growing season.
Yield differences between untreated and BioEnsure-treated plants at 100% and 75% irrigation levels were
statistically significant (P < 0.1) but not at the 50% irrigation level, where all plants were negatively impacted
by the high level of stress. This was an independent study performed by RD4Ag in Yuma, Arizona.

The ecological significance of symbiotically
conferred stress tolerance is highlighted by
the fact that many plants thriving in high
stress are not themselves stress-adapted even
though they may have been there for extended
periods of time. This was first observed with
Dichanthelium lanuginosum (tropical panic
grass) that thrives in geothermal soils that
become very hot and dry during the summer
months when temperatures can reach >60°C.
Heat tolerance of this plant is based on a sym-
biotic communication with the fungal endo-
phyte Curvularia protuberata. Remarkably,
symbiotic communication is responsible for
the fitness and survival of both partners as
neither partner is heat tolerant when grown
axenically (Redman et al., 2002). To compli-
cate things further, there is a double-stranded
RNA virus in the fungus that is also required
for heat tolerance of the plant. This three-way,
cross domain of life, symbiosis is not obligate
because the plant and fungus can establish
symbioses with genetically unrelated partners
(Marquez et al., 2007). In fact, the vast major-
ity of plant fungal symbioses do not involve

obligate species—species interactions. The
basis for this is unknown, but we hypothe-
size that it reflects an evolutionary need for
adaptive flexibility that allows plants to col-
onize complex landscapes that vary in en-
vironmental stresses and for endophytes to
identify optimal host physiology to optimize
their fitness.

5.3 Alternating Symbiotic Lifestyles
of Fungal Endophytes

The outcome of all symbiotic associations and
the benefits realized is based on communication
between the partners. Therefore, it is not
surprising that either partner can alter the
outcome of the association. In fact, individ-
ual fungal isolates can alter the outcome of
symbiotic associations, from mutualism to
parasitism, based on the genetic and/or eco-
logical environment, a phenomenon defined
as symbiotic lifestyle switching (Redman et al.,
2001; Alvarez-Loayza et al., 2011; Lofgren
et al., 2018). The influence of host genetics on
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the outcome of symbioses has been reported
for species of Colletotrichum and Fusarium.
Several plant-pathogenic Colletotrichum spe-
cies are able to colonize and express mutual-
istic lifestyles in asymptomatic host plants.
For example, isolates of Colletotrichum magna
that are virulent pathogens of cucurbit species
can colonize tomato plants and express mu-
tualistic lifestyles. In these symbiotic lifestyle
switches, mutualism was confirmed by en-
hanced plant biomass, drought tolerance and
disease protection (Redman et al., 2001).

Fusarium graminearum is commonly found
in the plant tissues and seeds of asymptom-
atic native prairie grasses in the Midwestern
USA (Lofgren et al., 2018). F. graminearum is
known as a pathogen of agricultural grain
crops such as wheat where it produces the
toxin DON (vomitoxin) and causes head
blight. In the native prairie grasses, there
was no evidence for vomitoxin production
even though F. graminearum was present.
However, when F. graminearum isolates from
native grasses were inoculated onto commer-
cial wheat varieties, the plants were colon-
ized and vomitoxin was produced. Although
the symbiotic lifestyle of the isolates in native
grasses has not been assessed, it is clear that
a genetically induced lifestyle shift occurs in
commercial wheat.

Environmental conditions can also result
in a symbiotic lifestyle switch as reported for
a common symbiotic association in tropical
habitats between palm trees and the fungal
endophyte Diplodia mutila. In this association,
the fungus switches symbiotic lifestyle in
response to light. When the plants are grow-
ing in shade, D. mutila expresses either a
mutualistic or commensal lifestyle. However,
when the plants are shifted into direct light,
D. mutila expresses a pathogenic lifestyle
(Alvarez-Loayza et al., 2011).

Collectively, these studies highlight the
importance of communication in the outcome
of symbioses and the level of ‘symbiotic plas-
ticity’ that can influence the ability of both
partners to establish and thrive in natural
habitats. More importantly, these observa-
tions indicate that there is still much to
learn about symbiotic associations and their
significance in the biology, ecology, adapta-
tion and evolution of life on earth.

printed on 2/12/2023 10:51 PMvia .

5.4 Endophyte Commercialization

Since the inception of agriculture, more than
10,000 years ago, abiotic stress has been a
major concern of farmers. For thousands of
years, agriculture expanded geographically
without significant technological inputs.
However, that changed during the industrial
revolution with the introduction of steel
plows and fuel-driven tractors. One of the
unintended consequences of industrialization
was an increase in atmospheric levels of CO,
and other greenhouse gases that have caused
increases in temperatures and altered rain-
fall patterns globally. This has resulted in an
increase in the frequency and severity of se-
vere drought and temperature events leading
to a global concern over climate impacts on
agriculture. The need for climate-resilient
crops is at an all-time high and has been con-
sidered a technological barrier to food secur-
ity. To overcome this agricultural barrier,
AST began testing fungal endophytes for the
ability to confer drought, temperature (high
and low) and salt stress tolerance to food crops
(www.adsymtech.com; Redman and Rodri-
guez, 2017).In 2012, AST began R&D efforts
to overcome the many hurdles to commercial-
ization including scale-up production, prod-
uct shelf life, environmental vulnerabilities,
regulatory approval and market penetration.
At the same time, field testing began and has
expanded each year to encompass 40 US states
and many locations in South America, Africa,
Europe, Australia and India. In 2018, experi-
mental field testing was undertaken on more
than 30,000 acres in the USA with both liquid
and powder formulations used to treat seeds,
applied in furrow during planting, or applied
directly to plants via foliar spray or fertigation.

In 2017, AST commercialized its first prod-
uct BioEnsure® as a microbial seed treatment
to generate climate-resilient crops by virtue of
symbiotic communication. While the amount
of product sold in 2017 was used to treat
230,000 acres of various crops, the amount
sold in 2018 was used on 900,000 acres. Bio-
Ensure® crop yield enhancement in 2017 and
2018 exceeded expectations, and the projected
sales for 2019 will cover more than 2,000,000
acres planted with both major and minor
crop species.

Al'l use subject to https://wmv. ebsco. conlterns-of-use


www.adsymtech.com

EBSCChost -

printed on 2/12/2023 10:51 PMvia .

Mitigating Climate Impacts on Crop Production 63

5.5 BioEnsure® Field
Performance

The potential benefits of any chemical or bio-
logical product on crop production can be
visualized by monitoring seedling emergence,
stand, seedling vigour, above- and below-
ground biomass, chlorophyll levels, spectral
reflectance patterns, fertilization, grain fill
and time to maturity. Regardless of the met-
rics analysed, farmers are concerned about
abiotic stress tolerance, yield and yield quality
of crops. Laboratory and greenhouse studies
between 2008 and 2012 identified a number
of endophytes as candidates for commercial-
ization to improve crop production. To deter-
mine if the lab and greenhouse results were
meaningful, we began field testing with inde-
pendent cooperators to test the efficacy of
BioEnsure® in field trials with a diversity of crops
(Table 5.1). As anticipated from controlled

Table 5.1. Benefits of BioEnsure treatment on crops
in relation to plant biomass, stress tolerance and
overall yield.

Crop Stress tolerance Yield
Alfalfa + +
Barley? nyd +
Blueberries nyd nyd
Canola + nyd
Corn? + +
Cotton + +
Cucumber nyd nyd
Dry beans® nyd nyd
Field peas + +
Guar + +
Leafy greens nyd nyd
Lentils? + +
Millet2 + +
Mung bean + +
Okra + +
Onion + +
Pasture grass + +
Potato® nyd +
Rice? + +
Sesame + +
Sorghum + +
Soybean? + +
Sugar beets + +
Wheat? + +

aSome of the 20 major crops that sustain human life.
nyd = not yet determined.

studies (Redman and Rodriguez, 2017), the
BioEnsure® endophytes conferred abiotic
stress tolerance to both monocot and eudicot
crop plants. Moreover, field testing allowed us
to develop a formulation of endophytes cap-
able of generating climate-resilient crops with
enhanced tolerance to multiple abiotic stress-
es (water, temperature, salinity, low nutrient).

Field test results have increased our under-
standing of the relationship between endo-
phytes, abiotic stress and crop production
(Fig. 5.1). The yield benefits conferred by Bio-
Ensure® are small when stress levels are low.
However, as stress levels increase, symbiotic-
ally enhanced yield differences increase until
the stress levels reach a point where all plants
are impacted. There appears to be three phas-
es of the relationship between stress and
yield. The first phase is when untreated con-
trol plant yields are not impacted by the stress
but symbiotic crop yields increase signifi-
cantly. The second phase is when control crop
yields diminish significantly and the yields
of symbiotic plants either are maintained or
increase. The third phase is when the stress
levels increase to a point where all crop yields
are negatively impacted. For example, when
BioEnsure® benefits were assessed in relation
to recommended irrigation levels, corn yields
of treated plants were higher at 75% of recom-
mended irrigation levels compared to the
100% level (Fig. 5.2). The climatic conditions
during the irrigation trial were very hot and
dry, which resulted in significant symbiotic
increases in yields even at 100% irrigation.

Remarkably, individual fungal endophytic
isolates are able to confer similar levels of abi-
otic stress tolerance to monocots and eudicots
(Rodriguez et al., 2008). These plant lineages
diverged more than 145 million years ago
(Wolfe et al., 1989; Yang et al., 1999; Chaw
et al., 2004), suggesting that the symbiotic
communication established was prior to that
divergence. The ability of fungal endophytes
to confer stress tolerance to these plant lin-
eages is represented by field testing with corn
and cotton in various locations in the USA
and India where different levels of either water
and/or temperature stress occurred during
the growing season (Fig. 5.3).

In 2016, AST received funding from USAID
to accelerate development of endophyte
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Fig. 5.3. BioEnsure yield increase differences compared with untreated controls. Increases observed in
BioEnsure-treated versus untreated controls in monocot (corn) and eudicot (cotton). For each data set,
abiotic stress increases from left to right and each dot represents a different field comparison. Field
plots varied from 1 to 50 acres with 1-4 replicates for each treatment depending on plot sizes. Field

tests were performed by farmers on their properties.

technology to enhance food security for
small landholding farmers living below pov-
erty levels around the world. Field testing
was coordinated with 300 farmers in a
remote region of Rajasthan, India, where
dryland cultivation dominates and is depend-
ent on annual monsoon rains. Due to climate
change, monsoon rains have become less
abundant and more inconsistent, resulting
in drier and hotter growing seasons with
temperatures commonly above 38°C. Over
the last three years, AST staff travelled to Ra-
jasthan each spring to treat seeds and work
with farmers to field test BioEnsure® com-
pared to untreated (check) seeds. Two staple
crops (pearl millet and mung bean) were
treated, allowing for comparison between a
monocot and eudicot in the same soil types.

Based on discussions with the Rajasthani
farmers (https://vimeo.com/192003746),
we learned about several issues that limit crop
production such as seed quality, low fertility
soils and a perpetual lack of manure fertilizer.
For example, most poor farmers in India can-
not afford to purchase fresh market seeds, so
they use ‘carry-over’ seeds form previous har-
vests. However, they lack proper facilities
for seed storage, and carry-over seeds have
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lower germination rates and produce lower
yields compared to fresh market seeds. There-
fore, farmers assessed if BioEnsure® could
improve the performance of carry-over seeds
and compensate for low-fertility soils and a
lack of fertilizer.

The yield results were greater than what
farmers expected, and there were several im-
portant outcomes of BioEnsure®-conferred
benefits to these plants:

1. Treated carry-over seeds yielded simi-
larly or higher than fresh market seeds.

2. The biomass of pearl millet was increased
by 25-50%.

3. Stress tolerance delayed plant senescence,
allowing for secondary fertilization of mung
bean.

4. The average yield increases were 29% for
pearl millet and 56% for mung bean (Fig. 5.4).

5.6 Climate Mitigation and the
Future of Poverty, Food Security
and Political Stability

Food insecurity plays a critical role in human
migration, poverty, famine and political unrest
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Fig. 5.4. In 2016, BioEnsure was tested on two staple crops in Rajasthan, India. Cultivation was
dependent on rains from the annual monsoon and temperatures ranged from 35 to 45°C throughout the
growing season. Each bar represents a field test with plots varying from 0.5 to 5 acres. Collectively, there
were 98 farms involved in the testing. BioEnsure increased crop yields by an average 29% in pearl millet
and 56% in mung bean. Yield differences compared to untreated checks were statistically significant (T
test, P value < 0.001) for both crops. Seeds were treated in early June, planted by early July and
harvested throughout October.

(Brinkman and Hendrix, 2011; Deaton and  coming decades. Unfortunately, there is a
Lipka, 2015). Climate change has been de- strong relationship between poverty, food
stabilizing food security in many locations insecurity and political instability. This has
globally and will continue to worsen in the been evident in Somalia and Syria where
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human migrations directly correlate to food
insecurity. It is critical to point out that itis
just a matter of time before food insecurity
begins to impact more developed nations.
For example, on 12 January 2018, the Guard-
ian News reported that ongoing food short-
ages over a three-year span in Venezuela left
citizens desperate and outbreaks of looting
and mob violence ensued. The only realistic
option for improving food security for poor
farmers is to mitigate the impacts of climate
change with abiotic stress-tolerant crops.

The discovery that fungal endophytes
could adapt plants to abiotic stress was fun-
damental to developing climate mitigation
biotechnology. Adaptive Symbiotic Technolo-
gies developed BioEnsure® with the intent of
mitigating impacts of climate change long
enough for governments and societies to
implement measures necessary to reverse
climate change. Independent field testing
demonstrated the ability of BioEnsure® to
mitigate climate impacts on crop production
on both highly productive and marginal
lands. Based on results in India, we conclude
that the implications of endophyte technol-
ogy are much greater than just increasing
crop yields.

Improving the performance of carry-over
seed translates to the following benefits for
farmers:

¢ Decreased input costs

¢ Security of seed availability since there is
not enough replacement seed produced
in India

* Increased yields for sustenance and poten-
tial revenues

¢ Increased fodder for the animals and milk
production, a primary protein source

¢ This technology is being used to develop
a female empowerment programme to
train females as seed treaters.

During the next two decades, climate
change will lead to decreased food security and
increased political instability, conflicts, human
migrations and poverty. It is our hope that
symbiotic technologies, such as BioEnsure®,
can be used to mitigate impacts of climate stress
on agriculture to break the chain of poverty
and increase food security globally.
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Abstract

Endophytic fungi are ubiquitous in nature and their potential for pest control in grassland systems is
well understood. However, their role as novel pest control agents in herbaceous crops is far less clear.
These fungi can be broadly split into two groups: unspecialized species (including saprotrophs and
latent pathogens) and entomopathogens. The literature on the interactions of these fungi with herb-
ivorous insects is biased towards studies in a few plant families and with a few insect species. This fact
notwithstanding, we suggest that infection of plants by these fungi elicits dramatic chemical changes
within their hosts, which have the potential to reduce insect and pathogen attack. However, the
effects of fungal infection on insects are context-specific, being influenced by the identity of the
insect and plant, the existing community of fungi within a plant, the habitat in which it is growing
and the plant age. Unspecialized endophytes can reduce the performance of sucking insects, but
effects are only seen when seeds are inoculated. This result may reflect poor experimental technique
but corresponds well to fungal biology, as these endophytes can be transmitted through seeds from
one plant generation to the next. Endophytic entomopathogens show more consistent detrimental
effects on insects and plant pathogens and can even provide growth benefits in the absence of antagon-
ists. We conclude that a better understanding of the biochemical and molecular changes elicited by
endophytes in plants is required, so that these can be harnessed in future pest control strategies. Endo-
phytes will not replace conventional pesticides in the near future, but could be incorporated into future
integrated control programmes, thereby reducing the reliance on synthetic chemicals.

6.1 Introduction the host tissues and ultimately into the seeds.

The fungus is transmitted into the developing
seedling, potentially never leaving its host.
These fungi are often referred to as ‘true

Every living plant ever examined seems to
harbour endophytic fungi, species that res-
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ide within the tissues of plants for various
periods of time and which cause no symp-
toms of disease. This definition is a broad one
and comprises disparate groups of fungi with
varying lifestyles. These include ‘true endo-
phytes’, latent pathogens, pathogens of other
hosts, general saprotrophs and entomopath-
ogenic species (Currie et al., 2014).
Clavicipitaceous fungi are found in the
Poaceae and exhibit vertical transmission, in
which the fungus grows systemically within
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endophytes’ (Wani et al., 2015). However,
external sporulation does occur, probably
because germination seems to represent a
bottleneck for fungal growth, meaning that
the transmission process is imperfect
(Afkhami and Rudgers, 2008). Due to the
close association between the fungus and
host, this is often considered a mutualistic
relationship with consequences for both in-
vertebrate and vertebrate herbivores. These
relationships are reviewed by Caradus and
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Johnson in Chapter 7 of this book and not
considered further here.

In this chapter, we concentrate on the
endophytes that occur in forbs and grasses,
and which have a much wider host range
than clavicipitaceous endophytes. Our focus
is on whether these fungi can act as plant
protection agents against foliar pests and
diseases. Firstly, we describe some general
patterns of fungal occurrence at various spa-
tial scales, to examine how fungal diversity
differs between and within hosts. We then
consider the effects that these fungi have on
insect herbivores, to understand the poten-
tial of these endophytes as novel pest control
agents. Within this group, entomopathogen-
ic (insect-killing) fungi stand apart from the
others, both taxonomically and biologically.
The discovery of the endophytic lifestyle of
these fungi is relatively recent, and there are
several comprehensive reviews of how these
fungi exist within plants (Vega et al., 2008,
2009; Vidal and Jaber, 2015; Vega, 2018).
Within these studies, work with Beauveria
bassiana is by far the most prevalent, with
this fungus involved in 87% of experiments
(Vega, 2018).

We also consider non-entomopathogenic
fungi (which hereafter we refer to as ‘unspe-
cialized endophytes’) and present some
results of a meta-analysis we conducted to
determine how both groups of fungi, acting
as endophytes, may influence insect herbi-
vores. We also describe how the fungi may
affect plant pathogen resistance, and con-
sider whether endophytes could be used to
provide dual control of pests and pathogens.
Throughout, we look at the current barriers to
these fungi being novel pest control agents
and how this control may change from a
myth into reality.

6.2 The Nature of the Endophyte
Literature

We conducted a Web of Science search in
July 2018 using search terms such as endo-
phyt* AND (plant family name), NOT bacteri*,
to determine the amount of published
research on fungal endophytes across plant
families. The search was repeated with bacteria

included to check that we were not
excluding papers that reported on both fungal
and bacterial endophytes. We also repeated it
with various combinations to exclude the
clavicipitaceous fungal literature, using terms
such as ‘NOT grass’, ‘NOT Epichloe’, NOT
Neotyphodium and NOT (major grass genera,
including Achnatherum, Balansia, Lolium,
Festuca, Schedonorus, Stipa etc.). We selected
the 30 plant families with most references,
all of which contain substantial numbers of
non-woody species, major crop and medicinal
plants, those of conservation interest, inva-
sive species and those which have interest as
sources of secondary metabolites. These were:
Amaranthaceae, Amaryllidaceae, Apiaceae,
Apocynaceae, Boraginaceae, Brassicaceae,
Cactaceae, Campanulaceae, Caryophyllaceae,
Compositae, Convolvulaceae, Crassulaceae, Cu-
curbitaceae, Euphorbiaceae, Gentianaceae,
Geraniaceae, Lamiaceae, Leguminosae, Liliaceae,
Orchidaceae, Orobanchaceae, Papaveraceae,
Plantaginaceae, Polygonaceae, Primulaceae,
Ranunculaceae, Rosaceae, Scrophulariaceae,
Solanaceae and Violaceae. We then obtained
the known number of species in each family
from http://www.theplantlist.org/ (accessed
2 July 2018). We found a total of 1874 manu-
scripts published during the period 1950-
2018 which dealt with some aspect of endo-
phyte biology. These covered a wide range of
topics, from simple surveys, through studies
of endophyte effects on plant growth, pests
and diseases, to examinations of metabolite
production and gene expression. Our overall
aim was to determine which plant families
had received most attention, and why.

The number of studies per plant family is
heavily skewed (Fig. 6.1A) and represents a
classic ‘hollow curve’ seen in many sampling
distributions. Leguminosae have received the
most attention, with 26% of the literature
being focused on this family. Indeed, 61% of
the literature encompasses just five families;
Leguminosae, Compositae, Orchidaceae, Rosace-
ae and Solanaceae. There is a positive relation
between the number of endophyte publica-
tions per plant family and the number of spe-
cies within that family (F, ,; = 22.3, P < 0.001,
R? = 44.3%; Fig. 6.1B). Like in many macroe-
cological studies, endophyte researchers tend
to work with organisms that are more abun-
dant (Gaston and Blackburn, 2008). However,

Al'l use subject to https://wmv. ebsco. conlterns-of-use


http://www.theplantlist.org/

EBSCChost -

70

A.C. Gange et al.

=

600 -
500 -
400
300 -
200 A
100 -

Number of studies

I—

o

i
i
i
i

Orchidaceae [
Solanaceae

Liliaceae [

Brassicaceae |1

Euphorbiaceae [

Lamiaceae [

Scrophulariaceae |7

Cucurbitaceae [

Apocynaceae |7

Polygonaceae [~

Rosaceae [
Convolvulaceae [1

Compositae [

Leguminosae

B)
600 -

500 -
400 -
300 -

200 -

Number of studies

100 A °

Plantaginaceae |7

Caryophyllaceae [1

Apiaceae [1

Gentianaceae [

Amaranthaceae [

Ranunculaceae [I

Crassulaceae |l
Violaceae

Cactaceae
Boraginaceae
Amaryllidaceae

Orobanchaceae
Primulaceae

Geraniaceae

Papaveraceae
Campanulaceae

2.0 25 3.0

.‘. I. T T 1

3.5 5.0

Number of species in family (log)

Fig. 6.1. Some of the bias that exists in the endophyte literature. (A) The majority of studies concentrate
on just a few plant families, showing a classic ‘hollow curve’ (B) The relation between the number of
endophyte publications per plant family and the logarithm of species number in the family. There is a
positive relation, indicating that researchers tend to work more with species in large plant families.

this graph is instructive as it provides a good
indication of the driving force behind a lot
of endophyte research. Firstly, plant fam-
ilies which contain important crops, such
as Brassicaceae, Leguminosae and Solanaceae,
have received much attention (.e. their
points lie well above the fitted line), wherein
much research has been devoted to the use of
these fungi as enhancers of resistance to pests
and diseases. Other well-studied families in-
clude Lamiaceae, which are rich in essential oils,
and Apocynaceae, Convolvulaceae, Liliaceae,
Plantaginaceae and Scrophulariaceae, all of
which contain medicinal plants and are poten-
tial sources of new drugs through secondary
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metabolite production. The common theme
running through all of this literature is that
endophytes have been studied because they
can alter the chemical content of their hosts,
often to the detriment of pests and diseases,
through production or induction of secondary
metabolites, a topic which has been reviewed
recently (Nisa et al., 2015; Gao et al., 2018).

6.3 Endophyte Distributions
within Plants

Many studies have produced lists of endo-
phytes within plants, usually describing fungal
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abundance as ‘infection frequency’ (commonly
defined as the number of isolates obtained
through culturing, as a function of the total
number of isolates) or in recent years as
operational taxonomic units (OTUs). Both
methods have their advantages and disadvan-
tages, which were discussed by Dissanayake
et al. (2018). Problems of culture dependency,
lack of discrimination using internal tran-
scribed spacer (ITS) and lack of fungal sequences
notwithstanding, virtually all studies produce
species abundance distributions that exhibit
hollow curves, similar to the pattern seen in
Fig. 6.1A. In other words, each endophyte
community tends to be dominated by a few
abundant species, with a long tail to the dis-
tribution, consisting of many rare species
(e.g. Wearn et al., 2012; Ek-Ramos et al., 2013;
Dissanayake et al., 2018). In all cases, diversity
is generally high and species counts of around
100 per plant species (not per plant) are not
uncommon (Wearn et al., 2012; Garcia
etal., 2013).

All of these surveys have confirmed the
original assertion (Petrini, 1986) that many
of these unspecialized endophytes exhibit a
broad host range. Furthermore, as most of
these fungi infect plants via airborne spores
(Sanchez Maérquez et al., 2012), one might
assume that there would be little difference
in the endophyte communities within plant
species that grow together in the same com-
munity, as the hosts are exposed to the same
spore rain. Very few studies have tested this as-
sumption, but when they have it was found
not to be true, and even closely related plant
species growing in close proximity to each
other harbour different endophyte communi-
ties (Gange et al., 2007). It is unclear if this is
due to a failure of certain fungi to infect the
plant or if the host can exert a degree of con-
trol over fungal growth. It is likely that both
are true, as Redman et al. (2001) found that
the ability of a fungus to infect a plant depended
on previous infection events and that the
overall lifestyle (e.g. pathogenic or mutualistic)
displayed by the endophytes was controlled
by the plant. These are important consider-
ations to take into account in inoculation
experiments, as they imply that not all fungal
infection events will be successful.

It has long been known that when placed
in mixed cultures, endophytes often display
antagonism towards each other, with the
production of many different metabolites
(Chagas et al.,, 2013). Given that virtually
every host plant is infected by more than
one endophyte at any time, interactions
between the fungi themselves are a likely
cause of much variation in plant secondary
chemistry (Kusari et al., 2012). There are
remarkably few studies of the relations
between the abundance of different fungal
species within a plant, but when found,
these are often negative (Gange et al., 2007).
This suggests that the effects of inoculating
any plant with endophytes will depend upon
the background community that is already
present. Systemic chemical changes that can
be observed when a plant is infected by an
endophyte (e.g. Hartley et al., 2015) are thus
likely to be context-dependent, influenced
by the resident endophytes and the environ-
ment (Yang et al., 2014). Furthermore, the
beneficial effects of any endophyte upon its
host plant is habitat-dependent (Rodriguez
et al., 2008), indicating that if endophytes
are to be exploited as pest control agents,
then the combination of fungus, habitat and
plant needs to be carefully evaluated (Surya-
narayanan, 2013).

The age of a plant is a further factor that
needs to be taken into account. Seasonal
changes in leaf endophyte communities have
been observed in a study of three forb species
(Cirsium arvense, Plantago lanceolata and
Rumex acetosa) (Wearn et al., 2012), upland
cotton (Gossypium hirsutum) (Ek-Ramos et al.,
2013), Arabidopsis thaliana (Garcia et al.,
2013) and sugar beet (Beta vulgaris) (Shiet al.,
2016). In all cases, endophyte abundance and
diversity built up over the course of a season,
with a microbial succession occurring within
the plant tissues, as these age (Hodgson, 2010).
Competition between the fungi (and associ-
ated metabolite production) is likely to be the
main driver of these successional changes
within leaves. However, as a season pro-
gresses, the density of airborne spores and
thus the intensity of the endophyte spore
rain to which a plant is exposed also increases
(Rodriguez-Rajo et al., 2005).
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Not only is there a degree of host specifi-
city in the community structure, there is also
organ specificity. For example, in C. arvense,
P lanceolata and R. acetosa, Wearn et al. (2012)
found that there was remarkably little over-
lap in the endophyte communities found in
the roots and shoots of the plants. Indeed, in
experiments investigating the effect of endo-
phyte inoculation on insect herbivores, Jaber
and Vidal (2010) inoculated the roots of
broad bean (Vicia faba) with Acremonium
strictum, but failed to recover the fungus
from foliar tissues, even though good root
colonization was achieved. An absence of
systemic growth appears to be a feature of
unspecialized endophytes, and the fact that a
particular fungal species can be isolated from
different leaves or different organs of a plant
likely represents multiple infection events,
rather than systemic growth (Yan et al,, 2015).
However, entomopathogenic fungi appear
to provide an exception to this rule. For
example, Beauveria bassiana was successfully
recovered from leaves of Papaver somniferum
when it was originally applied to the roots
(Quesada-Moraga et al., 2006), and this fun-
gus, as well as other entomopathogens, were
recovered from leaves of V. faba following in-
oculation of seeds (Akello and Sikora, 2012).
Vega (2018) lists other studies in which move-
ment of an entomopathogen through the
plant has been observed. It is important to
note that these studies were performed in
insect-free conditions. If an entomopathogen
resulted in mycosis of a herbivore, then the
spores released could provide a further source
of inoculum for uninfected tissues on the
host plant. Taken together, these results indi-
cate that systemic, acropetal growth of ento-
mopathogens must occur in a variety of host
plants and this characteristic will be very use-
fulin their exploitation as pest control agents.

The facts that endophyte infection may be
determined by the resident fungi in a plant
and that fungal presence induces systemic
chemical changes mean that the starting
points in a plant’s life, i.e. the seed and seed-
ling stages, may be critical for determining
the success of fungal inoculation in any ma-
nipulative experiment. It has generally been
assumed that the unspecialized endophyte
community of foliar tissues is transmitted
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horizontally, by airborne spores (Sinchez
Miérquez et al., 2012). However, it is now
known that both entomopathogenic and
non-entomopathogenic fungi can be trans-
mitted vertically, through seeds (Hodgson
et al., 2014; Quesada-Moraga et al., 2014).
However, just as with clavicipitaceous fungi,
germination presents a problem for fungal
growth and the process is imperfect (Hodgson
et al., 2014). Seeds contain a wide variety
of endophytic fungi, recently reviewed by
Nelson (2018) and Shahzad et al. (2018)
and in Chapter 4 of this volume. However,
the use of seed endophytes has yet to be well
explored in agriculture, due in part to incom-
patibility with fungicide seed treatments and
a lack of knowledge of the transmission
process (Le Cocq et al., 2017). Such fungi could
have novel uses in the protection of stored
seed products against insects, but to date,
this topic has been ignored, even though cla-
vicipitaceous fungal presence in grass seeds
reduces insect attack (Bamisile et al., 2018).

The above characters of host range, diver-
sity, location of infection, intra-plant growth
and transmission method were used in the
comprehensive review of Rodriguez et al. (2009)
to ascribe endophytes to different classes
(I-IV). Class I covered clavicipitaceous fungi,
while Class IV described dark septate endo-
phytes confined to roots. The main distin-
guishing factors for Class II and III endophytes
were that Class IT occur in all plant parts, while
Class I1I are confined to foliar parts; that Class
II show extensive growth in plants, while
Class III form highly localized infections; and
that Class II endophytes show horizontal and
vertical transmission, while Class III fungi are
only transmitted horizontally. Furthermore,
Class II endophytes seem to occur in temper-
ate herbaceous plants, while Class III fungi
comprise the hyper-diverse communities found
in tropical forests.

These are valuable distinctions, but since
this review was published, it is clear that the
research on different aspects of endophyte
biology has meant that the dividing lines
between categories have become distinctly
blurred. In Table 6.1, we summarize the fea-
tures of Class II and III endophytes provided
by Rodriguez et al. (2009) and highlight
the characteristics of the unspecialized
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Table 6.1. Part of Table 6.1 from Rodriguez et al. (2009), redrawn to accommodate recent discoveries of
endophyte lifestyles. The criteria for each attribute are those given in the original paper and characteristics
highlighted in grey indicate those that can be applied to non-clavicipitaceous endophytes in herbaceous
plants. Note: in Transmission category, ‘both’ means horizontal and vertical transmission.

Non-entomopathogenic fungi

Entomopathogenic fungi

Class Il Class Il Class Il Class Il
Host range Broad Broad Broad Broad
Diversity Low High Low High
Tissues Shoot and root Shoot Shoot and root Shoot
In-plant growth Extensive Limited Extensive Limited
Transmission Both Horizontal Both Horizontal

endophytes and entomopathogenic fungi that
occur in herbaceous plants.

It is clear that entomopathogenic fungi
satisfy all the criteria of Class II endophytes,
but the other fungi that occur within herb-
aceous plants are not so easily classified;
they exhibit features of both Classes II and
III. Indeed for tissue location, the criterion
for these species could be redefined as
‘shoot or root’, since growth between the
two structures is extremely limited.

6.4 Endophytes and Insect
Herbivores

We searched the Web of Science (ISI) elec-
tronic bibliographic database for the period
1950-2017 using a variety of search terms
including endophyt* AND insect, endophyt*
and herbivor* and all combinations of endo-
phyt* with entomopathogen* and different
insect orders and feeding modes (monopha-
gous, oligophagous and polyphagous) (Gange
etal., 2019). We excluded all studies of clavi-
cipitaceous fungi, focusing on the unspe-
cialized endophytes and entomopathogens
that occur in herbaceous plants. We also
checked the major recent review papers
(Rodriguez et al., 2009; Currie et al., 2014,
Vidal and Jaber, 2015; Bamisile et al., 2018;
Fernandez-Conradi et al., 2018; Vega, 2018)
and citations thereof. All included studies
had performed a manipulative experiment
in which plants were inoculated with endo-
phyte(s), insects subsequently reared upon
the plant and some measure of performance

(e.g. growth, survival, size, fecundity, abun-
dance, etc.) taken.

We obtained a database comprising 527
experiments, spread over 55 manuscripts.
Of these, 61% involved entomopathogenic
endophytes and 39% non-entomopathogens.
We conducted meta-analysis on this data set,
calculating an effect size, Hedges d and its
variance (Koricheva et al.,, 2013). Meta-
regression was used to test for the effects of
different moderator variables, such as insect
order, and the method of fungal inoculation.
Full details of all methods and tests of bias
are given in Gange et al. (2019). Briefly, effect
sizes are considered significant if their 95%
confidence intervals do not overlap zero, and
two effect sizes are different if their confi-
dence intervals do not overlap.

Firstly, it is useful to examine the bias in
the literature and to compare the percentage
of studies that have used different insect or-
ders to previous similar analyses using myc-
orrhizas and true endophytes (Hartley and
Gange, 2009). Overall, 83% of herbaceous
endophyte studies have taken place in con-
trolled or semi-controlled conditions, rather
than the field, remarkably similar to the
figures obtained for mycorrhizal fungi (80%)
and clavicipitaceous endophytes (85%). Hart-
ley and Gange (2009) found that the literature
was dominated by studies involving Lepi-
doptera, Coleoptera and Hemiptera, with the
majority of work with true endophytes using
Spodoptera frugiperda (fall armyworm) and
Listronotus bonariensis (Argentine stem weevil).
The pattern here is not the same (Fig. 6.2), but
there is also a significant association between
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Fig. 6.2. Per cent of studies in the literature involving insects and either non-entomopathogenic (grey

bars) or entomopathogenic endophytes (open bars).

fungal type and insect order (¥*=23.8,d.f. =5,
P < 0.001). Both data sets are dominated by
studies on Lepidoptera, but more experi-
ments involving Diptera have been performed
with entomopathogens. The main difference
between the current data set and that of
Hartley and Gange (2009) is that relatively few
studies have examined the effects of non-
clavicipitaceous endophytes on Coleoptera.

As with mycorrhizas and true endophytes,
certain insect species dominate the literature.
For non-entomopathogenic fungi, a total of
24 insect species have been used, but 25% of
all experiments have involved the polyphagous
lepidopteran pest Helicoverpa armigera. The
second most ‘popular’ species is Eldana sac-
charina, a stem-chewing pest of sugar cane
(Saccharum officinarum), used in 14% of experi-
ments. Meanwhile, entomopathogenic studies
have involved 28 insect species, 16 of which
are common with the non-entomopatho-
genic studies. Here, H. armigera is also the
most studied insect (18% of experiments),
followed by the lepidopteran pest Sesamia
calamistis and the leaf-mining dipteran, Lir-
iomyza huidobrensis. Curiously, only one study
(Ramirez-Rodriguez and Sanchez-Pefia, 2016)
has involved S. frugiperda and endophytic
B. bassiana and none have involved L. bonar-
iensis. There is therefore very little overlap in
this endophyte literature with that of true
endophytes and mycorrhizal fungi (Hartley
and Gange, 2009).

Notwithstanding the taxonomic bias that
exists in the literature, there are some very
interesting results in the meta-analysis.

Perhaps not surprisingly, all orders of insects
are detrimentally affected by entomopatho-
genic fungi, though to differing degrees
(Fig. 6.3); Hymenoptera and Thysanoptera seem
to show the greatest effects. Here, studies in-
volving Hymenoptera include galling insects,
and it may be that as the insect is unable to
move around the plant, it becomes an ‘easy tar-
get’ for the pathogen. Non-entomopathogenic
endophytes are found inside insect galls and
the structure does not represent a barrier to
fungal growth (Gange et al., 2002).
Meanwhile, non-entomopathogenic fungi
only have detrimental effects on the perform-
ance of sucking insects, in the orders Hemip-
tera and Thysanoptera. The former involves a
variety of aphid species (particularly Aphis
fabae (bean aphid) and A. gossypii (cotton
aphid)), which are phloem feeders. The most
likely reason for these effects is that a wide
variety of secondary metabolites are trans-
ported in the phloem (Wink, 2010), which
would be ingested by the insects. Phenolic
compounds are just one example of second-
ary metabolites that are produced by endo-
phytes (Negreiros de Carvalho et al., 2016)
and which are active against aphids, enhan-
cing plant resistance (Kaur et al.,, 2017).
These results are interesting because it has
been suggested that the relatively loose asso-
ciation between unspecialized fungi, deter-
mined mostly by the random infection of
plants by airborne spores, should not lead to
any mutualistic relationship between plant
and fungus (Faeth, 2002). However, the fact
that these endophytes can be vertically
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Fig. 6.3. Effects of endophytic fungi on insects from different orders. Values are mean effect size
(Hedges d) and negative values means that the presence of the fungi is detrimental to insect performance.
Vertical lines represent 95% confidence intervals, and the effect size is considered significant when
these do not overlap zero. Non-overlap of confidence intervals (Cls) indicates that the effect sizes differ
between the two groups of fungi. Entomopathogens (filled symbols) are detrimental to all orders of
insects, but non-entomopathogens (open symbols) only reduce the growth and performance of sucking

insects (Hemiptera and Thysanoptera).

transmitted through seeds (Hodgson et al.,
2014) lends support to the idea that such a
mode of transmission is evidence for cooper-
ation between plants and these fungi (Sachs
et al., 2004) and implies that those fungi that
occur as seed inhabitants may exhibit the most
potential as novel agents of plant protection.
At this point, we should not lose sight of the
fact that the term ‘unspecialized endophyte’
covers latent pathogens and fungi which are
pathogenic in other hosts (Wani et al., 2015).
Symptomatic pathogen infection generally
reduces insect performance (Fernandez-Conradi
et al., 2018) through crosstalk of defensive
pathways. Thus, it would not be surprising if
these fungi altered the chemical profile of their
host when occurring as asymptomatic endo-
phytes. Such a situation is known to occur in
woody hosts, where a pathogen may have a
long latent, endophytic period (Gange, 1996).

Perhaps the most surprising result from
this analysis is that the method by which
the fungi are inoculated onto plants has a
dramatic effect on the outcome (Fig. 6.4). No
matter what plant part is infected by an ento-
mopathogen, there are detrimental effects
on foliar-feeding insects. The systemic growth
of the fungi and metabolite production
means that applications to the soil or as seed

treatments are likely to be effective in pest
control (Quesada-Moraga et al., 2009; Akello
and Sikora, 2012). However, the result with
non-entomopathogens is quite different and
probably holds the key to understanding why
the use of these fungi as novel pest control
agents has yet to become a reality.
Intuitively, for fungi that are thought to
infect plants mostly by airborne spores, one
might assume that the appropriate way to
perform an experiment would be to spray
leaves with spores, contained in an aqueous
suspension. However, neither this method
nor application to roots seems to produce any
effect on insect herbivores (Fig. 6.4). Instead,
application to seeds has a significant, detri-
mental effect on subsequent insect perform-
ance. As already discussed, these fungi do
not exhibit systemic growth through their
hosts (Yan et al., 2015), so the effect must be
one of systemic metabolite translocation.
Indeed, this would explain why some experi-
ments with these fungi and insects showed
poor recovery rates of inoculated species from
new growth foliage, and yet effects on insects
and metabolomic changes were observed in
this foliage (Gange et al., 2012; Hartley et al.,
2015). This likely explains the inconsist-
ency reported from previous experiments
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Fig. 6.4. The outcome of experiments is affected by the experimental design. Endophytic entomopathogens
(filled symbols) reduce the growth of foliar-feeding insects no matter what part of the plant they are
applied to. However, inoculation of seeds with unspecialized endophytes (open symbols) is the only
method that results in reduced insect growth from these fungi.

(Suryanarayanan, 2013) and may go some
way towards making the use of these fungi
as pest control agents a reality. It also rein-
forces the fact that vertical transmission of
these fungi may be very important (Hodgson
etal., 2014) and suggests that those seedlings
which possess endophytes will be chemically
different and better protected than those
without the fungi. However, it is also possible
that in field situations, seedlings may acquire
endophytes from leaf litter, a method that is
known to provide pathogen resistance in
tropical ecosystems (Christian et al., 2017).
One must question why leaf inoculation
often seems to result in failure of endo-
phytes to infect and a lack of effects on in-
sects. It is possible that the resident fungal
community prevented infection by the in-
oculated species. However, while this might
cause variation in effects on insects, one
would not expect it to result in failure across
an array of plant species. Indeed, it could
even amplify effects on insects, through
metabolites produced by the fungal-fungal
interactions (Pan and May, 2009). Instead,
the most likely reason is that it is simply a
failure of technique, and humidity at the leaf
surface was too low. Plant pathologists use
dew chambers to increase humidity and obtain
successful infections, yet no endophyte-insect
study has used such a chamber. Some studies
used polythene bags to increase humidity,
but many took no account of leaf wetness
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when applying endophyte inoculum. The use
of polythene bags is fraught with difficulty,
as it has long been known that they emit
ethylene, which could have unintended effects
on plant growth and development (Scott
and Wills, 1972; Abeles et al., 1992). Many
plant pathogens require particular periods
of temperature and humidity to successfully
infect; one of the most famous examples
being that for late blight of potato, caused by
Phytophthora infestans and known as the
Smith Period (recently reformulated as the
‘Hutton Criteria’, McEwan, 2016). The dis-
tinction between an endophytic lifestyle and
a pathogenic one may be just a mutation at a
single locus (Freeman and Rodriguez, 1993;
Eatonetal., 2010), and thus there is no reason
why endophytes do not require the same
levels of humidity for infection. Thus, we
must conclude that foliar applications of non-
entomopathogenic endophytes to plants in
the field are unlikely to be of much use in pest
control, being too susceptible to environmen-
tal conditions.

Bioencapsulation of fungi on seeds may
offer an alternative infection method, but
presents a number of challenges (Schoebitz
etal., 2013), with success being determined by
the biology of the microbe, production costs,
storage and handling. However, it has recently
been found that successful endophytic infec-
tion of tomato (Lycopersicon esculentum) plants
can be achieved following seed encapsulation
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of the entomopathogenic fungus Metarhi-
zium brunneum (Krell et al., 2018a). Even so,
application of endophytes to seeds presents
many problems, particularly establishing the
microbe in field conditions (O’Callaghan,
2016), and there is clearly much to be done if
seed inoculation is to become a reliable method
of endophyte use in agricultural and horticul-
tural systems (Le Cocq et al., 2017).

6.5 Endophytes and Higher
Trophic Levels

One problem with conventional insecticides is
that they are often broad spectrum and have
unintended deleterious effects on higher
trophic levels, including beneficial insects
such as predators and parasitoids. Endo-
phytes, being internal within plants, may
therefore offer much promise in a combined
approach of pest control involving higher
trophic levels. To date, very few studies have
examined the effects of endophyte presence
on parasitoid insects, and conflicting results
have been obtained. Exner and Vidal (1996)
found that tomato plants infected by Acre-
monium strictum had no effect on parasitism
rates of whiteflies (Trialeurodes vaporario-
rum) attacked by Encarsia formosa, but that
searching behaviour was altered (and ex-
tended) on infected plants, suggesting some
form of response to plant volatiles. Mean-
while, Kaur et al. (2015) found that infection
of cauliflower (Brassica oleracea) by Aspergil-
lus flavus and A. niger extended develop-
ment time and reduced adult longevity and
fecundity of Bracon hebetor attacking Spo-
doptera litura. Metabolite production by the
fungi within the plant is likely to be the
explanation, with possible sequestration by
the larvae impacting on the parasitoid. Per-
haps the most intriguing example is that
of Contreras-Cornejo et al. (2018), in which
roots of maize (Zea mays) were infected with
Trichoderma atroviride. Parasitism rates of
Spodoptera frugiperda by Campoletis sonoren-
sis were higher when larvae were fed foliage of
infected plants. Attraction of parasitoids was
linked to the compound 6-Pentyl-2H-pyran-
2-one (6-PP), released into the atmosphere by

the subterranean fungus. However, this experi-
ment was performed in small containers, and
it remains to be seen whether these inter-
actions can be detected in field conditions. If
they can, then such an attraction offers great
promise as a novel form of pest control and
suggests that these fungi could be incorpor-
ated into ‘push-pull’ strategies of pest control,
in which they have yet to appear (Eigenbrode
etal., 2016).

Entomopathogenic fungi also seem to be
compatible with parasitoid insects, with both
Akutse et al. (2014) and Gathage et al. (2016)
finding that parasitism rates were mostly
unaffected when prey were fed on plants in-
fected by B. bassiana. Akutse et al. (2014) did
find some evidence for a reduction of para-
sitism rates in one wasp species, and this
may be similar to the finding of Bixby-Brosi
and Potter (2012) who showed that the ef-
fects of a true endophyte (Neotyphodium
lolii) on parasites of the polyphagous moth
Agrotis ipsilon depended on the identity of
the parasitoid species. The slow-developing
communal hymenopteran species Copidosoma
bakeri was detrimentally affected by endo-
phyte presence, while the fast-developing
solitary dipteran Linnaemya comta was
unaffected. These results suggest that the
use of endophytes in multitrophic pest control
systems may often be context-specific, with
outcomes determined by the identity of the
fungi, the plant host, the herbivore and the
parasitoid.

The complexity of these interactions
may explain why, to date, there is just a sin-
gle study that has manipulated endophyte
presence and examined the effects on com-
munities of insects and their parasitoids, in
a crop situation. Zarate et al. (2015) applied
a mixed inoculum, including endophytic
Trichoderma spp. to the roots of a cabbage
crop. Over two seasons, levels of predatory
and parasitic insects were higher on the
plants which contained the endophyte. Fur-
ther such experiments are urgently required
to understand how endophytic fungi could
be used in field crops, and whether any con-
trol of insect pests is brought about by dir-
ect effects of metabolite production in plants
or indirect effects through higher trophic
levels, or both.
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6.6 Endophytes and Plant Pathogens

A comprehensive review of the interactions
between endophytes and plant pathogenic
fungi was published by Busby et al. (2016).
This covers wild plants (many of which are
tree species), plants of agricultural interest
and invasive plants. There is therefore a large
degree of overlap with this review, and the
reader is directed there for more informa-
tion. Busby et al. (2016) did not perform a
meta-analysis of the topic, and it would
appear that this is a subject that would be
highly suitable, particularly when one includes
the papers that have been published since
their review.

In many respects, the outcomes of the
interactions between endophytes and patho-
gens are very similar to those described for in-
sect herbivores described above. Agricultural
plants dominate the literature, but the out-
come of experiments is frequently context-
specific. A wide variety of unspecialized
endophytes can provide disease protection,
though the interactions between them and
pathogens can range from disease antagonism
through to facilitation. When antagonism
is reported, the most likely explanation is sec-
ondary metabolite production or induction
by the endophytic fungi (Busby et al., 2016).
An excellent recent example is that of de
Vries et al. (2018) who found that a range
of unspecialized endophytes isolated from
several herbaceous plants could provide re-
sistance to the potato pathogen P. infestans.
Most importantly, one isolate, Phoma eupatorii
(isolated from Eupatorium cannabinum)
exhibited broad-spectrum activity against the
pathogen, offering the potential for the con-
trol of genetically diverse pathogen strains.
A number of ubiquitous fungi are mentioned
in the Busby et al. (2016) review that occur
as endophytes, including species in the genera
Alternaria, Chaetomium, Cladosporium, Colle-
totrichum and Trichoderma. Interestingly, all
may provide disease suppression, but they
have also been reported to reduce insect per-
formance (Gange et al., 2012; Thakur et al.,
2013; Zhou et al., 2016). However, to date, no
study has examined the simultaneous effects
of unspecialized endophytes on an insect
and pathogen attacking the same plant.
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However, of particular interest is the re-
cent discovery that entomopathogenic fungi
can also provide resistance to plant diseases,
offering the potential for multiple uses of
these species in integrated pest management
programmes (Ownley et al., 2010; Jaber and
Ownley, 2018). In one case, infection of to-
mato plants by B. bassiana provided simul-
taneous resistance against incidence of leaf
curl virus and its vector, the whitefly Bemisia
tabaci (El-Deeb et al., 2012). Various mech-
anisms are thought to play a role in disease
suppression, including competition for space
and nutrients, secondary metabolite produc-
tion and induction of systemic plant resist-
ance. These entomopathogens produce an
array of secondary metabolites in cultures
and within plants (Gibson et al., 2014), with
B. bassiana having been the subject of much
research in this respect. However, much
remains to be discovered, since the levels of
one important chemical, beauvericin, are
frequently insufficient within plants to make
disease suppression a consistent reality (Jaber
and Ownley, 2018).

Of even greater interest is that entomo-
pathogens seem to offer growth benefits to
plants, even in the absence of pests or patho-
gens. Jaber and Enkerli (2017) found that
inoculation of bean (Vicia faba) plants with
Beauveria brongniartii, B. bassiana or Metar-
hizium brunneum produced increases in both
shoot and root weight, though effects were
inconsistent across experiments. Recently,
Krell et al. (2018b) have suggested that the
beneficial effect of M. brunneum on the
growth of potato is due to the mitigation of
nutrient stress. Indeed, amelioration of nu-
trient, drought or salt stress is a frequent
mechanism by which non-entomopathogenic
endophytes improve plant growth (Lata
et al., 2018). Perhaps one of the best known
fungi in this respect is Piriformospora indica,
which can confer resistance to a wide range
of biotic and abiotic stresses (Oelmdiiller et al.,
2009). However, the type of stress tolerance
provided by symbiotic fungi depends upon
the habitat in which the plant is growing, a
phenomenon, termed ‘habitat-adapted sym-
biosis’ (Rodriguez et al., 2008). For example,
endophytes isolated from plants growing in
geothermal habitats confer heat, but not
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salt tolerance, while fungi isolated from
plants in coastal habitats confer salt but not
heat tolerance. Furthermore, the same fungi
isolated from habitats without these stress-
es did not confer such tolerances (Rodriguez
etal., 2008). In addition, the success of fungal
inoculation and effects on a plant will be also
be governed by the identity of the fungal
community already there (Pan and May,
2009). More integrated, multitrophic stud-
ies are urgently needed, to fully understand
the context-specificity of endophyte—plant-
antagonist interactions and more are needed
for these fungi to become consistent and reli-
able plant protection agents.

One instance where it may be desirable
for endophytes to increase pest or pathogen
susceptibility in a plant is in the biological
control of weeds. There are extremely few
studies to date on this topic, with the best
examples being by Kurose et al. (2012) and
David et al. (2016). In both cases, some (but
not all) endophytes increased pathogen inci-
dence or insect attack. Perhaps the lack of
published studies is due to the fact that
crosstalk between defensive pathways, active
against pathogens and insects, is a frequent
phenomenon (Pineda et al., 2013), which
may negate any significant results. However,
the fact that endophytes often elicit a defence
reaction in the host that s also active against
a pathogen and/or an insect means that most
interactions between these organisms will
be negative, and so the use of endophytes in
biological control using other agents is likely
to be limited.

6.7 Conclusions

Herbaceous plants host an array of endophytic
fungi, many of which show great potential
for use as pest control agents. However, our
knowledge of such systems beyond grasses
is poor but perhaps best developed with the
entomopathogenic fungi. These species, par-
ticularly B. bassiana, can exist as endophytes,
conferring plant growth promotion benefits in
the absence of antagonists and having detri-
mental effects on foliar-feeding pest insects
and pathogenic fungi. Effects often seem to
be context-specific and a ‘one-size-fits-all’

strategy is unlikely to be developed in the
near future. However, metabolite produc-
tion, either by the fungi or induced in plants
by fungal presence, offers the most likely
mechanism that may be harnessed for pest
and disease control. Successful infection of
plants with endophytes is determined by a
range of biotic and abiotic factors. Promin-
ent amongst the former is the composition
of the endophyte community already within
the plant. Antagonistic endophyte-endophyte
interactions are common, but biochemical
characterization of the outcomes may enable
us to turn this apparent barrier into a pre-
dictable way of altering plant biochemistry
and increasing resistance to pests and dis-
eases. Since crosstalk between defensive path-
ways is a common phenomenon, there is the
possibility of using endophytes to provide
simultaneous protection against pests and
diseases if the ‘right’ combination of fungi
for a particular plant can be found.

Non-entomopathogenic fungi are ubiqui-
tous and have been greatly overlooked for
their use in pest control. In order for these
fungi to become a reality in agriculture, the
method of inoculation (seed, rather than
foliar or root) needs to be considered. By iden-
tifying particular naturally occurring consor-
tia of fungi, it should be possible to use these
alongside entomopathogens, in a combined
strategy that produces reliable and consistent
effects on pests. Characterization of seed-
inhabiting fungi (i.e. those that show verti-
cal transmission) may hold the key to their
development. It is unlikely that any of these
fungal endophytes will replace conventional
pesticides in the near future, so careful consid-
eration needs to be given to their compati-
bility with insecticides (Perez-Gonzalez and
Sanchez-Pefia, 2017), fungicides (Prior et al.,
2017) and other biological controls, such
as predators and parasitoids (Gathage et al.,
2016). To date, there is extremely limited
knowledge of such compatibility. Harnessing
metabolite production, either by the plants or
the endophytes themselves when in competi-
tion, is likely to be a useful method that can be
adopted in a range of integrated pest control
programmes.

It should be noted that 83% of the literature
on endophyte interactions in herbaceous
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plants comes from controlled experiments in
constant-environment rooms or glasshouses,
and there is a clear need to take such experi-
ments into the field. It is of course possible
that many field experiments have been tried
but ‘failed’ and were not published, a phe-
nomenon often referred to as the ‘file drawer
problem’. However, meta-analytical techniques
are available to deal with publication bias,
which is why such analyses need to be con-
ducted rather than simple literature reviews
or vote-counting procedures (Gurevitch et al.,
2018).

We have tried to show that endophytic
fungi offer great opportunities for novel
forms of pest control research and its appli-
cation in agricultural systems. A full under-
standing of the complex systems involved
will only come about through collaborative
efforts of ecologists, plant molecular biolo-
gists and biochemists. Thus, we believe that
using endophytes as plant protection agents
is certainly not a myth and has the potential
to become reality in the near future.
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Abstract

Plants provide a unique ecological niche for diverse communities of fungal endophytes that vary in
their impact, positive to negative, on the host plant. Fungal endophytes colonize plants without any
visible disease symptoms for at least part of their life history. These symbionts are critical components
of natural and semi-natural ecosystems, as well as cultivated agricultural communities, dramatically
influencing plant adaptation and evolution. Many temperate grass species are reliant on their mutual-
istic association with obligate fungal endophytes of the genus Epichloé for a variety of fitness benefits,
such as persistence under both invertebrate and vertebrate grazing pressure and improved adaptation
to abiotic stresses. In New Zealand, Epichloé endophytes have been estimated to contribute $200 m
per year in increased animal production through improved pasture persistence and yield. Other fungal
endophytes have also been studied in temperate grasses, although much less is understood about the
biological and economic impacts of these plant—fungal interactions. Determining which fungal endo-
phytes are mutualistic has been, and continues to be, a challenge, particularly as we begin to realize
that endophytes interact with other endophytes and little is understood about what factors shape
endophyte community structures.

71 Introduction Gange, 2009). They exhibit lifestyles ranging

from facultative to obligate, with various
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All plants live in symbiotic association with a
diverse collection of microorganisms that
can vary in their lifestyle and relationship.
These close symbiotic relationships between
two different biological species are complex,
spanning a continuum from beneficial to
detrimental, with the nature of the inter-
action changing with plant genotype and at
different life cycle stages and/or in response
to fluctuating environmental cues (Hartley
and Gange, 2009; Newton et al, 2010).
Endophytes are a diverse class of micro-
organisms that live internally and asympto-
matically within host tissues (Hartley and

degrees of host specificity, in planta coloniz-
sation patterns (i.e. systemic or localized point
infections), and propagate by either vertical
and/or horizontal transmission (Rodriguez
et al., 2004; Rodriguez and Redman, 2008;
Card et al., 2016). Here we will restrict our
examination to endophytic fungi in temper-
ate grasses that show mutualistic behav-
iours, where both the microbe and the higher
plant benefit from the association (Hartley
and Gange, 2009). While traditionally
arbuscular mycorrhizal fungi (AMF) have not
been considered endophytes because they
do not reside entirely within plant tissues
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(Hartley and Grange, 2009; Rodriguez et al.,
2009), they are mutualistic symbionts that
form intimate associations with the vast ma-
jority of extant land plants (Hoysted et al.,
2018). Mycorrhizal associations are common
on root tissues of temperate grasses, and in
so doing, these mutualistic symbionts inter-
act with other fungal endophytes, and this
connection will be investigated here. Fossil
records indicate associations of fungal sym-
bionts with plants have existed since 400
million years ago, indicating their import-
ance in early plant habitat transitions (Remy
et al., 1994; Krings et al., 2007). A microbial
endophyte will spend some or all of its life
cycle within plant tissues without causing
any sign of infection (Wilson, 1995) and as
such provides the basis for the formation of a
mutualistic association.

Determining the degree of mutualism
expressed by some microbes associated with
temperate grasses can be a significant chal-
lenge but will be pivotal for this review.
Mutualism has been defined as a reciprocally
beneficial relationship between organisms,
although it can range from diffuse and in-
direct interactions to highly integrated and
co-evolved associations between pairs of spe-
cies (Herre et al., 1999). Herre et al. (1999)
went on to further identify factors that align
mutualists’ interests, which include the move-
ment of propagules from parent to offspring
(vertical transmission), genotypic uniform-
ity of symbionts within individual hosts, and
the spatial structure of populations leading
to repeated interactions between would-be
mutualists. However, they did indicate that
not all mutualistic associations require vertical
transmission, and vertical transmission alone
does not automatically result in a benefit to
either partner. Benefits accrued to the host
plant by mutualistic endophytic microbes
should manifest through positive effects on
production and/or survival of both partners
in the association. Although the magnitude of
benefits may change with time, rarely do these
associations shift to parasitism (Frederickson,
2017), nor do they always persist despite recip-
rocal benefits, and can break down when two
species cease to cooperate (Werner et al., 2018).

The most well-studied microbial mutual-
istic association of temperate grasses is that
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of Epichloé (family Clavicipitaceae) in ryegrass
and fescue. These intimate associations are
thought to have co-evolved for over 40 million
years towards specialization and mutually
beneficial cooperation (Schardl et al., 2004;
Schardl et al., 2008; Saikkonen et al., 2016).
Epichloé species, which include the asexual
species formally known as Neotyphodium spp.
(Leuchtmann et al., 2014), are filamentous
fungi that form natural associations with
many grass genera and tribes of the subfam-
ily Pooideae (White, 1987; Schardl et al., 2004).
The associations formed with grass genera
include those with ryegrasses that are agri-
culturally important to Australia and New
Zealand (Easton, 2007; Easton and Fletcher,
2007) and tall fescue in the United States
(Schardl and Phillips 1997; Bouton et al., 2000;
Aitken and Strickland, 2013). However, there
are many other documented fungal sym-
bionts of temperate grasses, but the nature
of the interaction is often unknown. Saik-
konen et al. (1998) summarized numerous
interactions identified among endophyte-
infected grasses and invertebrate herbivores.
While the focus will be on the Epichloé endo-
phyte association with temperate grasses,
other possible mutualistic associations will
also be described and discussed.

72 Fungal Endophytes Found
in Temperate Grasses

72.1 Obligate, systemic mutualists located
in aerial tissues — Epichloé endophytes

Epichloé species are obligate and systemic
mutualists of grasses found in the intercellu-
lar spaces of aboveground plant parts (Clay,
1990; Schardl, 2001; Scott, 2001; Schardl
et al., 2004). This association has been
described as a ‘defensive mutualism’ (Faeth,
2002). Fig. 7.1 depicts the vegetative life cycle
of Epichloé in relation to the grass vegeta-
tive and sexual reproductive cycle. The infec-
tion process within developing host leaves
occurs by a novel mechanism known as
intercalary growth, whereby colonization is
tightly controlled and synchronized with the
development of the grass host (Christensen
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Fig. 7.1. The Epichloé festucae vegetative life
cycle. The grass reproductive cycle (both vegetative
and sexual) is presented in the outer ring, and the
fungal transmission cycle (asexual only) is shown
in the inner ring. (A) Hyphae (orange) are present
in the embryo of the seed plus other structures
including the scutellum and the ‘infection layer’ a
region between the embryo and the endosperm
(Philipson and Christey, 1986; Card et al., 2011).
During seed germination (B), hyphae in the
embryo colonize the shoot apex of the developing
seedling. (C) Hyphal tips in the shoot apex move
into leaf primordia and, once there, extend with
developing leaves, primarily through intercalary
compartment growth (Christensen et al., 2008).
Hyphal growth ceases once the leaf matures.
Axillary buds are colonized early, enabling hyphae
to invade the newly forming daughter tillers. (D) Host
reproductive tissues are colonized as the vegetative
shoot apex becomes floral. Hyphae extend into
floral tissues early in development, including the
ovaries. (E) Hyphae penetrate the embryo and are
incorporated into other seed structures (Sampson,
1933; Liu et al., 2017; Zhang et al., 2017a). (Figure
from Gagic et al., 2018.)

et al., 2008; Voisey, 2010). The reproduction
strategies of Epichloé species spans a wide
range from the strictly asexual types, to
some capable of both vertical (via seed) and
horizontal transmission (via ascospores), to
truly sexual species that only transmit by
ascospores (Leutchmann et al., 2014). Import-
antly, the strictly asexual Epichloé species used
in pastoral agriculture havelost the symptom-
forming sexual phase characteristic of
Epichloé species (‘choke disease’) and are

uniquely seed-transmitted within their host
populations (Siegel et al., 1987). The centre
of origin for Epichloé species symbiotic with
Lolium and Festuca host plants is Eurasia and
North Africa with numerous studies describ-
ing the association in native grass habitats
(Latch et al., 1987; Leuchtmann, 1994).
Epichloé strains have also evolved in temperate
grasses indigenous to North America (Clay
and Leuchtmann, 1989), South America
(Cabral et al., 1999; Novas et al., 2007), Asia
(Nan and Li, 2000) and New Zealand and
Australia (Moon et al., 2002).

Discovering Epichloé endophytes

The importance of Epichloé endophytes was
first identified because they were associated
with animal welfare issues including fescue
toxicosis in the United States (Bacon et al.,
1977; Schmidt et al., 1982; Siegel et al., 1984;
Porter and Thompson, 1992; Hoveland,
1993) and ryegrass staggers in New Zealand
(Fletcher and Harvey, 1981; Fletcher et al.,
1999). In the 1980s, it was established that
some of the secondary metabolites produced
by Epichloé in their host grasses were respon-
sible for these animal disorders (Gallagher
and Hawkes, 1985; Gallagher et al., 1985;
Bacon et al., 1986), which also contributes to
reduced animal liveweight gains and on-farm
profitability (Paterson et al., 1995; Fletcher,
1999; Ball et al., 2007). The subsequent re-
moval of the Epichloé endophyte to alleviate
these ailments, however, resulted in poor
pasture production and persistence (Barker
et al., 1985; Pottinger et al., 1985). This led
to the identification of Epichloé strains which
provided benefits to the host plant without
causing animal welfare issues (Siegel and
Schardl, 1991; Latch, 1997, 1998). Methods
of culture and inoculation (Latch and Chris-
tensen, 1985) of Epichloé into endophyte-
free seedlings have allowed the commercial
use of beneficial strains that do not cause
serious animal health and welfare issues
(Latch, 1989). Grass breeding initiatives, par-
ticularly in ryegrass and fescue, have been
enhanced significantly by the introduction of
novel Epichloé strains (Johnson et al., 2013a).
Managing endophytic seed appropriately is
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crucial for endophyte survival and applica-
tion in grazed swards (Rolston et al., 1986).

Step changes in Epichloé diversity have
occurred repeatedly through hybridization
events involving two or more Epichloé spe-
cies (Tsai et al., 1994; Moon et al., 2000;
Schardl and Wilkinson, 2000; Moon et al.,
2004). Selosse and Schardl (2007) have argued
that the resulting meiotic sterility in these
hybrids selects for vertical transmission and
therefore mutualism. With rule changes to
the nomenclature of pleomorphic fungi,
Epichloé genera now includes almost all pre-
viously described Neotyphodium species
and is comprised of 43 taxa made up of 34
described Epichloé species, as well as subspe-
cies and varieties (Leuchtmann et al., 2014).
Of these, 24 are anamorph-typified species,
many of which have been derived from the
sexual progenitors (teleomorph-typified spe-
cies) either as single species or more com-
monly through interspecific hybridization
(Schardl et al., 1994; Tsai et al., 1994; Schardl
and Wilkinson, 2000). Vertically transferred
asexual Epichloé strains are reproductively
isolated but can continue genetic differenti-
ation by accumulation of random mutations
(Clay, 1993).

Epichloé endophyte chemistry

Four major classes of bioactive secondary
metabolites or alkaloids have been identi-
fied: the ergot alkaloids such as ergovaline
and chanoclavine, the indole diterpenes (in-
cluding lolitrem B and epoxy-janthitrem),
pyrrolizidines, which includes lolines, and
the pyrrolopyrazine metabolite, peramine
(Lane et al., 2000; Schardl et al., 2013). It is
these and other yet uncharacterized second-
ary metabolites that allow the host plant to
tolerate biotic and abiotic stresses (Clay and
Schardl, 2002; Schardl et al., 2013; Panac-
cione et al., 2014). Expression of these sec-
ondary metabolites is undetectable or low
when the fungus is grown in vitro indicating
that plant signalling is required to induce ex-
pression (Rowan, 1993; Young et al., 2006).
It is accepted that while the endophyte strain
determines the types of alkaloid produced
with the biosynthetic machinery encoded by
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the fungal genome, it is the host plant that
regulates the quantitative expression of these
compounds (Latch, 1994; Ball et al., 1995;
Laneetal.,2000; Easton etal., 2002; Spiering
etal., 2005; Schardl et al., 2013). Iron-chelating
siderophores are other important secondary
metabolites synthesized by Epichloé (Koul-
man et al., 2012; Johnson et al., 2013b; For-
ester et al., 2017), and it is unknown if the
epichloécyclins, multiple oligopeptides pro-
duced via ribosomal peptide synthesis (RiPS)
(Johnson et al., 2015), represent a new class
of bioactive compounds or participate in
another aspect of fungal biology.

Based on a meta-data analysis of pub-
lished ecological studies, Bastias et al. (2017a)
have proposed that Epichloé endophytes may
improve antiherbivore defences via alkaloid-
dependent as well as alkaloid-independent
mechanisms. Alkaloid-independent mech-
anisms may be related to the plant immune
system, specifically the jasmonic acid and
salicylic acid pathways. It has been proposed
that the endophyte presence modulates the
plant immune system by promoting jasmonic
acid and repressing the salicylic acid signal-
ling pathways (Bastias et al., 2017a). In
agreement with this model, Bastias et al.
(2018a) have shown that the plant hormone
salicylic acid is reduced in endophyte-infected
grasses compared to endophyte-free, and
have linked artificially elevated salicylic acid
(via exogenous hormonal treatment with sali-
cylic acid) with reduced lolines that conse-
quently reduced resistance to aphids. Similarly,
in the case of the generalist chewing insect
Spodoptera frugiperda (fall armyworm), in-
duced plant levels of jasmonic acid decreased
insect resistance, which was also attributed
to a reduction in loline alkaloids (Bastias
et al., 2018b,c). Since jasmonic acid can acti-
vate host plant defences and re-allocate plant
resources to the roots (possibly reducing plant
nutrients for alkaloid production), both
activities could negatively affect the growth
of the endophyte and hence production of
defensive alkaloids. Endophyte growth may
also be affected by the phytohormone gibber-
ellin, since ryegrass gibberellin biosynthetic
genes are upregulated in response to E. festucae
infection (Dupont et al., 2015; Schmid et al.,
2017). There is also evidence that Epichloé
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endophytes can enhance establishment of
perennial ryegrass by providing protection
through elevating compounds that reduce
oxidative stress levels caused by pathogenic
fungi Ma et al., 2015).

Benefits to the host plant from Epichloé
endophyte associations

While the specific characteristics of associ-
ations vary (Faeth and Saikkonen, 2007;
Rudgers and Clay, 2007), Epichloé endophytes
commonly enhance the fitness of the host
(Clay, 1993). Host benefits include improved
tolerance to water deficiency and to nutrient
limitations (Bacon, 1993; West et al., 1993;
Elbersen and West, 1996; Saikkonen et al.,
1998; Malinowski and Belesky, 1999, 2000;
Clay and Schardl, 2002; Malinowski et al.,
2005; Belesky and West, 2009; Nagabhyru
et al., 2013), elevated nutrient concentra-
tion in shoots (Vazquez-de-Aldana et al.,
2013), increased tolerance to heavy metals
(Zhang et al., 2010), increased tolerance to
cold (Parsaeian et al., 2006), increased com-
petitiveness through allelopathic interactions
(Matthews and Clay, 2001), and protection
from insect and other invertebrate pests
(Prestidge et al., 1982; Barker, 1987; Chep-
lick and Clay, 1988; Clay, 1989; Latch, 1993;
Breen, 1994; Vicari et al., 2002; Popay and
Bonos, 2005; Bastias et al. 2017b; Li et al.,
2007) and pathogenic fungi (Gwinn and
Gavin, 1992; Burpee and Bouton, 1993;
Christensen, 1996; Bonos et al., 2005; Clarke
et al., 2006; Tian et al., 2008; Ma and Nan,
2011; Panka et al., 2013; Wiewiora et al.,
2015; Gorzynska et al., 2017). These effects
are mediated by bioactive compounds, some
of which are very well characterized, such as
peramine, lolines and ergovaline (Bush et al.,
1997; Lane et al., 2000; Vazquez-de-Aldana
et al., 2013), and others more recently
described, such as the epoxy-janthitrems
(Johnson et al., 2013a). The identification of
approximately 40 secondary metabolite
gene clusters in E. festucae genomes (Schardl
et al,, 2013) and the discovery of several
novel metabolites produced in endophyte-
infected perennial ryegrass (Cao et al., 2008)
suggest that Epichloé species are capable of

producing additional secondary metabolites
with the potential to confer protective fitness
benefits to plants.

Epichloé infection can affect plant develop-
ment and metabolism. There is evidence that
the presence of Epichloé endophyte can mod-
ify morphology by increasing tiller numbers
(Arachevaleta et al., 1989; Belesky et al., 1989;
Nan and Li, 2000), root architecture (Malin-
owski et al., 1999; Crush et al., 2004), and dry
matter yield (Nan and Li, 2000). Epichloé
infection may also affect host plant physi-
ology including higher antioxidant enzyme
activities and photosynthetic capability, but
this is strain dependent (Richardson et al.,
1993; Zhang et al., 2017b). Trichome forma-
tion and host cell wall thickness changes have
also been observed with infection of ryegrass
with the non-native endophyte E. festucae
F11 (Dupont et al., 2015). Endophyte infec-
tion has also been shown to cause changes in
sugar and amino acid concentrations and,
along with fungal compounds (mannitol and
lolines), may enable endophyte-infected tall
fescue to recover faster than endophyte-free
controls under water-deficit conditions
(Nagabhyru et al., 2013). Pan and Clay (2004)
also demonstrated that, in the clonal grass
Glyceria striata, Epichloé infection can stimu-
late carbon translocation.

Other studies have shown that nitrogen
and carbohydrate availability can differen-
tially alter endophyte biomass and alkaloid
production depending on the particular
Epichloé—grass interaction (Rasmussen et al.,
2007; Ryan et al., 2015). There is likely a
metabolic cost to the host plant for main-
taining infection, which may be tolerated
when there is a net fitness benefit to the
plant, but may be lost under non-stressed
conditions. The degree of mutualism may be
dependent on environmental factors such as
nutrient availability (Saikkonen et al., 2006).
Control of nutrient exchange between sym-
biotic partners is therefore likely to be an
important mechanism for determining how
partners interact. Cheplick and Cho (2003)
concluded that the direction of impact due to
endophyte infection will be contingent on not
only abiotic factors but also genotype-specific
responses to endophytic fungi, herbivores
and competitors.
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Negative impacts of Epichloé endophytes
on host plant adaptation

There are numerous examples in the litera-
ture where Epichloé endophytes have been
inconsistent or failed to improve host adap-
tation to biotic or abiotic stresses (Lewis,
2004). Examples of zero impacts include
plant tolerance to insects (Lewis and Clem-
ents, 1986) and pathogens (Welty et al.,
1991) or resilience against drought or nutri-
ent stress (Lewis, 1992; Cheplick et al., 2000;
Cheplick 2004). It may be that the particular
strain used did not produce the secondary
metabolite required for the effect sought, or
that there was no adaptive advantage in the
Epichloé strains trialled. The host plant geno-
type can also alter the impact of the endo-
phyte (Belesky and Fedders, 1996) through
host genotype effects on expression of bio-
active secondary metabolites (Johnson et al.,
2007; Schardl et al., 2013).

While the association between Epichloé
and temperate grasses is generally considered
mutualistic and beneficial, there is some evi-
dence to the contrary (Muller and Krauss,
2005). For example, the cost of endophytes
may outweigh their benefits in resource-limit-
ed conditions including nutrients and/or
moisture (Cheplick et al., 1989; Ahlholm et al.,
2002; Cheplick, 2004). In these experiments,
there was no invertebrate pest pressure
exerted and so the direct effect of the endo-
phyte on the plant growth and reproduction
was measured. In the undomesticated Ameri-
can bunchgrass, Arizona fescue (Festuca ari-
zonica), Epichloé infection may decrease plant
fitness and susceptibility to vertebrates,
invertebrates (Schulthess and Faeth, 1998;
Saikkonen et al., 1999) and plant pathogens
(Faeth et al., 2001). It has also been shown
that beneficial effects of endophyte infection
in wild grasses can vary for different grass
species, Brachypodium sylvaticum with Epichloé
sylvatica and Bromus benekenii with Epichloé
bromicola (Brem and Leuchtmann, 2002). E.
bromicola did increase the fitness of B. benek-
enii, which may explain the high infection rate
observed in natural populations. However,
this was not the case for B. sylvaticum, where
other factors such as increased herbivore and
pathogen resistance may be responsible for
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the very high incidence of this association in
nature. This has led to the suggestion that
Epichloé endophytes could have antagonistic
as well as mutualistic effects on its host
(Morse et al., 2002), and as a result, many
have argued that the relationship cannot be
considered an obligate mutualism (Ravel
etal., 1995; Cheplick, 1997; Saikkonen et al.,
1998; Cheplick et al., 2000; Faeth and
Sullivan, 2003). Yet others have argued
that mutualism becomes more apparent in
stressful or limiting environments (Bacon
1993; Hill et al., 1996).

Host responses to Epichloé endophyte
associations

To investigate host responses induced by the
presence of Epichloé symbionts of several
grass hosts at the molecular level, differential
gene expression and transcriptome studies
have been conducted, but with contrasting
outcomes (Johnson et al., 2003; Khan et al.,
2010; Ambrose and Belanger, 2012; Dupont
et al., 2015; Dinkins et al., 2017; Schmid
et al.,, 2017). In the fine fescue-E. festucae
symbiosis, 209 plant genes were moderately
affected by endophyte infection under non-
stressed conditions (Ambrose and Belanger,
2012). Likewise, in the tall fescue-E. coeno-
phiala symbiosis, minimal effects of Epichloé
on the plant transcriptome during vegetative
and reproductive host stages were observed
(Dinkins et al., 2017; Nagabhyru et al., 2019).
indicating that the endophyte does not cause
major changes in the host transcriptome
for symbiotic persistence and transmission
through to the seeds. However, Dupont et al.
(2015), using the model perennial ryegrass-
E. festucae Fl11 system (a mutualistic symbiosis
with a non-native endophyte), showed that
endophyte infection induces large changes
in ryegrass gene expression (including sup-
pression of host defences), suggesting that
endophyte infection can trigger reprogram-
ming of host metabolism and substantially
alter host development. In contrast, in the
natural perennial ryegrass—E. festucae var. lolii
symbiosis (Schmid et al., 2017), the number
of differentially expressed genes in the host
were much reduced, with little correlation to
the Dupont et al. (2015) study, with a host
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response supporting the hypothesis that the
endophyte primes host defences. Different
grass—endophyte symbioses therefore appear
to lead to various levels of host response.
Further research is required to understand
the signalling mechanisms for symbiosis
establishment and maintenance and, in par-
ticular, how the endophyte induces changes
in host growth and function under specific
environmental conditions.

Epichloé strain and host compatibility

Epichloé strains are generally host-specific but
can be artificially induced to form symbi-
oses with related host species (Christensen,
1995). Novel associations can be created
by inoculation of fungal strains with plant
species closely related to the natural host.
In a functional (i.e. compatible) association,
endophyte hyphae proliferate in a coordin-
ated manner that does not overwhelm the
host and is in synchrony with host plant de-
velopment (Christensen et al., 2008; Voisey,
2010). Interaction between grasses and
Epichloé endophytes has been shown to
be driven predominantly by compatibility
between host plant genotype and fungal endo-
phyte strain (Ryan et al., 2015). Incompati-
bility is often evident when an Epichloé strain
is artificially transferred from its natural
host to an alternative host (Koga et al., 1993;
Christensen, 1995). Essential elements of
stable functional associations are mainten-
ance and coordinated proliferation of the fun-
gus in planta, effective transmission of viable
mycelium to seed, and production by the
endophyte of its bioactive alkaloids. Compat-
ible endophyte strains have been shown to
produce reactive oxygen species that prevent
them from aggressive and parasitic growth in
their natural hosts, whereas parasitic strains
lack the ability to produce those oxidants
in incompatible hosts (Tanaka et al., 2006).

While Epichloé studies have predomin-
antly focused on associations with Lolium
and Festuca, their occurrence is widespread
across many genera in the temperate grass
subfamily Pooideae. This includes Bromus,
Poa (White and Cole, 1986; Cabral et al.,
1999), Dactylis (Sanchez Marquez et al., 2007),

Elymus (Nan and Li, 2000; Card et al., 2014;
Simpson et al., 2014), Echinopogon (Moon
et al., 2002) and Hordeum (Wilson et al.,
1991; Wilson, 2007; Card et al., 2014). Mod-
ern cereals such as cultivated wheat, barley
and rye, however, do not naturally host
Epichloé endophytes (Card et al., 2014; Simp-
sonetal., 2014).

Epichloé persistence in the host

An important question is whether grass
symbioses with Epichloé can persist without
conferring improved plant production and
persistence and hence improved reproductive
advantage to their hosts. Gundel et al. (2008)
have argued that as long as the transmission
efficiency is high, endophytes will ultimately
persist even when the benefit of infection to
the host is minor. Saikkonen et al. (2002) con-
cluded that even when a meta-population (i.e.
a group of populations of the same species is
separated by space, but interactions occur
among them by individual members mov-
ing from one population to another) consists
of qualitatively different patches, endophyte-
infected plants may persist at the meta-
population level even if both the vertical
transmission is imperfect and the endophyte
decreases the host grass fitness in certain en-
vironments. This may explain why, in Europe
and Scandinavia, Epichloé infection in natural
grasslands is often maintained at 40-50%
despite its benefits being hard to define (Lewis
et al., 1997; Oldenburg, 1997; Oliveira et al.,
1997; Ravel et al., 1997; Saikkonen et al.,
2000; Jensen and Roulund, 2004; Bazely
et al., 2007; Granath et al., 2007). However,
endophyte presence was higher at sites where
drought stress was common (Valle Ribeiro
et al., 1996; Arroyo Garcia et al., 2002) or
grazing pressure was high (Jensen and
Roulund, 2004).

7.2.2 Facultative, systemic mutualists
located in shoot and root tissue

In nature, both facultative and obligate endo-
phytes can colonize the interior of plants, but
facultative ones are also able to survive in the
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soil and/or on the plant surface as well (Har-
doim et al., 2015). A number of different types
of facultative, systemic fungal endophytes have
been found in shoots and roots (i.e. all non-
embryonic tissues) of temperate grasses. The
best characterized of these are the dark sept-
ate endophytes (DSE) and a diverse group of
fungi classified as Class 2 endophytes by Rodri-
guez et al. (2009), including the Phialophora-
like or p-endophytes and endophytic fungal
entomopathogens. All of these facultative
endophytes colonize the plant by forming
extensive systemic hyphal networks.

The Class 2 endophytes share the com-
mon attributes of being transmitted via seed
coats and/or rhizomes, with low abundance
in the rhizosphere (Rodriguez et al., 2009).
Two significant examples of these are Curvu-
laria protuberata, which colonizes the geo-
thermal grass Dichanthelium lanuginosum and
is required to allow the symbiosis to tolerate
temperatures up to 65°C (Redman et al.,
2002; Marquez et al., 2007), and Fusarium
culmorum, which colonizes the coastal dune
grass (Leymus mollis) and is required for the
symbiosis to survive and the host plant to
grow at high levels of salinity experienced in
their native habitat (Rodriguez et al., 2008).
Of interest is the observation that isolates
of C. protuberata and F. culmorum, obtained
from plants in habitats devoid of heat or salt
stress, respectively, do not confer either heat
or salt tolerance but are still able to asymp-
tomatically colonize these plants (Rodriguez
etal., 2008).

Entomopathogenic fungi can also be con-
sidered Class 2 endophytes, but they form a
distinct group due to their pathogenicity of
insects. They can also behave as mutualistic
endophytes (for comprehensive reviews see
Vidal and Jaber, 2015 and Jaber and Ownley,
2017) and include taxa like Beauveria, Torru-
biella, Metarhizium, Lecanicillium and Tolypo-
cladium, which have been frequently isolated
as symptomless endophytes from grasses and
other plant species (Sdnchez Mérquez et al.,
2008; Vega et al., 2008; Ownley et al., 2010;
Sanchez Mérquez et al., 2010). While being
well known for their control of insect pests,
these fungi, as plant colonizers, have also been
shown to suppress plant diseases (Goettel
etal., 2008; Ownley et al., 2008).
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Dark septate endophytes (DSE) are abun-
dant fungal root colonizers, particularly, of
woody plants, but are also found in temper-
ate grasses (Barrow, 2003; Mandyam et al.,
2010), including perennial ryegrass (Skipp
and Christensen, 1989), Elymus farctus
(Sanchez Mérquez et al., 2008), Poa alpigena
(Vare et al., 1992), Cyanodon dactylon, Digi-
taria cruciate and Poa annua (Li et al., 2005).
DSE are a ubiquitous group of biotrophic
fungi that form melanized, septate hyphae,
colonizing root tissue without causing any
obvious host response (Kernaghan and Patri-
quin, 2011) and are found in both roots and
aboveground tissues (Jumpponen and Trappe,
1998). There is some evidence that DSE may
enhance host tolerance to drought as well as
other extreme environmental stresses (Bar-
row, 2003; Waller et al., 2005), increase foliar
concentrations of N and P (Haselwandter and
Read, 1982; Jumpponen et al., 1998; Newsh-
am, 1999) and deter pathogens (Mandyam
and Jumpponen, 2005), although their eco-
logical function remains largely elusive.
Transmission is mostlikely horizontal through
mycelia and conidiospores (Jumpponen and
Trappe, 1998). DSE include Phialophora spp.,
Phialocephala spp., Chloridium paucisporum,
Heteroconium chaetospira and Leptodontidi-
um orchidicola (Schulz, 2006).

Phialophora-like and Gliocladium-like endo-
phytes (Philipson, 1989, 1991a,b), as yet not
formally named, are known collectively as peni-
cilliate or p-endophytes due to their penicilli-
ate conidiophores. They are often co-symbiotic
with Epichloé endophytes in a number of cool
season grasses, including Festuca and Lolium
species (Latch et al., 1984; Philipson, 1991a;
An et al., 1993). Unlike Epichloé, which gen-
erally grow synchronously with the host,
p-endophyte growth is more heavily branched
and continues beyond leaf maturation (Chris-
tensen and Voisey, 2007). In Arizona fescue
(Festuca arizonica), Epichloé has been shown to
possibly inhibit the colonization and growth of
other fungal endophytes (Schulthess and Fa-
eth, 1998). However, Hayes and Faeth (2002)
working with sleepy grass (Achnatherum robust-
um), a cool season grass that is native to high
elevations in the Southwestern United States,
believed that while Epichloé may benefit the
host plant, it may incur a cost by allowing the
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co-symbiotic p-endophytes to bypass host de-
fences. In this case, the authors referred to the
behaviour of the p-endophyte as parasitic.

High concentrations of branched hyphae
can be found in old leaves (Christensen et al.,
2002). The p-endophytes sporulate on leaves,
and spores can move horizontally between
host plants, but they can also be vertically
transmitted in host seed (Latch and Chris-
tensen, 1985). These endophytes can be found
throughout the plant including the roots
(Latch et al., 1984; Skipp and Christensen,
1989). However, although p-endophytes are
symbionts, the question remains: are they
mutualistic? They have been shown to pro-
vide antifungal properties (Siegel and Latch,
1991); however, to date, there is no docu-
mented evidence that p-endophytes provide
any benefit directly to the host plant (Latch
etal., 1985; Christensen et al., 2002).

7.2.3 Facultative, non-systemic
endophytes located in shoot tissue

Non-systemic endophytes are a taxonomic-
ally diverse group of ubiquitous endophytes
found in every plant species to date and are
incapable of seed transmission (Canals et al.,
2014). Little is understood about their eco-
logical function. Indeed, non-systemic facul-
tative endophytes of grasses found in the
aboveground plant parts are common, and
species diversity is large and dominated by
ascomycetes such as Acremonium, Alternaria,
Cladosporium, Epicoccum and Penicillium spe-
cies (Sdnchez Marquez et al., 2012). Varvas
et al. (2013) identified ten different symbi-
otic fungal taxa in Phleum pratense (timothy),
and they were dominated by Epicoccum nigrum
with a 67% colonization frequency. Others
occurring at lower frequency included Alter-
naria arbusti, Lewia viburni, Apiospora mon-
tagnei, Aureobasidium pullulans, Fusarium sp.,
Gibberella avenacea, Monographella sp., Para-
phaeosphaeria michotii and Phaeosphaeria her-
potrichoides. While many have been found to
be symbiotic in behaviour, determination of
their mutualism is open to debate. Sanchez
Marquez et al. (2007) sampled 15 populations
of cocksfoot (Dactylis glomerata) in Spain and

collected 1400 fungal isolates from 120
plants of which 316 were selected as putative
endophytes from leaf and root material.
Ninety-one different species of fungi belong-
ing to 63 genera were identified. Of these, 48
species were found in leaves, 22 species in
roots, and 21 species from both above- and
belowground parts. The genera most abundant
in terms of the number of isolates collected
were Penicillium (34 isolates), Cladosporium
(21), Acremonium (20), Helgardia (18),
Podospora (18), Fusarium (17), Phaeosphaeria
(17), Epicoccum (15), Alternaria (7), Chaetomi-
um (9) and Lewia (7). These genera represent
diverse fungi, including Epichloé species
that were reportedly isolated, thereby
suggesting that these fungi can exhibit dif-
ferent microbial lifestyles and behaviours
with their host grasses.

Morchella elata, an endophyte of Bromus
tectorum or cheatgrass, has been shown to
provide benefit to the host plant through
simultaneously increasing both the prob-
ability of fire and survival of that event, via
more fuel and a greater belowground seed
bank, respectively (Baynes et al., 2012).
Cheatgrass is an invasive winter annual native
to Eurasia, and it is postulated that this
mutualism with fire-associated fungi may be
contributing to its distribution across west-
ern North America.

7.3 Interactions between Endophytic
Taxa in Temperate Grasses

Plants are colonized by more than one type
of endophyte (Hardoim et al., 2015), and how
interactions between symbionts of temper-
ate grasses affect plant fitness within grass-
land ecosystems is important to investigate.
In particular, the effects of Epichloé species
on the colonization frequency of AMF,
co-symbionts of grasses, has been well stud-
ied. AME, while colonizing root tissues, are
not considered true endophytes due to their
growth into the rhizosphere which provides
the means for substantial fungus-to-plant
nutrient transfer (Brundrett, 2002, 2004,
2006; Rodriguez et al., 2009). As such, they
behave as mutualistic symbionts providing
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an advantage to plants grown in nutrient-
deficient (Asghari and Cavagnaro, 2011;
Hoysted et al., 2018; Li et al,, 2018) and
drought-prone soils (Duan et al., 1996; Augé,
2001; Allen, 2007). In return, AMF receive
both carbohydrate and fatty acids from the
host plant to enable their growth and repro-
duction (Pfeffer et al., 1999; Roth and Pasz-
kowski, 2017).

AMF have also been shown to provide re-
sistance against soil pathogens (Newsham
et al., 1995; Azcon-Aguilar and Barea, 1996;
Sikes et al., 2009) and tolerances to soil toxici-
ties due to contaminants such as heavy metals
(Hildebrandt et al., 2007). Disease protection
by AMF may result from a number of mech-
anisms including improved nutrient acquisi-
tion, resulting in stronger plants, or through
direct elicitation of a plant defence response
(Azcon-Aguilar and Barea, 1996).

AMF are common in pastures (Spatafora
etal.,2016), and Berthelot et al. (2018) dem-
onstrated that perennial ryegrass biomass
and shoot Na, P, K and Mg concentrations
significantly increased following AMF inocu-
lation as compared to non-inoculated con-
trols. AMF colonization also increased
alkaline phosphatase activity and P mobility
in the soil.

Mycorrhizal infection has been shown to
be markedly reduced when the plant contains
an Epichloé endophyte in annual ryegrass
(Omacini et al, 2006), perennial ryegrass
(Muller 2003; Liu et al., 2011) or tall fescue
(Chu-Chou et al., 1992; Guo et al., 1992; An-
tunes et al., 2008; Mack and Rudgers, 2008;
Buyer et al., 2011). Mack and Rudgers (2008)
considered that the negative effects of endo-
phytes on AMF might be due to inhibition via
endophyte alkaloids, altered nutritional re-
quirements of the host plant and/or temporal
and spatial priority effects in the interactions
among plants and multiple symbionts. How-
ever, in swards with both endophytic and
non-endophytic plants, the impacts of Epichloé
endophytes on AMF symbionts can be more
dynamic. Omacini et al. (2006) observed that
while endophyte-infected plants had lower
levels of mycorrhizal colonization, the pres-
ence of endophyte-infected plants caused
an increase in AMF colonization in non-
endophyte-infected conspecific neighbours.
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Furthermore, Kalosa-Kenyon et al.
(2018) concluded that effects of Epichloé spe-
cies on AMF co-symbionts are not easily
generalized across plant-endophyte symbio-
ta after comparing the interactions between
Epichloé and AMF in three temperate grass
species. They showed that Epichloé infection
increased AMF colonization of roots in
both Poa alsodes and P. sylvestris, although
this effect was only significant for hyphal col-
onization in P. sylvestris, while Epichloé did
not significantly alter AMF colonization in
S. arundinaceus. Similarly, in observational
field trials with native grasses, Epichloé pres-
ence has been associated with higher root
AMF colonization in Bromus setifolius
(Novas et al., 2005; Novas et al., 2011), Poa
bonariensis (Novas et al., 2009) and Elymus
hystrix (Larimer et al., 2012). In tall fescue,
Slaughter et al. (2018) showed that Epichloé
infection decreased arbuscule formation
(>50% reduction), only in treatments without
added precipitation, but had no effect on the
total rate of AMF colonization (arbuscules +
vesicles + hyphae) in tall fescue roots.

Few studies have accessed the effect of
AMF symbiosis on the plant protective
benefits conferred by Epichloé. In one study,
AMEF infection has been shown to reduce the
level of resistance provided by Epichloé to
ryegrass against Argentine stem weevil (Bar-
ker, 1987). However, the mechanism for
this effect is unclear. Similarly, the benefi-
cial effect of Epichloé in perennial ryegrass
on resistance to larvae of the noctuid moth,
Phlogophora meticulosa, was reduced, but not
eliminated, by AMF (Vicari et al., 2002).
However, dual inoculation of perennial
ryegrass with the mycorrhizal fungus Clar-
oideoglomus etunicatum and Epichloé festucae
var. lolii resulted in reduced incidence of
leaf spot caused by Bipolaris sorokiniana (Li
etal., 2018).

Other belowground endophytes that
colonize the roots of perennial ryegrass are
the DSE. Berthelot et al. (2018) investigated
the impact of dual inoculation with an AMF
(Funneliformis mosseae) and a DSE (Cadophora
sp.) and their interaction on perennial rye-
grass grown in a trace element (Cd/Zn/Pb)
polluted soil. Although DSE had no effect
on AMF colonization, AMF colonization
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slightly decreased DSE frequency. Dual
inoculation significantly decreased shoot Cd
concentration. Epichloé presence in tall fescue
has been shown to reduce root colonization by
the DSE leading to the conclusion that Epichloé
associations with tall fescue may have diver-
gentlong-term impacts on other host-symbiont
interactions (Slaughter et al., 2018). The con-
trasting outcomes obtained from analysing
the effects of multi-symbiont interactions may
be related to difference in species used, as
well as host genetics and environmental
conditions.

74 Economic Importance of Fungal
Endophytes in Temperate Grasses

Irrespective of whether the endophytic mi-
crobes discussed here are facultative or obli-
gate mutualists, they have been shown to
provide advantages to their host plants by
improving adaptation to abiotic stresses and
‘resistance’ to biotic pests and diseases.
However, quantifying that impact in terms

of financial returns to a farmer or the econ-
omy has only rarely been attempted.

Epichloé endophytes have been used ex-
tensively in commerce for the last 20 years in
both New Zealand (Caradus et al., 2013) and
the United States (Bouton and Easton, 2005;
Young et al., 2013; Table 7.1). In New Zea-
land, the uptake by farmers was high (Milne,
2007; Caradus et al., 2013), driven by need
(a solution to a significant problem), ease of
use/application and the resulting improve-
ments in production and profitability. Almost
all proprietary ryegrass cultivars in New Zea-
land are now sold with an accompanying
Epichloé endophyte that provides improved
pasture performance. The New Zealand seed
industry has self-regulated Epichloé endo-
phyte use to ensure that farmers are sold a
product with at least 70% viable endophyte in
seed at point of sale and an agreed rating
system for all endophytes in commerce that
is freely available to all end users. Endophyte
strains are viewed as added value points of
difference between ryegrass cultivars by pro-
prietary seed companies.

Table 7.1. Commercialized Epichloé endophyte strains for temperate grasses used for ruminant grazing.

Year of

Strain Trademark Host species commercialization  Territories

AR5 Endosafe Perennial ryegrass 1992 New Zealand

AR542 MaxQ Tall fescue 2000 USA, Argentina,
Uruguay

AR1 AR1 Perennial ryegrass 2001 New Zealand, Australia,
Chile

AR542 MaxP Tall fescue 2003 New Zealand, Australia

NEA2 and NEA6 NEA2 Perennial ryegrass 2003 New Zealand, Australia

AR5 Endo5 Perennial ryegrass 2006 Australia

AR37 AR37 Perennial and 2007 New Zealand, Australia

annual ryegrass

E34 E34 Tall fescue 2007 USA

UArk4 ArkShield Tall fescue 201 USA

AR584 MaxQ Il Tall fescue 2011 USA, Argentina,
Uruguay

AR584 MaxP Tall fescue 2012 New Zealand, Australia

u2 u2 Festulolium 2012 New Zealand, Australia

647 Protek Protek Tall fescue 2014 USA, New Zealand

Edge Edge Perennial ryegrass 2016 New Zealand

Happe Happe Perennial ryegrass 2017 New Zealand

NEA2 NEA Perennial and 2017 New Zealand, Australia

hybrid ryegrass
NEA2 and NEA3 NEA4 Perennial ryegrass 2018 New Zealand, Australia
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In New Zealand in the early 1980s, a sig-
nificant animal health issue for farmers
was that ‘wild-type’ or standard endophyte,
responsible for causing ryegrass staggers
(Fletcheretal., 1999) and, in warm summers,
heat stress (Easton et al., 1996), was wide-
spread throughout the country’s pastures.
Replacing the ‘wild-type’ endophyte with
non-toxic endophyte strains such as AR1 and
AR37 has been a major driver in perennial
ryegrass sales over the last two decades. AR1
was delivered in response to the prevalence of
staggers on ryegrass with the standard endo-
phyte expressing lolitrem B. A peramine-
expressing endophyte without producing
lolitrem B was required to protect the ryegrass
from Argentine stem weevil and remove
the animal health issue. At the time of its
release, AR1 was considered a significant
breakthrough. The endophyte did not cause
ryegrass staggers and also reduced heat
stress, flystrike and faecal soiling of sheep.
It increased animal liveweight gains, resulting
in 22% returns over farms using standard
endophyte pastures (Fletcher, 1999). A 9%
increase in milk solids was measured in dairy
systems (Bluett et al., 2003).

When poor pasture persistence with AR1
was observed with the increasing impact of
other pasture pests such as African black
beetle, root aphid, porina and pasture mealy
bug (Thom et al.,, 2014), a new endophyte
AR37 was released (Hume et al., 2009). AR37
provided broad resistance to insect pests,
increasing ryegrass persistence (Popay and
Hume, 2011). Estimates of value to the New
Zealand economy have shown that AR37
alone will contribute NZ$3.6 billion over the
20-year lifetime of its patent (ACIL Allen
Consulting, 2017).

In the United States, the widespread use
of Kentucky 31 tall fescue with an endophyte
responsible for causing fescue toxicosis is es-
timated to cause a loss in productivity of over
US$1.5 billion per year (Aiken and Strick-
land, 2013). The use of novel endophytes
such as MaxQ, which do not produce the
toxic alkaloid ergovaline, has meant that all
toxic fescue pastures can now be replaced
without any significant impact on pasture
persistence and production (Latch, 1997;
Latch et al., 2000; Bouton et al., 2002). It has
been estimated that the average daily gain
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for cattle on tall fescue pastures decreases by
39 and 33 g/day, for each increase of 100 ppb
of total ergot alkaloid concentration (Liebe
and White, 2018). The significant financial
benefits of MaxQ tall fescue have been dem-
onstrated for beef cows, calves and feeder
cattle systems (Bouton et al., 2001; Duckett
et al., 2007; Biermacher and Beck, 2013) and
sheep farming systems (Bouton et al., 2000).

In Australia, perennial ryegrass toxicosis
caused by ergovaline and lolitrem B expres-
sion, again in the wild-type endophyte, is
estimated to cause losses of A$100 m per
year (Leury et al., 2014). Epichloé endophytes
developed and used in New Zealand are now
available for use in Australia and are reducing
the impact of endophyte toxins.

75 The Future for Fungal
Endophytes of Temperate Grasses

There is still much to learn about the impact
and ecological benefits of fungal endo-
phytes in temperate grasses. The biological
role of non-systemic endophytes in temper-
ate grasses requires better understanding.
While we understand some of the direct
impacts of particular insect-active second-
ary metabolites produced by Epichloé endo-
phytes, less is known and understood about
the impacts of these fungi on plant metabol-
ism. The complexity of endophyte-grass inter-
actions indicates that there is still much to
explore in understanding their pivotal role in
providing protection against wider multi-
trophic assemblages. For example, in Dacty-
lis glomerata, over 100 different fungal species
have been isolated and only five have corres-
ponded to known pathogens of that grass
(Sdnchez Marquez et al., 2007), so this raises
the question as to the role and function of
the other 90 plus fungi present.

Research exploring the types of interactions
fungal endophytes form with temperate
grasses reveals that, even for the well-
characterized Epichloé genus, the symbioses
can span a continuum from pathogenic/para-
sitic to mutualistic. Studies of these fungi
in natural ecosystems enable the full range
of symbiotic outcomes to be observed, as
changes in environment, plant genotype and
fungal genotype can be extremely varied.
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This situation contrasts the strictly asexual
Epichloé species used in agricultural settings,
where the associations have been co-selected
for optimum compatibility with selected elite
germplasm. The specific characteristics
selected for are 100% seed transmission, high
endophyte viability in seed and high expres-
sion of selected alkaloids to provide bioactiv-
ity against pests, diseases and some abiotic
stresses and a reduction or elimination of
associated animal health and welfare issues.

The relationships symbiotic fungi form with
their hosts are dependent on multiple factors,
with the most influential being the repro-
duction mode of the fungus. Other dominant
factors include the genotype of the host plant
and endophyte and the environment (nutrient
availability). Changes in resource availability
are known to trigger shifts in functionality
of fungi (Termorshuizen and Jeger, 2009).
We are still learning whether the metabolic
cost of the endophyte to the host plant may
outweigh the benefits accrued in some situ-
ations. However, there is little doubt that in
some well-researched associations, such as
Epichloé in temperate grasses, the benefits are
such that some pastoral agricultural systems
would fail to function without the presence
of these mutualistic endophytes.

Plant-fungal symbiotic associations are
ubiquitously distributed in natural plant
communities. Besides the well-studied mycor-
rhizal symbiosis and grass systemic clavicip-
itaceous endophytes, recently, non-systemic
and horizontally transmitted fungal endo-
phytes serving as plant symbionts have been
increasingly recognized and provide new op-
portunities to proffer sustainable solutions
for food production systems.
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Abstract

Symbiotic interactions are very extended in nature and their multiple co-occurrence among plants, fungi
and bacteria is highly likely within a community. Thus, a single plant can harbour different strains, species
or types of symbionts. Furthermore, at the neighbourhood level, the co-occurrence of grasses and legumes
is a frequent event associated with their specific (endophyte, rhizobia) or generalist (arbuscular mycor-
rhizal fungi) symbionts. The simultaneous presence of two symbionts may induce additive or interactive
effects (i.e. synergisms or antagonisms) both at plant and neighbourhood level. In this chapter, we explore
the responses of plants when two symbionts are present within the same host or within neighbouring
plants. Here we review studies researching the effects of epichloid endophytes and systemic and asymp-
tomatic fungal symbionts of grasses on colonization of arbuscular mycorrhizal fungi (AMF) and their
consequences on host plant performance. Also, we explore the current knowledge related to the presence
of epichloid endophyte and AMF on the host grass affecting legume-rhizobia interaction, whether coex-
isting in the neighbourhood or growing after grass dies. Interestingly, endophyte effects go beyond the
host and impact on other symbioses, either within the host or established in co-occurring plants in the
neighbourhood. Endophytes either increase or impair AMF colonization within the host, and both sym-
bionts can have interactive or additive effects on host performance, depending on the grass, endophyte
and AMEF species, and on the abiotic and biotic environment. Furthermore, endophyte presence on the
host grass can affect different attributes at community level through altering the performance of a neigh-
bouring legume, or one that grows after grass dies. As an outcome, the effects of these specific symbionts
can result in potential public benefits for non-host plants through the propagation of interactive effects of
several symbionts to the whole symbiosis influence area, the symbiosphere. The benefits give rise to the
appearance of agroecosystem processes or services that could favour their sustainability.

8.1 Introduction ‘rarity or curiosity’ in nature to referring to a
widespread phenomenon with great bio-

Since the term symbiosis first came into use logical relevance at different organizational
in 1879, it has shifted its focus from naminga  levels (Douglas, 2010). Symbiosis can be
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defined as a persistent mutualism: an inter-
action in which the host and the microbial
symbiont are in close and permanent contact
and benefit each other (Douglas, 2010). The
interaction should increase the reproductive
success of both members, otherwise the
relationship would not be evolutionarily
stable (Denison, 2000; Kiers et al., 2003; Kiers
and van der Heijden, 2006; Gundel et al.,
2008; Kiers et al., 2011; Gundel et al., 2012).
In part, the stability of mutualisms is pro-
vided by the multi-functionality of the inter-
action (Walder and van der Heijden, 2015),
which means that a symbiont can provide
multiple types of benefits to the host during
its life cycle (Newsham et al., 1995). Then,
these multiple, although sometimes minor,
benefits may ensure the mutualistic outcome in
complex or varying contexts (Douglas, 2010).
However, under certain biotic or abiotic envir-
onmental conditions, or during some stages of
each partner’s life cycle, the benefits disappear
and the interaction may even be negative, at
least for one of them, which is known as con-
text dependency (Thrall et al., 2007; Cheplick
and Faeth, 2009; Gundel et al., 2012).

Despite the existence of multi-function-
ality, the symbiotic microorganisms of plants
can be classified as protectors or providers
according to their main functional role within
the host (Thrall et al., 2007). Protective sym-
bionts are those that reduce the attack of
herbivores, parasites and pathogens (White
and Torres, 2010). For example, epichloid
fungal endophytes are foliar symbionts,
specific for several cool-season grasses, which
protect the host against various groups of
herbivores (Clay and Schardl, 2002). The pro-
vider microorganisms, on the other hand, are
those that enhance their host acquisition of
scarce or inaccessible resources (Douglas,
2010). These symbionts are, in general, micro-
organisms that are horizontally transmitted
belowground and whose propagules remain
in the soil after the host dies. For example, ni-
trogen-fixing bacteria (rhizobia) establish
symbiosis with legumes in root structures called
nodules in which atmospheric nitrogen (N) is
converted into mineral N, which can be har-
nessed by the plant (Sprent, 2007). Also clas-
sified as providers, arbuscular mycorrhizal
fungi (AMF) are soil fungi that establish
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associations with the plant roots. This sym-
biosis develops internal and external hyphae
that explore the soil and supply the plant with
nutrients, mainly phosphorus (P) (Johnson
etal., 1997).

Symbiotic interactions are so widespread
in nature that the co-occurrence of several
symbioses among plants, fungi and bacteria
is highly likely within a community (Stanton,
2003). A single plant can harbour different
strains, species or types of symbionts. For
example, a legume plant may be holding one
or more species of mycorrhizal fungi and
one or more rhizobia genotypes simultan-
eously (Denison, 2000; Larimer et al., 2010).
Similarly, grasses can be associated with their
specific endophyte and also support one or
several species of mycorrhizal fungi (Omacini
etal.,2006; Mack and Rudgers, 2008). At neigh-
bourhood level, the co-occurrence of grasses
and legumes, associated to their specific sym-
bionts, is highly frequent. They can either share
or impair their benefits. Furthermore, AMF
are relatively more promiscuous and can be
associated with different plants, forming a
complex network of subterranean hyphae
connecting several plants, known as com-
mon mycorrhizal networks (Smith and Read,
1997; Hodge et al., 2001). In terrestrial com-
munities, the different hosts and symbionts
form a complex system of associations. This
fact has triggered a growing interest in
understanding the interactions between
different symbioses, both within the same
plant and among neighbouring plants. How-
ever, the number of studies involving several
symbioses is still scarce.

At different hierarchical levels, the out-
come of the simultaneous presence of two
symbionts can be the result of additive or
interactive effects (Fig. 8.1). Additive effects
occur when the plant response to two (or
more) symbionts acting together is the same
as the cumulative effects of each symbiont
with no resulting adverse effects. Interactive
effects on the other hand occur when the
combined effects on plant or community
performance are greater (synergisms) or
smaller (antagonisms) than the cumulative
effects of each symbiont. Depending on the
variable considered, it is sometimes impos-
sible to determine which symbiont presents
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Fig. 8.1. Hypothesized additive and interactive effects of two distinct symbionts’ co-occurrence on plant
(e.g. biomass production, growth rate, nutrient acquisition) or community (primary productivity, nutrient
dynamics, diversity) attributes. Additive (1), synergic (Il) or antagonistic (11l) effects may appear when both
symbionts are present. The upper panel illustrates different possible results on host plant performance when
manipulating the occurrence of endophytes and arbuscular mycorrhizal fungi (AMF) in the same host grass.
Performance of host grass when they are absent (control treatment in black) is represented along with the
contribution of endophyte presence only (hatched), AMF presence only (dotted) or that of both co-occurring
symbionts. The lower panel illustrates the outcome of plant community performance when manipulating the
occurrence of endophyte and rhizobia in neighbouring plants. The performance of the community is
represented, divided into the contribution of grass (black bar) or legume (white bar) performance and the effect
of endophyte only (hatched bar) or rhizobia only (chequered bars) or of both co-occurring.

an increased effect (e.g. when measuring
biomass). In other cases, when it is possible
to determine a specific amount of the effect
caused by a symbiont, the interaction could be
due to a change in the effects of both sym-
bionts (as in Fig. 8.1, upper panel) or due to
a change in the effect of only one of them. In
general, interactive effects are studied at host
level (Fig. 8.1, upper panel). However, inter-
active effect can appear at community level
when symbionts which are specific for different
host plants co-occur (Fig. 8.1, lower panel).
In this case, the total effect could be driven
by the independent effects of endophyte and
rhizobia on the grass and legume, respectively

(as shown in Fig. 8.1, lower panel, with an
increase of each host biomass by the presence
of their specific symbionts). However, inter-
active effects can be the result of each symbi-
ont’s effect on a neighbouring non-host plant
(i.e. extended benefits). The inclusion of the
third type of symbiont in the analysis is inter-
esting and challenging. Unfortunately, there
are very few studies including the three func-
tionally distinct symbionts.

In this chapter, we explore the responses
of plants when atleast two symbionts co-occur
within the same host or neighbouring plants.
First, we briefly introduce the epichloid endo-
phytes, systemic and asymptomatic fungal
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symbionts of temperate grasses. Second, we
review studies that investigate the effects of
epichloid endophytes on AMF colonization
and their consequences on host plant perform-
ance. Then, as a third point of concern, we
explore the current knowledge related to the
presence of endophyte and AMF on the host
grass affecting legume-rhizobia interaction,
whether coexisting in the neighbourhood or
growing after grass dies. Finally, we highlight
specific concepts in the light of symbiotic
interactions with the goal of gaining deeper
knowledge about the implications of multiple
symbiotic systems for their agronomic man-
agement and for future research.

8.2 Epichloid Endophytes
of Grasses — a Private Symbiont
with Multiple Effects within the Host
Neighbourhood

In most terrestrial ecosystems there are
grasses associated with asexual endophytic
fungi of the genus Epichloé (formerly Neoty-
phodium) (Ascomycetes: Clavicipitaceae) (Clay
and Schardl, 2002; Leuchtmann et al., 2014;
Semmartin et al., 2015). These fungi inter-
cellularly grow in sheaths and seeds of many
cool-season grasses, including the agronomic
grasses Schenodorus phoenix (tall fescue), Loli-
um perenne (ryegrass perennial) and Lolium
multiflorum (annual ryegrass) (Clay and
Schardl, 2002; Leuchtmann et al., 2014).
These epichloid endophytes are considered
protector symbionts because their presence
can confer the host plant with protection
against different invertebrate or vertebrate
herbivores and pathogens (Clay et al., 1993;
Bush et al., 1997; Clay and Schardl, 2002;
Pérez et al., 2013, 2016). Although the pro-
duction of alkaloids has been considered
responsible for the effects observed in plants,
other putative mechanisms could contribute
to the anti-herbivory defences (Rasmussen
et al., 2007; Garcia-Parisi et al., 2014; Du-
pont et al., 2015; Bastias et al., 2017). For
example, changes in volatile compound pro-
duction of endophyte-associated plants could
be involved in the observed protection (Yue
et al., 2001; Garcia-Parisi et al., 2014; Liet al.,
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2014). In particular, the common strains of
the endophyte associated with L. perenne
and S. phoenix produce intoxication in do-
mestic livestock and markedly decrease the
preference for these grasses. By contrast, the
endophyte associated with L. multiflorum
and some modified strains associated with
L. perenne and S. phoenix do not generate
toxicity to livestock (Gundel et al., 2009; Shi-
ba et al., 2011) and only protect against the
attack of certain insect species (Omacini
etal., 2001).

In addition to the protective function of
the endophyte, plants in symbiosis usually
show greater tolerance and resistance to dif-
ferent situations of abiotic stress, including
drought (Malinowski and Belesky, 2000;
Davitt et al.,, 2011; but see Gundel et al.,
2016) or nutrient deprivation (Malinowski
and Belesky, 2000; Belesky et al., 2008;
Garcia-Parisi et al., 2015, 2017). In particular,
increased nutrient uptake in host by endo-
phyte presence could be due to changes in
the root morphology (Malinowski and Bele-
sky, 2000) or changes in microbial processes
of soil related to the availability of nutrients
(Franzluebbers et al., 1999; Franzluebbers,
2006; Bowatte et al., 2011; Casas et al., 2011;
Igbal et al., 2013). Furthermore, although the
endophytes colonize only aerial tissues,
multiple belowground effects were observed
in the presence of the endophyte (Omacini
et al., 2012). Changes have been observed in
different soil nutrient reservoirs (Franzlueb-
bers etal., 1999; Franzluebbers, 2006) and soil
biota involved in decomposition processes
and mineralization of nutrients (Bowatte et
al., 2011; Casas et al., 2011; Igbal et al., 2013).
Then, the changes that the epichloid endo-
phyte produces in its host are propagated to
community level, through affecting the per-
formance of other members of the aboveground
or belowground neighbourhood (Omacini
et al., 2005; Omacini, 2014). Because of these
multiple changes in the neighbourhood, we
propose a new term ‘symbiosphere’ to refer to
the whole area in the neighbourhood that is
affected by the presence of symbionts. In the
following sections, we will analyse the current
knowledge of the effects of epichloid endo-
phytes on plant belowground symbionts in the
symbiosphere and their joint effects on their
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host plants and other plants or symbioses
within the neighbourhood.

8.3 Co-occurrence of Functionally
Distinct Symbionts that Can Share
the Same Host: Epichloid Endophytes
and AMF

The simultaneous presence of AMF and
epichloid endophytes within a common host
has been analysed through alterations in
symbiosis traits (e.g. AM spore production,
degree of AM root colonization, endophyte
hyphal length, density or biomass, alkaloid
production) or through their impact on host
plant performance or ecosystem processes
(e.g. biomass production, fitness, nutrient
acquisition, primary productivity, nutrient
dynamics). Two reviews that were conducted
based on works about endophyte effects on
host root colonization by AMF found con-
trasting results (Larimer et al., 2010; Omacini
et al., 2012). Similarly, the impact of both
symbionts on the performance of their
shared host plant also showed a great diver-
sity of results, ranging from synergism to
antagonism (see Larimer et al., 2010). In this
section, we incorporate recent studies on
endophyte effects on AMF and host attributes
into the discussion of the potential factors
and processes introducing variability in the
outcomes of symbiont co-occurrence, includ-
ing changes in plant or microorganism species,
in the abiotic conditions or in the neigh-
bourhood complexity.

Endophyte presence is thought to impair
host root colonization by AMF (Omacini
etal., 2012) although the strength and direc-
tion of its effects are apparently dependent
on the origin or identity of the partners and
abiotic conditions. The first studies were
developed resorting to agronomic grasses such
as L. perenne and S. phoenix, showing a sig-
nificant negative endophyte effect on AMF
colonization and spore production (e.g. Chu-
Chou et al., 1992; Guo et al., 1992; Miiller,
2003; Omacini et al., 2006; Mack and Rudg-
ers, 2008; Liu et al., 2011). However, when
surveying fields with non-agronomic grass
species, the opposite effect was detected:

endophyte presence was associated with
higher AMF colonization (Novas et al., 2005,
2009). The authors suggested that the iden-
tity of the host grass, and in particular being
agronomic or not, defined the outcome of the
tripartite interaction. Later on, new studies
were developed with agronomic and non-
agronomic grasses manipulating the origin
or composition of AMF inoculum. In non-
agronomic grasses, two studies detected that
endophyte effect on AMF colonization may
range from positive to negative according to
AM species that were included or to abiotic
context (Larimer et al., 2010, 2012; Bell-
Dereske et al., 2017, but see Zhou et al., 2016,
2018). For agronomic grasses, recent studies
also showed that an improved (or less harsh)
environmental condition may shift the effect
of the endophyte on AMF colonization from
negative to neutral (Li et al., 2018; Slaughter
et al., 2018). However, other studies on the
agronomic grasses S. phoenix and L. perenne
did not find this response (Guo et al., 1992;
Mack and Rudgers, 2008; Liu et al., 2011).
The host performance, when there is sim-
ultaneous presence of epichloid endophytes
and AME, also depends on the origin of
the plant species, on the AMF species and on
the context. Out of nine studies analysing
the effect of simultaneous presence of both
endophyte and AMF on the host outcome,
five used agronomic grasses (L. perenne, L.
multiflorum and S. phoenix), while four used
non-agronomic grasses (Elymus hystrix, Bro-
mus auleticus and Achanatherum sibricum).
Most of these studies found non-interactive
effects for dual symbiotic associations with
both groups of plants (Mack and Rudgers,
2008; Larimer et al.,, 2012; Vignale et al.,
2016). However, antagonistic effects on the
host growth were found by Liu et al. (2011)
and by Guo et al. (2017) in agronomic
grasses. The common strain of endophyte
E. lolii (and not the AR1 modified strain) and
AM fungus Rhizophagus intraradices (and not
the Funneliformis mosseae) antagonistically
affected the performance of two cultivars of
L. perenne, but only under high P availability
(Liu et al., 2011). Similarly, Guo et al. (2017)
found antagonistic interactive effect on
L. perenne biomass, under both low and high
P availability. In both studies, endophyte or
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AMF separately showed no effect on the host
biomass, but when both microorganisms
were present, a decrease was observed. Fur-
thermore, synergic responses to endophyte
and AMF presence were observed in two
experiments, one using agronomic and the
other using non-agronomic grasses. First, Li
etal. (2018) found that even when the single
association with endophyte or AMF pro-
duced no effect on host growth, their dual
presence increased the L. perenne host growth,
but only when the pot was inoculated with a
pathogen. In the second one, Zhou et al. (2016)
tested the dual association of AMF and
epichloid endophytes in the non-agronomic
A. sibricum, using two species of AMF (Glomus
etunicatum and F. mosseae), under varying
availability of N and P. They found a synergic
effect only under sufficient N and P availabil-
ity, explained by a positive effect of the endo-
phyte only when inoculated with F. mosseae.
Indeed, without endophyte, the inoculation
with F. mosseae was negative for the host grass.

Under more complex scenarios, manipu-
lating the neighbourhood of the host plants,
new results emerged, showing that the biotic
context may also change the outcome of the
tripartite interaction. Omacini et al. (2006)
studied the effect of a plant associated with
endophyte on AM colonization of a neigh-
bouring plant without endophytes. They
found that, even when the endophyte was
negative on the endophyte-associated grass, it
was positive for the neighbouring endophyte-
free grass of the same agronomic species.
Recently, Vignale et al. (2018) and Zhou
et al. (2018) tested the dual association in
native grasses (B. auleticus and A. sibiricum,
respectively). While no effect of the endophyte
presence on the neighbouring plant was
observed in B. auleticus (Vignale et al., 2018),
the effect of the AM fungi was different if the
plant was growing with or without competition
(Zhou et al., 2018). Mycorrhiza showed no
effect on host growth when growing without
competition, but it either increased or
decreased its performance when growing in
competition with a non-endophytic grass,
depending on the AMF species (Zhou et al.,
2018). Furthermore, the origin of the AMF
inoculum may also affect the outcome of the
tripartite symbiosis, as it was shown in an
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experiment developed with the agronomic L.
multiflorum grass, the endophyte E. occul-
tans and three species of AME. When AMF
were previously multiplied in non-endophytic
plants (Bromus unioloides, Plantago lanceolata
and Lotus tenuis), they exerted a negative
effect on endophyte-associated host per-
formance. When multiplied in endophyte-
associated L. multiflorum plants, the effect
was neutral and it was positive when multi-
plied in endophyte-associated L. multiflorum
plants. No effect of AMF presence was ob-
served in endophyte-free L. multiflorum
plants irrespective of the inoculum origin
(Fig. 8.2; Garcia-Parisi and Omacini, 2017).
These results suggest that the history of the
AMEF inoculum used in the experiments may
influence symbiosis and host responses:
when it was previously multiplied in endo-
phyte-free grasses, endophyte effect on AMF
colonization was negative (Liu et al., 2011),
whereas when multiplied in endophyte-
associated grass, the effect of the AMF and
endophyte on host performance was positive
(Garcia-Parisi and Omacini, 2017).

8.4 Co-occurrence of Functionally
Distinct Symbioses that Can
Share the Neighbourhood: Grass-
Endophyte, Legume-Rhizobia
and Mycorrhiza

Cattle production systems such as pastures
and grasslands usually include two functional
groups of plants associated with specific and
generalist symbionts co-occurring in the neigh-
bourhood. Similarly, in agricultural rotations
where the interspersing monocultures of
grasses with monocultures of legumes is
very frequent, the legacy of both groups of
plants and their symbionts may positively or
negatively affect the performance of the next
generation of plants (Klironomos, 2002; Bev-
er, 2003; Antunes et al., 2008; Omacini et al.,
2009; Cripps et al., 2013; van der Putten et al.,
2013; Garcia-Parisi et al., 2017). Considering
that the association with different types of
symbionts is quite usual in both groups of
plants, the lack of studies including the
presence of epichloid endophytes, N-fixing
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Fig. 8.2. Mycorrhizal effect on biomass production of endophyte-free (open symbols) or endophyte-
associated (closed squares) L. multiflorum plants, according to the origin of the arbuscular mycorrhizal
fungi (AMF) inoculum. The three AMF species (Simiglomus hoi, Rhizophagus irregularis and Funneliformis
mosseae) were previously multiplied in three non-endophytic plant species (Lotus tenuis, Bromus
unioloides and Plantago lanceolata), or in the endophytic L. multiflorum, either associated to the
endophyte E. occultans or not. Values are the log response ratio and the confidence interval (Cl: 95%).
When Cl includes 0, there is no effect of the AMF. (Modified from Garcia-Parisi and Omacini, 2017)

bacteria and AMF is surprising. Indeed, in our
previous meta-analyses conducted to evaluate
the effect of endophyte presence on host grass
on different components of soil biota, we could
not analyse the effect of the endophyte on rhi-
zobia or free-living N-fixing bacteria due to the
lack of information (Omacini et al., 2012). In
this section, we analyse the current knowledge
about the impact of the grass—endophyte sym-
biosis on the association between legumes
and both types of provider symbionts, either
when grasses and legumes coexist in the same
or subsequent crops (Cripps et al., 2013;
Garcia-Parisi et al., 2014, 2015; Slaughter et al.,
2016; Garcia-Parisi et al., 2017).

Endophyte presence in grass may affect
the neighbouring legume in several ways: it
can either increase its nodulation (Eerens
et al., 1998) or decrease it without affecting
the amount of N fixed within the host plants
(Garcia-Parisi et al., 2015). Indeed, in mixed
stands of grasses and legumes, the presence
of both symbionts showed additive effects on
both plant species productivity and N acqui-
sition at neighbourhood level (Garcia-Parisi

et al., 2015). Symbiosis with endophytes
increased the host grass growth and N
acquisition from the soil, while symbiosis
with rhizobia increased legume and N acqui-
sition from the atmosphere (Garcia-Parisi
etal., 2015). Similarly, Slaughter et al. (2016)
found that endophyte presence in tall fescue
did not affect the N fixation rate of the
neighbouring red clover—rhizobia symbiosis,
but increased the amount of fixed N transfer
to the host grass. Then, the symbiosis with
rhizobia may not only induce complemen-
tarity in N use between legumes and grasses
but also improve the performance of grasses
due to N transfer (Slaughter et al., 2016).
Furthermore, endophyte presence can also
induce benefits from grass to legume through
associational protection against insect her-
bivory (Garcia-Parisi et al., 2014). As this pro-
tection occurs only when legume is highly
associated to rhizobium, synergic effects arise
from the simultaneous presence of both plant
species and both symbionts.

Legacy effects of endophytic grasses
over legumes have been observed in studies
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mimicking the agricultural rotations, which
include the interspersing monocultures of
grasses with monocultures. White clover
grown in soils previously conditioned by
endophyte-associated L. perenne or L. multi-
florum plants improved their performance
(Cripps et al., 2013; Garcia-Parisi et al., 2017).
Interestingly, the changes in the soil induced
by endophyte-associated grass impacted on
the legume-rhizobia symbiosis establishment
and functioning (Garcia-Parisi et al., 2017).
Indeed, even when the endophyte presence
in a grass showed a negative effect or none at
all on legume nodulation, its imprint in the
soil improved plant growth and nodule effi-
ciency, by increasing the amount of N fixed
per nodule in plants (Garcia-Parisi et al., 2017).
Then, even after host death, endophyte pres-
ence can affect the following legume-rhizobia
symbiosis. Putative mechanisms can be
related with changes either in the soil condi-
tions/microbiota or in the shoot or root host
litter deposited after the host dies.
Comprehensive studies including epichloid
endophytes, AMF and rhizobia are really scarce.
In a recent study, which was designed similar
to those by Garcia-Parisi et al. (2014, 2015),
we detected that endophyte presence in
L. multiflorum grass impaired AMF coloniza-
tion in neighbouring legumes, irrespective of
rhizobia presence (Fig. 8.3). Then, when ana-
lysing how endophyte and AMF presence on a
grass affects legume growth after the grass
dies, no interactive effects were found between
both fungal symbionts (Garcia-Parisi et al.,
2017). Indeed, AMF increased legume estab-
lishment independently of the presence of
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other symbionts either in the previous grass
or in the legume. Further studies are needed
to unravel the role of AMF linking both sym-
bioses. The common mycorrhizal networks
established between plants can act as a high-
way transferring nutrients and defensive sig-
nals (Barto et al., 2012). In this sense, it is
probable that AMF networks can be the chan-
nel to transfer N from the legume to the grass
(e.g. Slaughter et al., 2016) or the defences
against herbivory (Garcia-Parisi et al., 2014).
Through socializing the private symbiont
benefits, the AMF networks could represent
an extremely important component, consider-
ing the great impact on multiple interactions
in the neighbourhood.

8.5 Concluding Remarks:
Multisymbioses Public Benefits that
Impact on the Symbiosphere

The multiple studies reviewed in this chapter
suggest that even when the presence of spe-
cific symbionts is restricted to an individual
host plant, their benefits are not necessarily
private but public. Examples of public bene-
fits are the associational protection conferred
by the endophytic grass to the neighbouring
legume or the fixed N transfer from the leg-
ume to the grass. If endophyte presence in a
grass enhances rhizobia N fixation, the
greater inputs of N in the system could bene-
fit the grass. Furthermore, common mycor-
rhizal networks could transfer private sym-
biontbenefits (such as fixed N or antiherbivore
defences) from symbiotic to non-symbiotic

Fig. 8.3. Mycorrhizal colonization (root
length colonization, %) measured in
30-day-old Trifolium repens plants that
are inoculated (R+) or not (R-) with
rhizobia, growing surrounded by
endophyte-free (E-) or endophyte-
associated (E+) Lolium multiflorum
plants. Values are mean +SE (n = 6).
ANOVA statistical results (P value) of
simple effects of endophyte and
rhizobium are shown. No significant
interaction was detected between

E- R— E- R+ E+R-

factors.
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plants (e.g. Ayres et al., 2007). Then, it would be
difficult to determine where a symbiosis ends
and where the other one starts. In this sense,
any change observed in some plant or com-
munity attributes is no longer the effect of one
or another symbiont but an emergent prop-
erty arisen from their simultaneous presence.

The interactive effects of several symbionts
could be propagated to the whole symbio-
sphere, the symbiosis influence area, giving
rise to the appearance of processes or services
of the agroecosystems that could favour
their sustainability (Fig. 8.4; van der Heijden
etal., 2008; Tikhonovich and Provorov, 2011;
Wagg et al., 2014; Bender et al., 2016). When
studied separately, the presence of endo-
phytes, rhizobia and AMF has been observed
to affect different above- and belowground
ecosystem components — for example, other
plants, herbivores and their consumers. The
results of their interactions at the neigh-
bourhood level might have an impact at the

community level, affecting the species com-
position and diversity, the number of trophic
levels, nutrient cycling and productivity. The
ideas discussed in this chapter suggest that by
affecting both herbivory relationships and
nutrient dynamics, the simultaneous pres-
ence of these symbionts in the field could
generate synergisms between regulatory
(pest regulation) and support services (provi-
sion of nutrients), with consequences on pri-
mary and secondary productivity. Then, the
knowledge about the impact of the interactions
between plants and beneficial microorgan-
isms in managed systems allows finding bio-
logical strategies to increase the protection of
the plants against invertebrate herbivores
or to reduce the use of pesticides and fertil-
izers (van der Heijden et al., 2008; Gianinazzi
etal., 2010; Andrews et al., 2011; Tikhonovich
and Provorov, 2011; Rilliget al., 2016). These
studies are highly necessary to design and pro-
pose management strategies to enhance the
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Fig. 8.4. Symbiosphere: Symbioses influence area at different levels. In the internal square are the biotic
and abiotic ecosystem components that may respond to the presence of a symbiotic plant in the
neighbourhood. In the external square are the ecosystem services that could be influenced by a
symbiosis presence in agroecosystems. Populations bound to protector symbionts and regulating services
(e.g. plague control) are represented by dark green boxes, whereas resources associated to provider
symbionts and supporting services (e.g. nutrient cycling) are represented by white boxes. Both services
contribute to provision services (e.g. food production, light green boxes).
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synergies between services in agroecosys-
tems that maximize their sustainability.

In conclusion, epichloid endophytes of
grasses have effects that go beyond the host
and impact on other symbioses either within
the host or established with co-occurring
plants in the neighbourhood. Endophytes can
be either positive or negative for AMF colon-
ization within the host, and both symbionts
can have multiple interactive or additive
effects on host performances, depending on
the grass, endophyte and AMF species, and on
the abiotic and biotic environment. In gen-
eral, studies are focused on host performance
or fitness, but no study evaluates the effects of
several symbionts on the fitness of the endo-
phytes or rhizobia. Indeed, the effect of a sym-
biont on other symbionts’ public benefits can
be considered part of its multi-functionality.
Furthermore, endophytes’ presence on the
host grass can affect the community through
the impact on the performance of a neigh-
bouring legume or a legume that grows after
the grass dies. Then, the effects of these spe-
cific symbionts can derive into public benefits
for non-host plants that could be managed to
increase sustainability of agroecosystems.

Acknowledgements

We are grateful to the Symbiosphere lab
group. Most ideas presented here were
developed through our helpful discussions on
the issues dealt with in this essay. We wish to
thank Agustin Grimoldi, Magdalena Druille,
Luciano Boyero, Fernando Lattanzi and Hans
Schnyder for thought-provoking conversations
and helpful comments on earlier versions.
Preparation of this chapter was facilitated by
grants from the University of Buenos Aires
(UBA), the National Research Council (CONI-
CET) and the National Scientific and Techno-
logical Promotion (FONCYT).

References

Andrews, M., Edwards, G.R., Ridgway, H.J., Cam-
eron, K.C., Di, H.J. and Raven, J.A. (2011)
Positive plant microbial interactions in perennial

printed on 2/12/2023 10:51 PMvia .

ryegrass dairy pasture systems. Annals of Ap-
plied Biology 159, 79-92.

Antunes, PM., Miller, J., Carvalho, L.M., Klironomos,
J.N. and Newman, J.A. (2008) Even after death
the endophytic fungus of Schedonorus phoenix
reduces the arbuscular mycorrhizas of other
plants. Functional Ecology 22, 912-918.

Ayres, E., Dromph, K.M., Cook, R., Ostle, N. and
Bardgett, R.D. (2007) The influence of below-
ground herbivory and defoliation of a legume on
nitrogen transfer to neighbouring plants. Func-
tional Ecology 21, 256-263.

Barto, E.K., Weidenhamer, J.D., Cipollini, D. and
Rillig, M.C. (2012) Fungal superhighways: Do
common mycorrhizal networks enhance below
ground communication? Trends in Plant Sci-
ence 17, 633—-637.

Bastias, D.A., Martinez-Ghersa, M.A., Ballaré, C.L.
and Gundel, P.E. (2017) Epichloé fungal endo-
phytes and plant defenses: Not just alkaloids.
Trends in Plant Science 22, 939-948.

Belesky, D.P., Burner, D.M. and Ruckle, J.M. (2008)
Does endophyte influence resource acquisition
and allocation in defoliated tall fescue as a func-
tion of microsite conditions? Environmental and
Experimental Botany 63, 368-377.

Bell-Dereske, L., Takacs-Vesbach, C., Kivlin, S.N.,
Emery, S.M. and Rudgers, J.A. (2017) Leaf
endophytic fungus interacts with precipitation to
alter belowground microbial communities in pri-
mary successional dunes. FEMS Microbiology
Ecology 93.

Bender, S.F., Wagg, C. and van der Heijden, M.G.A.
(2016) An underground revolution: Biodiversity
and soil ecological engineering for agricultural
sustainability. Trends in Ecology & Evolution 31,
440-452.

Bever, J.D. (2003) Soil community feedback and the
coexistence of competitors: Conceptual frame-
works and empirical tests. New Phytologist 157,
465-473.

Bowatte, S., Barrett, B., Luscombe, C., Hume, D.E.,
Luo, D., Theobald, P. and Newton, P.C. (2011)
Effect of grass species and fungal endophyte on
soil nitrification potential. New Zealand Journal
of Agricultural Research 54, 275-284.

Bush, L., Wilkinson, H.H. and Schardl, C.L.
(1997) Bioprotective alkaloids of grass-fungal
endophyte symbioses. Plant Physiology 114,
1-7.

Casas, C., Omacini, M., Montecchia, M.S. and Correa,
0.S. (2011) Soil microbial community responses
to the fungal endophyte Neotyphodium in ltalian
ryegrass. Plant and Soil 340, 347-355.

Cheplick, G.P. and Faeth, S.H. (2009) Ecology and
Evolution of the Grass-Endophyte Symbiosis.
Oxford Scholarship Online Monographs.

Al'l use subject to https://wmv. ebsco. conlterns-of-use



EBSCChost -

printed on 2/12/2023 10:51 PMvia .

Interactive Effects of Co-occurring Epichloid Endophytes 119

Chu-Chou, M., Guo, B., An, Z.-Q., Hendrix, J.W.,
Ferriss, R.S., et al. (1992) Suppression of
mycorrhizal fungi in fescue by the Acremonium
coenophialum endophyte. Soil Biology and
Biochemistry 24, 633—-637.

Clay, K. and Schardl, C.L. (2002) Evolutionary ori-
gins and ecological consequences of endo-
phyte symbiosis with grasses. The American
Naturalist 160, S99-S127.

Clay, K., Marks, S. and Cheplick, G.P. (1993) Effects
of insect herbivory and fungal endophyte infec-
tion on competitive interactions among grasses.
Ecology 74, 17671777

Cripps, M.G., Edwards, G.R. and McKenzie, S.L.
(2013) Grass species and their fungal sym-
bionts affect subsequent forage growth. Basic
and Applied Ecology 14, 225-234.

Davitt, A.J., Chen, C. and Rudgers, J.A. (2011) Under-
standing context-dependency in plant-microbe
symbiosis: The influence of abiotic and biotic
contexts on host fithness and the rate of symbiont
transmission. Environmental and Experimental
Botany 71, 137—145.

Denison, R.F. (2000) Legume sanctions and the
evolution of symbiotic cooperation by rhizobia.
The American Naturalist 156, 567-576.

Douglas, A.E. (2010) The Symbiotic Habitat. Princeton
University Press, Princeton, New Jersey.

Dupont, P-Y., Eaton, C.J., Wargent, J.J., Fechtner,
S., Solomon, P, et al. (2015) Fungal endophyte
infection of ryegrass reprograms host metabolism
and alters development. New Phytologist 208,
1227-1240.

Eerens, J.P.J., Lucas, R.J., Easton, H.S. and White,
J.G.H. (1998) Influence of the ryegrass endo-
phyte (Neotyphodium lolii) in a cool-moist en-
vironment Ill. Interaction with white clover. New
Zealand Journal of Agricultural Research 41,
201-207.

Franzluebbers, A.J. (2006) Short-term responses of
soil C and N fractions to tall fescue endophyte
infection. Plant and Soil 282, 153-164.

Franzluebbers, A.J., Nazih, N., Stuedemann, J.A,,
Fuhrmann, J.J., Schomberg, H.H. and Hartel, P.G.
(1999) Soil carbon and nitrogen pools under
low- and high-endophyte-infected tall fescue. Soil
Science Society of America 63, 1687—-1694.

Garcia-Parisi, P.A. and Omacini, M. (2017) Arbuscular
mycorrhizal fungi can shift plant-soil feedback of
grass-endophyte symbiosis from negative to
positive. Plant and Soil 419, 13-23.

Garcia-Parisi, PA., Grimoldi, A.A. and Omacini, M.
(2014) Endophytic fungi of grasses protect other
plants from aphid herbivory. Fungal Ecology 9,
61-64.

Garcia Parisi, P.A., Lattanzi, F.A., Grimoldi, A.A. and
Omacini, M. (2015) Multi-symbiotic systems:

Functional implications of the coexistence of
grass-endophyte and legume-rhizobia symbioses.
Oikos 124, 553-560.

Garcia-Parisi, PA., Lattanzi, F.A., Grimoldi, A.A,,
Druille, M. and Omacini, M. (2017) Three sym-
bionts involved in interspecific plant-soil feedback:
Epichloid endophytes and mycorrhizal fungi
affect the performance of rhizobia-legume sym-
biosis. Plant and Soil 412, 151-162.

Gianinazzi, S., Gollotte, A., Binet, M.-N., van Tuinen,
D., Redecker, D. and Wipf, D. (2010) Agroecolo-
gy: The key role of arbuscular mycorrhizas in
ecosystem services. Mycorrhiza 20, 519-530.

Gundel, PE., Batista, W.B., Texeira, M., Martinez-
Ghersa, M.A., Omacini, M. and Ghersa, C.M.
(2008) Neotyphodium endophyte infection
frequency in annual grass populations: Relative
importance of mutualism and transmission
efficiency. Proceedings of the Royal Society B
275, 897-905.

Gundel, P.E., Garibaldi, L.A., Tognetti, P.M.,
Aragon, R., Ghersa, C.M. and Omacini, M.
(2009) Imperfect vertical transmission of the
endophyte Neotyphodium in exotic grasses in
grasslands of the Flooding Pampa. Microbial
Ecology 57, 740-748.

Gundel, PE., Martinez-Ghersa, M.A., Omacini, M.,
Cuyeu, R., Pagano, E., Rios, R. and Ghersa,
C.M. (2012) Mutualisms effectiveness and verti-
cal transmission of symbiotic fungal endo-
phytes in response to host genetic background.
Evolutionary Applications 5, 838—849.

Gundel, P.E., Irisarri, J.G.N., Fazio, L., Casas, C. and
Pérez, L.1. (2016) Inferring field performance from
drought experiments can be misleading: The
case of symbiosis between grasses and Epichloé
fungal endophytes. Journal of Arid Environ-
ments 132, 60-62.

Guo, B.Z., Hendrix, J.W., An, Z.-Q. and Ferriss, R.S.
(1992) Role of Acremonium endophyte of fescue
on inhibition of colonization and reproduction of
mycorrhizal fungi. Mycologia 84, 882—885.

Guo, Y.-E., Wang, X.-Y., Gao, P.and Duan, T.-Y. (2017)
Effects of Glomus mosseae and grass endo-
phytes on the growth of Lolium perenne under
phosphorus addition. Acta Prataculturae Sinica
26, 160—169.

Hodge, A., Campbell, C.D. and Fitter, A.H. (2001) An
arbuscular mycorrhizal fungus accelerates de-
composition and acquires nitrogen directly from
organic material. Nature 413, 297-299.

Igbal, J., Nelson, J.A. and McCulley, R.L. (2013) Fun-
gal endophyte presence and genotype affect
plant diversity and soil-to-atmosphere trace gas
fluxes. Plant and Soil 364, 15-27.

Johnson, N.C., Graham, J.H. and Smith, F.A. (1997)
Functioning of mycorrhizal associations along

Al'l use subject to https://wmv. ebsco. conlterns-of-use



EBSCChost -

120

P.A. Garcia-Parisi and M. Omacini

the mutualism-parasitism continuum. New Phy-
tologist 135, 575-585.

Kiers, E.T. and van der Heijden, M.G.A. (2006) Mu-
tualistic stability in the arbuscular mycorrhizal
symbiosis: Exploring hypothesis of evolutionary
cooperation. Ecology 87, 1627-1636.

Kiers, E.T., Duhamel, M., Beesetty, Y., Mensah,
J.A., Franken, O., et al. (2011) Reciprocal re-
wards stabilize cooperation in the mycorrhizal
symbiosis. Science 333, 880-882.

Kiers, T., Rousseau, R.A., West, S.A. and Denison,
R.F. (2003) Host sanctions and the legume—
rhizobium mutualism. Nature 425, 1095—-1098.

Klironomos, J.N. (2002) Feedback with soil biota con-
tributes to plant rarity and invasiveness in commu-
nities. Nature 417, 67-70. doi:10.1038/417067a

Larimer, A.L., Bever, J.D. and Clay, K. (2010) The
interactive effects of plant microbial symbionts:
A review and meta-analysis. Symbiosis 51,
139-148.

Larimer, A.L., Bever, J.D. and Clay, K. (2012) Conse-
quences of simultaneous interactions of fungal
endophytes and arbuscular mycorrhizal fungi
with a shared host grass. Oikos 121, 2090-2096.

Leuchtmann, A., Bacon, C.W., Schardl, C.L., White,
J.F. and Tadych, M. (2014) Nomenclatural re-
alignment of Neotyphodium species with genus
Epichloé. Mycologia 106, 202-215.

Li, F.,, Christensen, M.J., Gao, P, Li, Y. and Duan, T.
(2018) An arbuscular mycorrhizal fungus and
Epichloé festucae var. lolii reduce Bipolaris soro-
kiniana disease incidence and improve perennial
ryegrass growth. Mycorrhiza 28, 159-169.

Li, T., Blande, J.D., Gundel, PE., Helander, M.L. and
Saikkonen, K.T. (2014) Epichloé endophytes alter
inducible defences in host grasses. PLOS ONE 9,
e101331.

Liu, Q., Parsons, A.J., Xue, H., Fraser, K, Ryan, G.D.,
Newman, J.A. and Rasmussen, S. (2011) Compe-
tition between foliar Neotyphodium lolii endo-
phytes and mycorrhizal Glomus spp. fungi in
Lolium perenne depends on resource supply and
host carbohydrate content. Functional Ecology
25, 910-920.

Mack, K.M.L. and Rudgers, J.A. (2008) Balancing
multiple mutualists: Asymmetric interactions
among plants, arbuscular mycorrhizal fungi, and
fungal endophytes. Oikos 117, 310-320.

Malinowski, D.A.P. and Belesky, D.P. (2000) Adapta-
tions of endophyte-infected cool-season grasses
to environmental stresses: Mechanisms of drought
and mineral stress tolerance. Crop Science 40,
923-940.

Miller, J. (2003) Artificial infection by endophytes
affects growth and mycorrhizal colonisation of
Lolium perenne. Functional Plant Biology 30,
419-424.

printed on 2/12/2023 10:51 PMvia .

Newsham, K.K., Fitter, A.H. and Watkinson, A.R.
(1995) Multi-functionality and biodiversity in ar-
buscular mycorrhizas. Oikos 10, 407—411.

Novas, M.V., Cabral, D. and Godeas, A.M. (2005)
Interaction between grass endophytes and myc-
orrhizas in Bromus setifolius from Patagonia,
Argentina. Symbiosis 40, 23-30.

Novas, M.V., lannone, L.J., Godeas, A.M. and
Cabral, D. (2009) Positive association be-
tween mycorrhiza and foliar endophytes in
Poa bonariensis, a native grass. Mycological
Progress 8, 75-81.

Omacini, M. (2014) Asexual endophytes of grasses:
Invisible symbionts, visible imprints in the host
neighbourhood. In: Verma, V.C. and Gange, A.C.
(eds) Advances in Endophytic Research.
Springer, India, pp. 143-157.

Omacini, M., Chaneton, E.J., Ghersa, C.M. and Mul-
ler, C.B. (2001) Symbiotic fungal endophytes con-
trol insect host-parasite interaction webs. Nature
409, 78-81.

Omacini, M., Chaneton, E.J. and Ghersa, C.M. (2005)
A hierarchical framework for understanding the
ecosystem consequences of endophyte-grass
symbioses. In: Roberts, C., West, C.P. and Spiers,
D.E. (eds), Neotyphodium in Cool-Season
Grasses Current Research Applications. Black-
well Publishing, Ames, IA, USA, pp. 141-161.

Omacini, M., Eggers, T., Bonkowski, M., Gange,
A.C. and Jones, T.H. (2006) Leaf endophytes af-
fect mycorrhizal status and growth of co-infected
and neighbouring plants. Functional Ecology
20, 226-232.

Omacini, M., Chaneton, E.J., Bush, L. and Ghersa,
C.M. (2009) A fungal endosymbiont affects host
plant recruitment through seed- and litter-
mediated mechanisms. Functional Ecology 23,
1148-1156.

Omacini, M., Semmartin, M., Perez, L.I. and Gun-
del, P.E. (2012) Grass-endophyte symbiosis: A
neglected aboveground interaction with multiple
belowground consequences. Applied Soil Ecol-
ogy 61, 273-279.

Pérez, L.l., Gundel, PE., Ghersa, C.M. and Omacini,
M. (2013) Family issues: Fungal endophyte pro-
tects host grass from the closely related pathogen
Claviceps purpurea. Fungal Ecology 6, 379-386.

Pérez, L.I., Gundel, PE. and Omacini, M. (2016)
Can the defensive mutualism between grasses
and fungal endophytes protect non-symbiotic
neighbours from soil pathogens? Plant and Soil
405, 289-298.

Rasmussen, S., Parsons, A.J., Bassett, S., Chris-
tensen, M.J., Hume, D.E., et al. (2007) High
nitrogen supply and carbohydrate content reduce
fungal endophyte and alkaloid concentration in
Lolium perenne. New Phytologist 173, 787—-797.

Al'l use subject to https://wmv. ebsco. conlterns-of-use



EBSCChost -

printed on 2/12/2023 10:51 PMvia .

Interactive Effects of Co-occurring Epichloid Endophytes 121

Rillig, M.C., Sosa-Hernandez, M.A., Roy, J., Agui-
lar-Trigueros, C.A., Valyi, K. and Lehmann, A.
(2016) Towards an integrated mycorrhizal tech-
nology: Harnessing mycorrhiza for sustainable
intensification in agriculture. Frontiers in Plant
Science 7, 1625.

Semmartin, M., Omacini, M., Gundel, PE. and
Hernandez-Agramonte, I.M. (2015) Broad-scale
variation of fungal-endophyte incidence in tem-
perate grasses. Journal of Ecology 103, 184-190.

Shiba, T., Sugawara, K. and Arakawa, A. (2011)
Evaluating the fungal endophyte Neotyphodium
occultans for resistance to the rice leaf bug,
Trigonotylus caelestialium, in Italian ryegrass,
Lolium multiflorum. Entomologia Experimentalis
et Applicata 141, 45-51.

Slaughter, L.C., Carlisle, A.E., Nelson, J.A. and
MccCulley, R.L. (2016) Fungal endophyte symbi-
osis alters nitrogen source of tall fescue host, but
not nitrogen fixation in co-occurring red clover.
Plant and Soil 405, 243-256.

Slaughter, L.C., Nelson, J.A., Carlisle, E., Bourgui-
gnon, M., Dinkins, R.D., Phillips, T.D. and Mc-
Culley, R.L. (2018) Climate change and Epichloé
coenophiala association modify belowground
fungal symbioses of tall fescue host. Fungal
Ecology 31, 37-46.

Smith, S.E. and Read, D.J. (1997) Mycorrhizal Sym-
biosis, 2nd edn. Academic Press, Inc., London.
Sprent, J.I. (2007) Evolving ideas of legume evolu-
tion and diversity: A taxonomic perspective on
the occurrence of nodulation. New Phytologist

174, 11-25.

Stanton, M. (2003) Interacting guilds: Moving beyond
the pairwise perspective on mutualisms. The
American Naturalist 162(4 Suppl.), S10-S23.

Thrall, PH., Hochberg, M.E., Burdon, J.J. and Bever,
J.D. (2007) Coevolution of symbiotic mutualists
and parasites in a community context. Trends in
Ecology and Evolution 22, 120—126.

Tikhonovich, I.A. and Provorov, N. (2011) Microbiology
is the basis of sustainable agriculture: An opinion.
Annals of Applied Biology 159, 155—168.

van der Heijden, M.G.A., Bardgett, R.D. and Van
Straalen, N.M. (2008) The unseen majority: Soil

microbes as drivers of plant diversity and prod-
uctivity in terrestrial ecosystems. Ecology Let-
ters 11, 296-310.

van der Putten, W.H., Bardgett, R.D., Bever, J.D.,
Bezemer, T.M., Casper, B.B., et al. (2013)
Plant-soil feedbacks: The past, the present
and future challenges. Journal of Ecology 101,
265-276.

Vignale, M.V,, lannone, L.J., Pinget, A.D., De Bat-
tista, J.P., Novas, M.V. (2016) Effect of epichloid
endophytes and soil fertilization on arbuscular
mycorrhizal colonization of a wild grass. Plant
and Soil 405, 279-287.

Vignale, M.V., lannone, L.J., Scervino, J.M. and
Novas, M.V. (2018) Epichloé exudates promote in
vitro and in vivo arbuscular mycorrhizal fungi de-
velopment and plant growth. Plant and Soil 422,
267-281.

Wagg, C., Bender, S.F., Widmer, F. and van der Hei-
jden, M.G.A. (2014) Soil biodiversity and soil
community composition determine ecosystem
multifunctionality. Proceedings of the National
Academy of Sciences of the United States of
America 111, 5266-5270.

Walder, F. and van der Heijden, M.G.A. (2015) Regu-
lation of resource exchange in the arbuscular
mycorrhizal symbiosis. Nature Plants 1, 15159.

White, J.F. and Torres, M.S. (eds) (2010) Defensive
Mutualism in Microbial Symbiosis. Mycology.
CRC Press, Boca Raton, Florida.

Yue, Q., Wang, C., Gianfagna, T.J. and Meyer, W.A.
(2001) Volatile compounds of endophyte-free
and infected tall fescue (Festuca arundinacea
Schreb.). Phytochemistry 58, 935-941.

Zhou, Y., Li, X., Qin, J., Liu, H., Chen, W., et al.
(2016) Effects of simultaneous infections of
endophytic fungi and arbuscular mycorrhizal
fungi on the growth of their shared host grass
Achnatherum sibiricum under varying N and
P supply. Fungal Ecology 20, 56—65.

Zhou, Y., Li, X., Gao, Y., Liu, H., Gao, Y.-B., van der
Heijden, M.G.A. and Ren, A.-Z. (2018) Plant
endophytes and arbuscular mycorrhizal fungi
alter plant competition. Functional Ecology 32,
1168-1179.

Al'l use subject to https://wmv. ebsco. conlterns-of-use



EBSCChost -

Saving Resources: The
Exploitation of Endophytes
by Plants for the Biosynthesis
of Multi-functional Defence
Compounds

Alexander Schouten*

Laboratory of Phytopathology, Wageningen University & Research,
Wageningen, The Netherlands

Abstract

Plants are effective in defending themselves against herbivores, parasites and pathogens. To accomplish
this, they employ various strategies, one of them being the synthesis of antimicrobial and antiherbivo-
ry compounds. To reduce the amount of energy spent, such compounds can be efficiently synthesized
in multi-enzyme complexes and may have multiple roles in plant life. The synthesis can further be
economized when the plant exploits associated microorganisms for the synthesis of these ‘plant’ com-
pounds. Due to the potential multi-functionality of plant compounds, it is often difficult to establish
what their roles are in the plant’s physiology and ecology, particularly because these various roles can
be quite unrelated. The research on endophytes, their synthetic abilities and their role in the ecology
of the plant may, however, shed light on this issue. Indeed, it was found that particular compounds
produced by endophytes, which are considered phytohormones, have additional activities, being toxic

for nematodes.

9.1 Plants Are a Poor Food Source

Most plants are photoautotrophic and therefore
capable of converting light energy into or-
ganic compounds, like sugars, adenosine-5'-
triphosphate (ATP) and nicotinamide adenine
dinucleotide phosphate (NADPH,). Owing
to this, next to chemoautotrophic organisms,
plants serve as the primary energy source
for heterotrophic organisms, i.e. parasitic
plants, herbivores and (parasitic) microorgan-
isms. Herbivores and parasites are primarily
hostile to plants, although in some cases
mutualism or even symbiosis through ani-
mal feeding, like seed dispersal and pollin-
ation, can be recognized. And while there are
rare exceptions, leading to massive reductions

in plant growth and reproduction and in-
creases in plant mortality, herbivores only
consume, on average, 10-20% of the annual
net plant biomass production, which is the
reason why the terrestrial world has been
primarily ‘green’ (Hartley and Jones, 1997).
Herbivores are apparently kept in check, not
only through predators but also through
the fact that terrestrial plants are rather in-
edible, sometimes even poisonous (Whit-
taker and Feeny, 1971; Hartley and Jones,
1997). Actually, plants turn out to be a diffi-
cult food source. Compared to herbivores,
the nitrogen content in plants is low, and it
was estimated that, for example, herbivorous
insects need to consume at least 20 times
their final body weight to reach adulthood,
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providing that all plant nitrogen can be ex-
tracted and utilized, which is usually not the
case in practice (Hartley and Jones, 1997).
The consumption of such high amounts of
plant material is further complicated by the
differences in elemental stoichiometry be-
tween plants and herbivores (Hartley
and Jones, 1997). To acquire the required
nitrogen amounts, the herbivore will simul-
taneously accumulate an excess of carbohy-
drates and material which must be excreted
again, as exemplified by sap-sucking insects,
which readily expel excess sugars through
the production of honey dew (Feeny, 1992).

In addition to this, plants can be inedible
or inaccessible because of the presence of
complex morphological structures, such as
spikes, thorns, glandular and stinging hairs
and a nearly impenetrable bark, and the pro-
duction of an array of compounds that are
not considered essential for the primary me-
tabolism, i.e. the compounds that are neces-
sary for plant growth and development (Wink
et al., 1998; Wink, 1999; Wink and Schim-
mer, 1999). These secondary metabolites
evolve from compounds of the primary me-
tabolism, are generally highly complex and are
rich in diversity, comprising tannins, cou-
marins, quinones, flavonoids, waxes, polyket-
ides, terpenes, alkaloids, cyanogenic glycosides
and glucosinolates (Reznik, 1960; Hart-
mann, 2007). Already in 2007, over 200,000
chemical constituents had been character-
ized (Hartmann, 2007), and new compounds
are being discovered virtually every day.
When first described, these constituents were
initially considered metabolic waste or de-
toxification products (Peach, 1950; Reznik,
1960). However, from very early on there
were indications that secondary metabolites
served an important role from an ecological
perspective, providing chemical defence
against slugs and snails (Stahl, 1888; Fraen-
kel, 1959). This view really caught on in the
1970s, and it is currently widely accepted
that secondary metabolites are fundamental
in the interactions with herbivores, mi-
crobes and other plants and in coping with
abiotic stress situations (Hartmann, 2007).
Overall, secondary metabolites often play a
crucial, and sometimes ambivalent, role
not only in defence against herbivores and

pathogenic microorganisms and the competi-
tion with other plants but also in the attrac-
tion of beneficial insects, vertebrates and
microorganisms and the initiation and main-
tenance of mutualistic or symbiotic inter-
actions (Hartmann, 2007).

9.2 Plants and the Costs
of Secondary Metabolism

A plant has to continuously be aware of its
abiotic and biotic environment in order to
efficiently allocate its resources between de-
fence chemistry to protect the parts that are
already laid down against herbivory and dis-
eases and new growth (Harborne, 1997).
Secondary metabolism is considered a costly
process in terms of resources, as it is de-
pendent on primary metabolism, both as en-
ergy source for synthesis and the necessary
precursors (e.g. amino acids, carbohydrates,
acetyl coenzyme A). It was estimated that
the synthesis of 1 g of phenolic resin, a cyano-
genic glycoside and an alkaloid would con-
sume 2.6, 2.8 and 5.0 g of photosynthetic
CO,, respectively. For comparison, to create
1 g of leaf, the necessary CO, consumption
was estimated at 2.0-2.7 g. The accumula-
tion of these secondary metabolites can vary
significantly, ranging from 0.2 to 29% of the
total leaf weight (Gulmon and Mooney,
1986). However, next to defence, secondary
metabolites serve many other roles (Seigler
and Price, 1976; Seigler, 1977), such as the
attraction of pollinators, protection from
UV light, structural support, temporary nu-
trient storage, phytohormone management,
resisting drought, assisting in nutrient
uptake, tolerating acidic and reducing envir-
onments, and mediating associations with
beneficial microorganisms (Herms and
Mattson, 1992; Neilson et al., 2013). Indi-
vidual secondary metabolites may be multi-
functional as well (Wink and Schimmer, 1999),
such as emodin, benzoxazinoids, strigolac-
tones, ferulic acid and caffeine.

Emodin. The anthraquinone emodin is
not only considered a feeding deterrent to
herbivores (insects, birds and small mam-
mals), but also has antibacterial, antifungal
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and allelochemical properties, can act as a
UV protectant and attracts particular
seed-dispersing fruit consumers (Whittaker
and Feeny, 1971; Izhaki, 2002).

Benzoxazinoids. Several species within
the Poaceae, maize (Zea mays), wheat (Triti-
cum aestivum), rye (Secale cereale) and the
wild barley Hordeum lechleri (Kremer and
Ben-Hammouda, 2009; Niemeyer, 2009), can
produce various benzoxazinoids (Niemeyer,
1988; Niemeyer, 2009; Du Fall and Solo-
mon, 2011; Schulz et al., 2013; Makowska
etal.,2015; Wouters et al., 2016). Benzoxaz-
inoids are best known for their allelochem-
ical activity, preventing competing plants
from developing (Barnes and Putnam, 1987,
Niemeyer, 1988; Pérez and Ormefio-Nufiez,
1993; Bertin et al., 2003; Niemeyer, 2009;
Schulz et al., 2013), but they were also asso-
ciated with the detoxification of herbicides
(Shimabukuro, 1967; loannou et al., 1980)
and the protection against insect herbivores
(Klun and Brindley, 1966; Klun and Robin-
son, 1969; Long et al., 1978; Guthrie et al.,
1986; Thackray et al., 1990; Gianoli and Nie-
meyer, 1998; Niemeyer, 1988), plant patho-
genic bacteria (Hartman et al, 1975;
Corcuera et al., 1978; Niemeyer, 1988) and
fungi (Virtanen and Hietala, 1955; Wahl-
roos and Virtanen, 1959; Couture et al.,
1971; Baker and Smith, 1977; Long et al.,
1978; Seltoft et al., 2008). Insights in the
role of the individual benzoxazinoid hy-
droxamic acids are nevertheless fragmented,
an issue which is caused by: (i) the numerous
benzoxazinoids that have so far been identi-
fied in the different Poaceae species, all with
their different activities and different bio-
active derivatives that may evolve from each
of them, (ii) the variations in spatial and
timed in planta accumulation of benzoxazi-
noids, (iii) additional induced plant defence
mechanisms or metabolites, (iv) the benefi-
cial microbial conversion of benzoxazinoids
and (v) the ability of fungal pathogens to han-
dle (e.g. detoxify) benzoxazinoids (Schouten,
2018).

Strigolactones. Strigolactones, an an-
cient group of plant molecules, have an im-
portant role in plant life, both internally and
externally. Externally, they function as cues
for the germination of arbuscular mycorrhiza
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(AM) spores in the rhizosphere and to initi-
ate a symbiotic interaction with the plant
(Parniske, 2008). This interaction, which is
probably very ancient (Remy et al., 1994;
Taylor et al., 1995), may be crucial for the
host plant because this association sup-
ports the host plant to efficiently acquire
nutrients from the soil through the AM hy-
phae. Strigolactones are also cues for devas-
tating parasitic weeds of the genus Striga to
colonize the host plant, hence the name
strigolactones (Parniske, 2008). Internally,
strigolactones have more recently been
shown to perform as plant hormones as
well, controlling shoot branching, root
growth, root-hair elongation, adventitious
rooting, secondary growth, photomorpho-
genesis, seed germination and nodulation
(Foo and Reid, 2013).

Ferulic acid. Ferulic acid (4-hydroxy-3-
methoxycinnamic acid) is comparatively
amply present in plants, predominantly in
cereals, although it is principally conjugated
with mono-, oligo- and polysaccharides, pol-
yamines and lipids. Ferulic acid can, together
with all hydroxycinnamic acid derivatives,
be synthesized from the amino acid phenyl-
alanine. For the plant, it is regarded valuable
for its antioxidative and antimicrobial activ-
ity (Ou and Kwok, 2004). Besides antibac-
terial activity, ferulic acid showed antifungal
activity toward Sclerotinia sclerotiorum, Fu-
sarium oxysporum, Alternaria sp., Botrytis ci-
nerea and Penicillium digitatum (Lattanzio
et al., 1994; Ou and Kwok, 2004). Chitosan
treatment of seeds of two spring wheat cul-
tivars promoted germination and the accu-
mulation of phenolic acids, particularly
ferulic acid, and lignin in the primary leaf.
This moderated seed-borne F. graminearum
infection and suppressed the spreading of
the pathogen to the primary roots of the
germinating seedlings as well (Reddy et al.,
1999). The accumulation of ferulic acid syn-
thesis in the period from anthesis until ap-
proximately 20 days after anthesis seemed
to correlate with resistance to Fusarium in
various wheat cultivars (McKeehen et al.,
1999). Wheat genotypes with the highest
ferulic acid contents in wheat spikes turned
out to be most resistant towards Fusarium
head blight (FHB disease in a field situation

Al'l use subject to https://wmv. ebsco. conlterns-of-use



EBSCChost -

printed on 2/12/2023 10:51 PMvia .

Saving Resources 125

(Martin et al., 2017). Ferulic acid could, at
high concentrations, inhibit the growth of
the watermelon (Citrullus lanatus) pathogen
Fusarium oxysporum f. sp. niveum in in vitro
experiments although the mycotoxin pro-
duction by the fungus was increased more
than twofold. (Wu et al., 2010). This increase
in mycotoxin production was surprising, as
ferulic acid was shown to effectively inhibit
Tri-gene transcription, in a dose-dependent
manner, thus reducing mycotoxin type B tri-
chothecene biosynthesis, including deoxyni-
valenol (DON) and its acetylated forms,
3-acetyl-4-deoxynivalenol and 15-acetyl-4-
deoxynivalenol (3- and 15-ADON), and
nivalenol (NIV) and its acetylated form,
4-acetylnivalenol (fusarenone X), in F cul-
morum and F. graminearum strains (Boutigny
etal., 2009).

Caffeine. Depending on the level of accu-
mulation, the alkaloid caffeine can act as an
insecticide, a feeding deterrent for insects or
an attractant for insect pollinators (Wink,
1998; Wright et al.,, 2013). When caffeine
concentrations exceeded 0.19 mg/ml, hon-
eybees were deterred from drinking sucrose
solutions (Wright et al., 2013) and caffeine
accumulation in vegetative parts and seeds
can reach 24 mg/ml in coffee. However, the
caffeine content within nectar of both coffee
and citrus did not exceed 0.058 mg/ml, and
these low levels had a rewarding effect on
memorizing the floral scent, increasing the
foraging on those plants and, consequently,
enhancing the pollination by honeybees
(Wright et al., 2013). A clever allocation of
secondary metabolites can thus have mul-
tiple and sometimes contradictory functions
in plant ecology.

The aforementioned examples illustrate
the diversity of secondary metabolites with
individual versatile roles in plant life. This
versatility has also been described for flavon-
oids and anthocyanins, glycoalkaloids, gluco-
sinolates, cyanogenic glucosides, which, apart
from their function in physiology or in
structural maintenance, may serve in defence
against microbes and herbivores, as signal
compounds to attract pollinators or seed-
dispersing animals (Wink, 1998; Wink et al.,
1998; Wink and Schimmer, 1999).

9.2.1 Streamlining the biosynthesis

of secondary metabolites

Costs of secondary metabolism can be fur-
ther reduced, because biosynthesis of the
individual secondary compounds can be effi-
ciently mediated by a limited number of
enzymes, organized in a multi-enzyme com-
plex, the metabolon, which uses up less en-
ergy to generate the secondary compounds
(Jorgensen et al., 2005; Neilson et al., 2013).
A typical example is cytochrome P450,
CYP720B4, from the Sitka spruce (Picea
sitchensis), which can use eight different olefins
as a substrate and convert them in three
consecutive oxidation steps into eight differ-
ent diterpene resin acids (Hamberger et al.,
2011; Neilson et al., 2013).

9.2.2 Sequestering: lowering
the nutritional value of plants

In secondary metabolites, free amino acids,
sugars or other nutrients are sequestered in
an unpalatable form, making them unavail-
able to herbivores, lowering the nutritional
value of the plant tissue in consequence. Yet,
if needed, they can be turned over rather
quickly, being reallocated into the primary
metabolism again for growth and develop-
ment (Herms and Mattson, 1992; Neilson
et al., 2013). Thus, secondary metabolite bio-
synthesis may be a mechanism of the plant
to store precious resources, not only sugars
but also elements like sulfur and nitrogen, in
a way that they are, effectively, inaccessible
for herbivores. This may also explain why
the trade-off function between growth and
secondary metabolism is non-linear and
that the accumulation of secondary metab-
olites can be neutral for or even positively
correlated with plant growth (Herms and
Mattson, 1992; King et al., 2006; Neilson
etal.,2013).

When these additional functions and
benefits are taken into account, secondary
metabolism may not be as costly as generally
envisaged (Herms and Mattson, 1992; Neil-
son etal., 2013).

Al'l use subject to https://wmv. ebsco. conlterns-of-use



EBSCChost -

126

A. Schouten

9.3 Outsourcing of Secondary
Metabolism through Endophytes

Plants can further economize on their re-
source expenses when the synthesis of sec-
ondary metabolites is transferred, fully or in
part, to coexisting microorganisms, like endo-
phytes. However, in practice, a close associ-
ation between plant and microorganism
makes it sometimes difficult to determine
who is responsible for producing a particular
metabolite, the host plant, an (inconspicu-
ous) associated microorganism or both.
Within the dicotyledonous bindweed family
(Convolvulaceae), several species of the gen-
era Argyreia, Stictocardia, Rivea, Ipomea and
Turbina were, for a long time, suspected of
producing ergometrine and related alkaloids
(Buckingham, 1996; Wink, 1998; Wink and
Schimmer, 1999; Steiner et al., 2006), which
have anti-insect and antivertebrate activ-
ities (Wink, 1998) and are well known to be
produced by species of Claviceps, a fungal
genus that is commonly associated with the
monocotyledonous Poaceae, Cyperaceae and
Juncaceae families (Steiner et al., 2006). Sev-
eral explanations were put forward for these
findings: (i) ergoline alkaloid biosynthesis is
quite an ancestral trait, which was generally
lost over time and only retained in species
belonging to Clavicipitaceae and Convolvu-
laceae, (ii) through convergent evolution,
the pathways for ergoline alkaloid synthesis
may have evolved independently, (iii) organ-
isms may have acquired the coding genes for
the relevant synthetic enzymes through
horizontal gene transfer or (iv) particular
Convolvulaceae species associate with one or
more alkaloid synthesizing (fungal) micro-
organisms (Steiner et al., 2006). By fungicide
treatment, ergoline alkaloid accumulation
was abolished from Ipomoea asarifolia (Kucht
et al., 2004), and Ipomoea asarifolia and
Turbina corymbosa could associate with an
epibiotic clavicipitaceous fungus, which is
transmitted through seeds and seems to
uniquely produce these compounds (Steiner
etal., 2006).

The origin of constituents can be further
obscured because, by combining the syn-
thetic pathways present in both endophyte
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and plant, the accumulation of constituents
can be increased and, more importantly, de-
rivatives can be synthesized, which cannot
be synthesized by the individual plant or
endophyte. Moreover, the endophyte can
initiate or stimulate particular synthesis
pathways in the plant host and vice versa
(Ludwig-Miiller, 2015; see also Chapter 12,
this volume). Such mechanisms may have
significant consequences. The metabolites
2-benzoxazolin-2-one (BOA) and 6-methoxy-
2-benzoxazolin-2-one (MBOA), released by
various species of Poaceae, can be derivat-
ized by soil microbes into the aminophenox-
azines 2-amino-phenoxazin-3-one (APO)
and 2-amino-7-methoxyphenoxazin-3-one
(AMPO), respectively, which are both more
stable in the soil environment (Niemeyer,
2009). APO was shown to be toxic to Fusar-
ium verticillioides, but this fungus could pre-
vent the accumulation of APO, by converting
BOA, through a 2-aminophenol intermediate,
into N-(2-hydroxyphenyl) malonamic acid
(HPMA) and 2-acetamidophenol (BOA-X),
which are both less toxic for the fungus
(Glenn et al., 2003). An endophytic bacter-
ium Bacillus mojavensis, which is not sensi-
tive to APQ, can, however, intrude with this
fungal detoxification process by converting
the 2-aminophenol intermediate into APO,
thus restoring the defence against Fusarium
verticillioides in maize and simultaneously
reducing the accumulation of mycotoxins
(Bacon et al., 2007). Endophytes from may-
apple (Podophyllum hexandrum) and the
common juniper (Juniperus communis), iden-
tified as Trametes hirsuta and Aspergillus
fumigatus, respectively, were able to synthe-
size the insecticidal (Gao et al., 2004) and
antimicrobial (Yu et al., 2017) secondary
metabolites podophyllotoxin (Eyberger et al.,
2006; Puri et al., 2006) and deoxypodophyl-
lotoxin (Kusari et al., 2009a). Both plant and
endophyte were reported as being capable of
individually synthesizing these compounds
(Kusari et al., 2013).

An endophyte, which seemed to be re-
lated to Chaetomium globosum on the basis
of the sequence of the genomic coding re-
gion for the large subunit (LSU) rRNA,
could, like its host plant, the medicinal herb
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Hypericum perforatum (St. John’s Wort), pro-
duce the multi-functional emodin and its
antiviral, antimicrobial and antioxidative
(Carpenter and Kraus, 1991; Radulovi¢ et al.,
2007) derivative, hypericin (Kusari et al.,
2008; Kusari et al., 2009b).

An endophyte, identified as Eupenicillium
parvum by sequence analysis of the rDNA
ITS region of rDNA, isolated from the Indian
neem tree, Azadirachta indica, could synthe-
size the azadirachtins A and B, which serve
as insect antifeedants and insect growth
regulators. It was postulated that host plant
and endophyte were capable of producing
azadirachtins (Kusari et al., 2012).

Paclitaxel, which is also known as Taxol
and has been in the spotlight from a medical
perspective as a potent anticancer drug
(Schiff et al., 1979; Rowinsky et al., 1990;
Soliman et al., 2011), is produced in various
Taxus species and has antimicrobial proper-
ties against oomycetes, Aphanomyces eochi-
oides, Pythium splendens, Pythium ultimum,
Pythium aphenadidermatum, Pythium myriot-
ylum, Pythium irregulare, Phytophthora capsica,
Phytophthora cactorum, Phytophthora citricola
and Saprolegnia ferax, the slime mould Phys-
arum polycephalum and the basidiomycetes
Uromyces phaseoli (bean rust fungus), Stere-
um purpureum (causal agent of silver leaf
disease), Heterobasidion annosum, Phaeolus
schweinitzii and Perenniporia subacida
(Young et al., 1992; Elmer et al., 1994; Soli-
man et al., 2015). The latter three are known
as wood-decaying pathogens in conifers,
with P. schweinitzii being pathogenic to taxus,
thus suggesting a role of paclitaxel in plant
defence. Other fungi were reported relatively
insensitive to paclitaxel, such as the basidio-
mycete Lentinus lepideus and the ascomycetes
Pyricularia oryzae, Fusarium roseum, F. ox-
ysporum, E. proliferatum, Botrytis cinerea,
Monilinia fructicola, Rhizoctonia solani, Dia-
porthe sojae, Ceratocystis ulmi, Aspergillus nid-
ulans, Verticillium dahliae, Venturia inaequalis
and the endophytic Pestalotiopsis micro-
spora and Paraconiothyrium sp. (Young et al.,
1992; Elmer et al., 1994; Mu et al., 1999;
Soliman et al., 2015). Paclitaxel was not only
found to be produced by the tree itself but
by several Taxus-associated endophytes as

well, like the ascomycetes Taxomyces andre-
anae, Pestalotiopsis microspora, Tubercularia
sp., Sporormia minima, Trichothecium sp. and
Paraconiothyrium sp. (Stierle et al., 1993;
Wang et al., 2000; Shrestha et al., 2001; Sta-
niek et al., 2009; Soliman et al., 2015). Para-
coniothyrium isolate SSM001 was shown to
migrate to the potential entry points for
P. schweinitzii, particularly branch cracks,
where it released paclitaxel from intracellu-
lar hydrophobic bodies, in which it is stored
in a sequestered form, through exocytosis
upon induction by the pathogen. In vitro
studies showed that paclitaxel synthesis is
upregulated in the presence of P. schweinitzii
or chloromethane, a compound that is pro-
duced by the pathogen during wood decay
(Soliman et al., 2015). This indicates that
the SSMOO1 defends its habitat, ie. the
host plant, against a Taxus pathogen in a co-
ordinated way. These observations would
indicate that an endophyte can produce me-
tabolites, which are identical to those pro-
duced by the host plant. However, the
biosynthesis of paclitaxel is rather complex,
and as discussed in Chapter 12, despite all
the research, it is still not well established
whether or not the host plant and endo-
phyte each possess the complete paclitaxel
synthetic pathway.

Two plants that were used in traditional
medicine, Nothapodytes nimmoniana and
Camptotheca acuminata, produce the alkaloid
camptothecin. From N. nimmoniana, two
endophytes were isolated, Entrophospora in-
frequens and Neurospora crassa, which have
been reported to synthesize camptothecin
as well (Puri et al., 2005; Amna et al., 2006;
Rehman et al., 2008). From C. acuminata an
endophytic strain Fusarium solani, isolated
from the inner bark, was capable of producing
camptothecin and its derivatives 9-methox-
ycamptothecin and 10-hydroxycamptothe-
cin (Kusari et al., 2011). Two endophytic
F. solani strains, isolated from white pear
(Apodytes dimidiata), could also synthesize
camptothecin, 9-methoxycamptothecin and
10-hydroxycamptothecin, although it is
unclear whether or not the host plant can
individually produce these metabolites
(Shweta et al., 2010).
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9.3.1 Phytohormones produced

by microorganisms

Contrary to the previous examples, it is well
established that many soil-dwelling, epi-
phytic and endophytic microorganisms can
produce phytohormones, such as indole
acetic acid (IAA), ethylene, abscisic acid (ABA),
cytokinins and gibberellins (Tan and Zou,
2001; Tudzynski and Sharon, 2002; Zhang
et al., 2006; Aly et al., 2011; Redman et al.,
2011; Hinsch et al., 2015) and the salicylic
acid (SA) derivative 4-hydroxybenzoic acid
(4-HBA) (Bogner et al., 2017). With the ex-
ception of 4-HBA, the hormonal activity of
the individual compounds in plants has been
firmly established, and although they are
recognized as phytohormones, some of those
may have additional functions in the ecology
of plants.

Indole acetic acid (IAA)

The auxin indole-3-acetic acid (IAA) is the
dominant auxin in nature (Tsavkelova et al.,
2006; Duca et al., 2014). It has been postu-
lated that 80% of the culturable bacteria res-
iding in the rhizosphere can synthesize IAA
(Ptikryl et al., 1985; Loper and Schroth,
1986; Fuentes-Ramirez et al., 1993; Leinhos
and Vacek, 1994). Among those are both
plant pathogenic species, such as Agrobacte-
rium tumefaciens, A. rhizogenes, Erwinia her-
bicola, Pseudomonas syringae pv. savastanoi
and P. syringae pv. syringae, and plant benefi-
cial species, such as Alcaligenes faecalis, En-
terobacter cloacae, Acetobacter diazotrophicus,
Bradyrhizobium japonicum and species within
the genera of Azospirillum, Pseudomonas,
Xanthomonas and Rhizobium. Moreover, as
discussed further in more detail, several fun-
gal species are known to produce IAA as well.

Microorganisms can synthesize IAA
through various pathways (Spaepen et al.,
2007): the indole-3-acetamide (IAM) path-
way, the Indole-3-pyruvate (IPyA) pathway,
the tryptamine (TAM) pathway, the trypto-
phane side chain oxidasae (TSO pathway),
the indole-3-acetonitrile (IAN) pathway and
a rather obscure tryptophane-independent
pathway (Fig. 9.1). For IAA synthesis in
fungi, the TAM pathway was identified in
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Fusarium sp. and Colletotrichum gloeospori-
oides (Gruen, 1959; Robinson et al., 1998;
Tsavkelova et al., 2012), but auxins can also
be produced through the IPyA pathway in
other genera, such as Ustilago (Reineke et al.,
2008) and Rhizoctonia (Furukawa et al.,
1996), and the tryptophane-independent
pathway (Chanclud and Morel, 2016). In
plants, the IPyA pathway is considered the
major [AA biosynthesis pathway, although
in Arabidopsis thaliana the IAM pathway to-
gether with the tryptophane-independent
pathway are present as well (Spaepen et al.,
2007). Because of these redundancies in IAA
synthesis pathways, generating mutants in
either plants or bacteria, which are com-
pletely compromised in IAA synthesis, has
thus far failed. For reasons currently unknown,
it seems that phytopathogenic bacteria
incline to employ the IAM pathway, whereas
beneficial bacteria incline to employ the
IPyA pathway (Spaepen et al., 2007). In
plants, IAA can be stored in inactive forms
by being sequestered to sugars, amino acids
and proteins (Dérffling, 1982). Microorgan-
isms, too, can store IAA in an inactive form
by conjugation to amino acids. Strains of
Pseudomonas syringae pv. savastanoi isolated
from oleander showed IAA lysine synthetase
activity, conjugating IAA to the amino group
of lysine, to form 3-indole-acetyl-L-lysine
(IAA-lysine) (Glass and Kosuge, 1986).
Although the IaaL gene, coding for IAA lysine
synthetase, seems to be commonly present
in P. syringae strains, laaL-related genes
could not be detected in other bacteria,
such as Erwinia herbicola, Agrobacterium
tumefaciens, Alcaligenes faecalis, Rhizobium
meliloti, Psuedomonas fluorescens, P. putida,
P. corrugata and P. stutzeri (Glickmann
etal., 1998).

As phytohormone, IAA has an important
function in virtually every aspect of plant
growth and development, such as cell div-
ision and elongation, initiating the develop-
ment of roots, leaves, flowers, the vascular
system, cambium and fruits, and also senes-
cence (Duca et al., 2014). With respect to
root development, IAA particularly induces
lateral root formation in dicots and adventi-
tious root formation in monocots (McSteen,
2010). Auxins are required for establishing
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Fig. 9.1. Pathways by which indole acetic acids can be synthesized in microorganisms and plants. The IPyA, TAM and IAM pathways run over indole-3-
pyruvate (IPyA), tryptamine (TAM) and indole-3-acetamide (IAM), respectively. All pathways can be found in bacteria, whereas only the TAM and the
tryptophane-independent pathway have thus far been detected in fungi. In plants, the IPyA pathway is considered the primary indole acetic acid (IAA)

biosynthesis pathway, although the IAM pathway together with the tryptophane-independent pathway seem to be present as well (IPDC, indole-3-pyruvate
decarboxylase). (Modified from Spaepen et al., 2017)
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symbiotic interactions between plants and
microorganisms. For both the initiation of
nodule formation in the root by nitrogen-
fixative bacteria (Hirsch and Fang, 1994)
and the invasion of mycorrhizal fungi
(Hanlon and Coenen, 2011; Etemadi et al.,
2014), auxins are necessary. For example,
auxin-overproducing mutants of the ecto-
mycorrhizal fungi Hebeloma cylindrosporum
showed an improved capability of invading
root tissues of Pinus pinaster (Gay et al.,
1994; Laurans et al., 2001), although no dif-
ference in growth was observed between
plants colonized by one of the mutants and
those colonized by the wild type. This indi-
cates that the fungal auxin facilitated host
invasion without promoting host develop-
ment. Generally, plants associated with
mycorrhizal fungi hold higher auxin quan-
tities than those that do not (Barker and
Tagu, 2000; Meixner et al., 2005), although
it is thus far not clear from which organism
these auxins originate, the host plant or the
mycorrhizal fungus.

Despite the findings with H. cylindro-
sporum, the production of IAA is regarded as
one of the plant growth-promoting traits
microorganisms can possess. This was illus-
trated by analysing various Arabidopsis mu-
tants that are auxin-resistant and produce
fewer lateral roots (axrl), defective in acrop-
etal and basispetal auxin transport at the
root tip (aux1), defective in the proper trans-
location of particular auxin transport pro-
teins (doc1) or lacking the auxin transporter
AtPIN2 (eirl) (Contreras-Cornejo et al.,
2009). The endophytes Trichoderma virens
and Trichoderma atroviride increased bio-
mass and accelerated root development in
the wild-type Arabidopsis seedlings, whereas
these effects remained absent in all these
tested mutants. In vitro experiments with
Arabidopsis showed an increase in root and
shoot proliferation in the presence of
F. oxysporum Fo162 (Martinuz et al., 2015),
an isolate that is also capable of synthesiz-
ing IAA in liquid cultures (Bogner et al.,
2017).

The percentage of endophytic bacteria
isolated from clover that were positive for
the production of IAA, ACC deaminase and
siderophores was higher than that isolated
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from the rhizosphere, suggesting that the
plant allows growth-promoting bacteria to
access the root system (Etesami et al., 2014).
Several of these endophytic isolates could be
transferred to sterile rice seedlings, although
endophytic colonization was cultivar de-
pendent. Establishment of the endophytes
in rice led to growth promotion and an in-
creased resistance against pathogens, the
latter being attributed to the induction of
defence responses by the plant (Etesami
et al.,, 2014), a phenomenon that has been
frequently observed when endophytes col-
onize roots (for references see Chapter 2).

Despite these observations, the role of
microbial synthesized IAA in plant-host
interactions is still rather ambivalent, be-
cause even pathogens seem to employ IAA
to enter their host plants. IAA can initiate
the softening of the cell wall and the open-
ing of stomata, thus allowing easier access
(Duca et al., 2014, and references therein).
Infection of susceptible plants with Pseudo-
monas syringae subsp. savastanoi, deficient in
the biosynthesis of IAA, shows that IAA is
necessary to produce disease symptoms in
oleander (Comai and Kosuge, 1982; Smidt
and Kosuge, 1978), while infection with mu-
tants with an increased level of auxin pro-
duction incites the formation of larger galls
(Glass and Kosuge, 1986). For plant patho-
genic necrotrophic fungi such as Colletotri-
chum gloeosporioides f. sp. aeschynomene and
several pathogenic Fusarium species, the in
planta expression of fungal IAA synthesis
genes was reported to be highest during host
colonization (Maor et al., 2004; Tsavkelova
et al., 2012). The overexpression of IAA-
biosynthesis genes rendered plants with ele-
vated [AA levels, which were more susceptible
to the pathogen Pseudomonas syringae DC
3000 (Mutka et al., 2013; Duca et al., 2014).
SA represses the plant auxin-signalling path-
way as part of the plant defence responses
(Wang et al., 2007).

These findings may not be confusing, as
endophytes, like pathogens, need to gain ac-
cess to the plant interior as well. This would
illustrate that, rather than entering the
plant host itself, the events after entering
determine whether or not a plant-microbe
interaction goes astray.
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IAA is more than a phytohormone alone

Other than serving as a phytohormone, IAA
seems to have other roles as well. In bac-
teria, too, IAA can operate as a signal
molecule in surviving adverse conditions,
microbial competition and resisting plant
defences (Duca et al., 2014). For example, P.
syringae pv. syringae IAA positively affected
syringomycin synthesis, which is mandatory
for full virulence Xu and Gross, 1988a,b;
Mazzola and White, 1994), and knockout
mutants of P. savastanoi pv. nerii Psn23, in
which IAA synthesis was impaired, were more
sensitive to 8-hydroxyquinoline, a suspected
antimicrobial phytosiderophore (Tewari et al.,
2015), in comparison to the wild-type
(Cerboneschi et al., 2016). For fungi, infor-
mation on IAA functioning as an internal
signalling molecule is thus far absent.

In addition to being a signal molecule,
IAA was shown to be toxic for the plant para-
sitic root-knot nematode Meloidogyne incog-
nita (Bogner et al., 2017). By dose-response
analysis, the concentration causing 50% le-
thality (LCSO) of preparasitic second-stage
juveniles was assessed at 117 pg/ml after
72 h. Although the cuticle of the dead nema-
todes remained turgid, the cuticle had re-
leased from nematode’s body. Within the
body, large vacuolar-like lipid bodies had ac-
cumulated. A similar phenotype was ob-
tained when the juveniles were incubated
with the commercial nematocide carbofuran
(LC,,: 64 pg/ml at 72 h).

Abscisic acid (ABA)

After its initial discovery in the 1960s, the
hormone abscisic acid (ABA) has been found
in an ever-growing number of plants and
mosses (Wasilewska et al., 2008). It is there-
fore considered to be a common hormone,
having multiple roles in the development
and physiology of these organisms, realizing
stomatal closure, bud break, seed matur-
ation and dormancy, tolerance to desicca-
tion, salinity, heat, cold, frost and heavy
metal ions, as well as the onset of senescence
(Finkelstein and Zeevaart, 1994; Wasilews-
ka et al., 2008). Due to these roles, ABA is
often regarded as an abiotic stress-related

hormone. At the same time, ABA may re-
strict ethylene production (Sharp and LeNo-
ble, 2002; Benschop et al., 2007), indicating
a self-propelling negative feedback mechan-
ism, because ethylene was reported to induce
ABA synthesis (Grossmann and Hansen,
2001; Chiwocha et al., 2005). ABA may never-
theless play a role in biotic interactions,
as sedentary plant pathogenic nematode
M. graminicola were suggested to abuse the
ABA pathway to increase rice susceptibility to
nematode infection (Kyndt et al., 2014, 2017).

In plant cells, ABA is synthesized in the
cytosol from xanthoxin, which is produced
in the chloroplast in multiple steps from
phytoene, through the carotenoid zeaxan-
thin and then transferred into the cytosol
(Wasilewska et al., 2008).

Based on the analysis on phytohor-
mone production in, primarily, soil- and
root-associated bacteria, including Azospiril-
lum brasiliense, through applying highly
sensitive immunological methods (Miuller
et al., 1989), it was believed for a long time
that bacteria in general could not synthesize
ABA. However, an endophytic A. brasiliense
strain, isolated from the common sunflower
(Helianthus annuus), was shown to produce
ABA (Forchetti et al., 2007). Enrichment of
the maize rhizosphere with this strain allevi-
ated water stress in maize (Zea mays) (Cohen
et al., 2009), and it was suggested that the
bacterially produced ABA contributed to the
ABA content in the roots, similar to what
was observed for Arabidopsis (Cohen et al.,
2008). ABA is synthesized by many species of
ascomycetes, fungi imperfecti and basidio-
mycetes, such as isolates from Cercospora
sp., Botrytis cinerea, Ceratocystis coerulescens,
Fusarium oxysporum, F. culmorum, Rhizocto-
nia solani, Alternaria sp., Rhizopus nigricans,
Monilia sp., Pleurotus florida (Tudzynski and
Sharon, 2002) and an endophytic Nigropsora
sp. (Clark et al., 2013)

Additional roles of ABA

From the medicinal plant Fragaria virginiana,
the endophytic Nigropsora sp. isolate TC2-
054 was obtained. In vitro cultures of this
fungus showed significant antimycobacteri-
al activity against Mycobacterium tuberculosis
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H37Ra, which was attributed to both linoleic
acid derivatives and ABA (Clark et al., 2013).
ABA may thus play a role in limiting the col-
onization of plants by mycobacteria.

9.3.2 4-Hydroxybenzoic acid (4-HBA)

Although less well studied than IAA, the
phenolic metabolite 4-hydroxybenzoic acid
(4-HBA) is another compound that can be
synthesized by both plants and micro-
organisms. 4-HBA accumulation could be
identified in a variety of plant species, like
Arabidopsis thaliana (Tan et al., 2004), carrot
(Daucus carota) (Bach et al., 1993), grape
(Vitis vinifera), oil palm (Elaeis guineensis),
betel palm (Areca catechu), cuban royal palm
(Roystonea regia), East African satinwood
(Fagara macrophylla), yellow leaf tree (Xan-
thophyllum rubescens), peroba (Paratecoma
peroba), pink trumpet tree (Handroanthus
impetiginosus), red sandalwood (Pterocarpus
santalinus), southern catalpa (Catalpa bigno-
nioides), Chinese chest tree (Vitex negundo),
medlar (Mespilus germanica) (Khadem and
Marles, 2010), cucumber (Cucumis sativa)
(Smith-Becker et al., 1998) and bamboo
(Dendrocalamus asper) (Zhang et al., 2018).
Suspension-cultured carrot cells could pro-
duce 4-HBA (Bach et al., 1993), indicating
that plants themselves can produce this
compound, in which chorismate serves as the
precursor in the synthesis (Viitanen et al.,
2004). The synthesis of 4-HBA also seems
widespread in the microbial world. Both the
endophytic F. oxysporum Fol62, which also
synthesized [AA, and a marine bacterium,
Pseudoalteromonas  haloplanktis  TAC125,
could produce 4-HBA (Bogner et al., 2017,
Sannino et al., 2018). Mycelial cultures of
Paecilomyces variotii MTCC 6581, isolated
from mesocarp tissue of tender coconut, and
a white rot fungus Schizophyllum commune
could transform p-coumaric acid, which is
adequately present in the plant cell wall,
into 4-HBA (Sachan et al.,, 2006, 2010).
Compared to its structural analogue, SA, the
function of 4-HBA in plant physiology and
ecology is significantly less well described. Its
biological activity was initially disregarded
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because it was reported not to trigger
defence responses (Chen et al., 1993). 4-HBA
could nevertheless activate the wounding
responsive octopine synthase (ocs) element
present in the soybean auxin-inducible pro-
moter of the GH2/4 gene, which is also
induced by other stress-related chemicals,
including inactive auxin analogues, SA and
inactive SA analogues, methyl jasmonate and
heavy metals, and stress-related treatments,
including heat shock and wounding (Ulmasov
etal., 1994). Cell wall extracts of Arabidopsis
thaliana were found to contain 4-HBA, which
increased in concentration after Pythium
sylvaticum infection (Tan et al., 2004), and in
cucumber, 4-HBA accumulated in the phloem
fluid after Pseudomonas syringae pv. syringae
infection and, together with SA, was add-
itionally de novo synthesized, parallel to the
increase of phenylalanine ammonialyase
(PAL) activity (Smith-Becker et al., 1998).

Remarkably, 4-HBA showed reciprocal ac-
tivities under abiotic stress conditions when
compared to SA. 4-HBA increased the drought
tolerance of winter wheat and the freezing
tolerance of spring wheat, whereas SA re-
duced the freezing tolerance of winter wheat
and the drought tolerance of spring wheat
when administered exogenously at 0.5 mM
(Horvath et al., 2007).

Additional roles of 4-HBA

4-HBA exhibited only low toxicity to
freshwater green alga, Pseudokirchneriella
subcapitata, with a median inhibition con-
centration (ICSO) of 1.4 mg/ml after 72 h,
whereas it stimulated the algal growth at
lower concentrations, which ranged from
14 to 138 pg/ml (Kamaya et al., 2006). At
2.5 and 1 mg/ml, 4-HBA showed antimicro-
bial activities against the causal agent of
basal stem rot in oil palm, the basidiomycete
Ganoderma boninense (Chong et al., 2009),
and several probiotic Lactobacillus spp.
(Cueva et al., 2010), respectively. Compared
to this, 4-HBA was relatively toxic to the
root-knot nematode M. incognita, with an
LC,, of 104 pg/ml at 72 h, with a similar
phenotype as observed with [AA and the
commercial nematocide carbofuran (Bogner
etal., 2017; Fig. 9.2).
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Fig. 9.2. Middle sections of root-knot nematodes, Meloidigyne incognita, untreated (panel A) and
treated (panel B) with 4-hydroxybenzoic acid (4-HBA), observed with bright field microscopy. 4-HBA
causes disintegration of inner structures, the accumulation of large vacuole-like lipid bodies and the
releasing of the cuticle. Similar observations were made with indole-3-acetic acid (IAA) and the
commercial nematicide carbofuran. (From Bogner et al., 2017)

Conclusions and Outlook

Studies with Arabidopsis showed that the as-
sociation between the endophytic F. oxysporum
Fol62 significantly increased plant fresh
weight, root length, average root diameter
and lateral root formation (Martinuz et al.,
2015). This suggested an increase in hormo-
nal activity congruent with that of IAA.
Fewer root-knot juveniles infected the roots,
thus producing fewer galls, an effect that
was also observed in a split-root assay, in which
the infecting nematode and root-associated
endophyte were spatially separated (Martinuz
et al., 2015). Other studies with tomato
showed that an association with F. oxysporum
Fo162 resulted in a delayed or even attenu-
ated nematode development and a reduced
fecundity (Martinuz et al.,, 2013). This at-
tenuated or delayed development was also
observed, together with an increase in the
male-female ratio, for another root-knot
nematode species, M. graminicola, in rice,
when inoculated with the endophytic Fusar-
ium moniliforme strain Fel4 (Le et al., 2016).
Sex determination among root-knot nema-
todes is primarily epigenetically driven in
which sufficient access to nutrients leads to
the development of more females (Papado-
poulou and Triantaphyllou, 1982; Chan
etal.,2010).

Because fungal IAA gene expression was
observed for other pathogenic Fusarium species
during host colonization, it can be assumed

that F. oxysporum Fol62 participated in the
in planta accumulation of IAA. This may lead
to a plethora of plant responses (Fig. 9.3),
ranging from priming events to the immedi-
ate induction of defences through the sys-
temic acquired resistance (SAR) or induced
systemic resistance (ISR) pathways (Schouten,
2016; see also Chapter 2, this volume). Cu-
cumber plants, inoculated with the nematode
antagonistic root endophyte T. asperellum
T203, showed an increase in the accumula-
tion of lipoxygenase (Lox1), ethylene recep-
tor 1 (ETR1) and constitutive triple response
1 gene B (CTR1) transcripts in roots and
leaves, suggesting that the JA/ethylene-
mediated induced defences were initiated
(Shoresh et al., 2005). Endophytic nemato-
phagous Arthrobotrys oligospora and Pochonia
chlamydosporia (syn. Verticillium chlamydospori-
um) provoked the formation of papillae and
other cell wall appositions in barley and to-
mato, respectively (Escudero and Lopez-Llorca,
2012; Larriba et al., 2015). Although associ-
ated with plant resistance, such cell wall
structures can be initiated by both patho-
genic and nonpathogenic fungi (Beswether-
ick and Bishop, 1993; Heitefuss, 1997; Bao
and Lazarovits, 2001) and both endophytes
could still proliferate inside the roots. Never-
theless, the activation of particular plant de-
fence responses was suggested being an
additional mechanism for nematode antag-
onism. A detailed transcriptome analysis of
P. chlamydosporia root colonization in barley,
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Fig. 9.3. Tripartite interactions between the endophytic Fusarium oxysporum Fo162, a plant and the
root-knot nematode Meloidigyne incognita. The nematode manipulates the plant to facilitate the
establishment and maintenance of a nurse cell. By producing indole-3-acetic acid (IAA) and
4-hydroxybenzoic acid (4-HBA), the endophyte induces defence responses in the plant against the
nematode. At the same time |IAA and 4-HBA, derived from both the endophyte and plant, are involved in
antibiosis toward the nematode. (Modified from Bogner et al., 2017)

revealed an enrichment of genes associated
with abiotic stress responses, predominantly
those coding for heat shock proteins (Larri-
ba et al., 2015). An increase of transcripts
associated with biosynthesis of phytohor-
mones, such as auxin, ethylene and jasmon-
ic acid (JA), and of genes related to effector
triggered immunity (ETI) and pattern-
triggered immunity (PTI) was noted as well.
Such responses may affect the performance
of the infecting root-knot nematode and the
proper functioning of the initiated feeding
site, i.e. particular root cells that are converted
into giant cells, an event which is crucial for
sedentary nematodes for the duration of their
development and reproduction (Schouten,
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2016; see also Chapter 2, this volume).
Other observations suggest that the SA-
dependent systemic pathway, instead of the
opposing (Caarls et al., 2015) JA-dependent
defence pathway, is involved in the induced
systemic defences. Upon challenging with
the whitefly Trialeurodes vaporariorum, E. ox-
ysporum Fol62-inoculated tomato plants ac-
cumulated PAL, PR1 and PRS transcripts,
whereas the LOX transcript accumulation
did not change (Eschweiler et al., 2014). An-
other non-pathogenic root-associated F. ox-
ysporum strain, Fo47, was also able to induce
SA-dependent SAR responses (Fuchs et al.,
1997; Duijff et al., 1998; Olivain et al., 2003).
In Radopholus similis-resistant banana, PAL,
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the initial enzyme of the phenylpropanoid
biosynthesis pathway is involved in the syn-
thesis of a nematotoxic phytoalexin, anigor-
ufone (Wuyts et al., 2006; Hélscher et al.,
2014). Comparable to what was established
for the pathogenic F. oxysporum f. sp. cubense
(Luis et al., 1994), F. oxysporum Fol62 may
also elicit anigorufone accumulation in the
banana roots (Schouten, 2016) and maybe
other nematocidal phytoalexins in other plant
species (Schouten, 2016; see also Chapter 2,
this volume).

Striking is the observation that, next to
the indirect effects, IAA can directly affect
the health of the nematode (Figs 9.2 and
9.3), which may well affect its migration into
the root, and probably even the initiation of
the nurse cell (in case of sedentary nema-
todes) and further development as well
(Bogner et al., 2017). Even at sublethal doses
such effects can be expected. 4-HBA can play
a similar multi-functional role as IAA in this
tripartite interaction (Figs 9.2 and 9.3), al-
though the indirect effect, like induced de-
fences and growth promotion through
4-HBA is still much less defined.

In all, both IAA and 4-HBA can be synthe-
sized by the host plant and endophyte and
both seem to act as multi-bladed swords,
not only serving as phytohormones, facili-
tating the association with the host plant
and stimulating defence against biotic and
abiotic stress conditions, but also directly af-
fecting plant parasitic nematodes, and possibly
other microbial competitors, in a negative
way (Fig. 9.3). The potential additive or syn-
ergistic effect on nematodes and induced
plant resistance when IAA and 4-HBA are
simultaneously present have thus far not
been studied.

Beneficial associations with microorgan-
isms seem to be ancient and crucial for sus-
taining plant life (Remy et al., 1994; Taylor
et al.,, 1995, Redecker et al., 2000; Taylor
et al., 2005; Taylor and Krings, 2005; Krings
et al., 2007; Rodriguez et al., 2008; Rodri-
guez and Redman, 2008; Redman et al.,
2011; Labandeira and Prevec, 2014). Mi-
crobes that accumulate in the rhizosphere
and endosphere may directly and indirectly
support the plant to cope with biotic and
abiotic stress situations. In this complex

interaction, the chemical constituents pro-
duced by a beneficial microbe, the host plant
and the two organisms combined play an im-
portant part, although this is in most cases
still not well understood. Nevertheless, plants
are well capable of mounting defensive
measures towards pest, diseases and herbivo-
ry and seem to do this as economically as pos-
sible. Nutrients, like sugars and amino acids,
are made temporarily inaccessible by seques-
tration to secondary metabolites. Different
chemical constituents may be synthesized
through one pathway and the constituents
that are generated may have multiple activ-
ities. Plants may furthermore outsource the
synthesis of constituents, thus even further
economizing in their spending of valuable
resources. Phytohormones can be synthe-
sized as well by endophytes. Some of those
not only affect the plant growth and devel-
opment but also pathogens and pests, both
directly and indirectly. The recent findings
concerning IAA and 4-HBA and their effect
on nematodes illustrate this, making it ne-
cessary to rethink the role of chemical con-
stituents in plant life and ecology. Such
insights will help to develop sustainable
agricultural practices, particularly with the
help of endophytes.
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Abstract

Endophytic microorganisms constitute a prolific source of bioactive compounds mainly in the field of
antineoplastic compounds and anti-infective agents. This chapter provides an overview on bioactive
secondary metabolites from endophytes that were reported within the last five years (2013-2018),
highlighting their often-unique chemical structures and/or their mechanism(s) of action.

10.1 Introduction

Endophytes are microorganisms, often fungi
and bacteria (actinomycetes or mycoplasma),
that thrive within living plants for at least
part of their life and do not cause any appar-
ent symptoms of diseases to their hosts
(Stone et al., 2000). Endophytes colonize
inter- and/or intracellular spaces of plants
(Pimentel et al., 2011). This definition in-
cludes a wide range of complex interactions
in which endophytes and their host plants
participate: mutualism, commensalism and
parasitism (Stone et al., 2000). There are ap-
proximately 300,000 species of higher plants
on earth; each one very likely constitutes a
host to one or more endophytic microorgan-
isms (Strobel, 2003). Endophytes are known
to provide protection by improving the
plant’s ability to combat numerous abiotic
and biotic stress conditions. In addition,
they ameliorate plant growth and development

@ Authors contributed equally to this book chapter.

through the production of phytohormones
and other interesting bioactive secondary
metabolites (Joseph and Priya, 2011).
Recent studies have reported hundreds of
novel natural products isolated from endo-
phytes, including alkaloids, flavonoids, ben-
zopyranones, quinones, tetralones, phenolic
acids, saponins, tannins, steroids, terpenoids,
xanthones and many other compounds fea-
turing new or unique skeletons. A vast array
of biological activities have been reported
for these fungal natural products such as
antibacterial, antifungal, anticancer, antiviral
or anti-inflammatory activities. This notion
has inspired medicinal chemists to work on the
development of synthetic or semisynthetic
derivatives (Lam, 2007; Gouda et al., 2016).
The diterpenoid ‘Taxol’, one of the most
important anticancer drugs approved by the
FDA for the treatment of advanced breast
cancer, lung cancer and refractory ovarian
cancer (Cremasco et al., 2009), was initially
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obtained from the bark of the yew tree Taxus
brevifolia. The natural supply of the drug
from yew trees is severely limited. However,
the detection of taxol in the endophytic fun-
gus Taxomyces andreanae isolated from T.
brevifolia as well as in several other fungal
endophytes harboured in Taxus species or
even in non-Taxus plants may provide an al-
ternative, cheaper and faster way to obtain
this anticancer drug in significant quantities
in the future (Stierle et al., 1993; Li et al.,
1996; Pandi et al., 2010).

Other pharmacologically important en-
dophyte-derived compounds that had first
been reported from plants include the cyto-
toxic agent camptothecin from Nothapodytes
foetida (Puri et al., 2005; Kusari et al.,
2009a), the cholinesterase inhibitor huper-
zine A from Huperzia serrata (Nair and Pad-
mavathy, 2014), the triterpenoid helvolic
acid obtained from the endophytic fungus
Cytonaema sp., which shows potent antibac-
terial activity (Kumar et al., 2014), and the
aryl tetralin lignan podophyllotoxin isolated
from many endophytic fungi such as Asper-
gillus fumigatus, Phialocephala fortinii and
Fusarium oxysporum. The latter compound is
clinically relevant as the precursor of the
anticancer drugs teniposide, etoposide and
etopophos (Kour et al., 2008; Kusari et al.,
2009b). Further examples of important
endophyte-derived compounds include the
antibiotic kakadumycin A isolated from an
endophytic Streptomyces sp. that exhibits an
impressive activity against Gram-positive
bacteria and against the malaria parasite
Plasmodium falciparum (Castillo et al., 2003).
Noteworthy in this regard are also the anti-
fungal compounds chaetomugilin A and D
isolated from Chaetomium globosum (Qin
et al., 2009) and cytosporone B and C
obtained from the mangrove endophytic
fungus Phomopsis sp. that inhibit Candida al-
bicans and F. oxysporum (Huang et al., 2008).
Furthermore, numerous natural antioxi-
dants have been reported from endophytic
microorganisms. Examples include pestacin
and isopestacin isolated from Pestalotiopsis
microspora. Pestacin exhibited an 11 times
stronger antioxidant activity than vitamin
E (Harper et al., 2003), while graphislactone
A, a phenolic compound obtained from
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Cephalosporium sp. isolated from Trachelo-
spermum jasminoides, displayed free radical-
scavenging and antioxidant activities strong-
er than ascorbic acid (Song et al., 2005).
Moreover, exopolysaccharides produced by
the endophytic bacterium Paenibacillus
polymyxa also showed strong scavenging
activities towards superoxide and hydroxyl
radicals (Liu et al., 2009).

The use of advanced analytical techniques,
microbial genomics and metagenomics, as well
as triggering silent gene clusters in endo-
phytes, has yielded intriguing opportunities
for the discovery of novel natural products
with application in medicine and industry
(Gao et al., 2018). These findings emphasize
the importance of endophytes as irre-
placeable resources of novel biologically
active natural products for biopharmaceut-
ical development. This chapter presents an
overview of the literature dealing with sec-
ondary metabolites originating from fungal
or bacterial endophytes between 2013 and
2018. The data were compiled with emphasis
on structure-activity relationships as well as
on mechanisms of action of these com-
pounds whenever reported.

10.2 Cytotoxic Metabolites
from Endophytes

Endophytic fungi have been shown to afford
numerous cytotoxic compounds of diverse
chemical classes, thereby proving their
powerful role in the discovery of new anti-
cancer leads (Aly et al., 2010). Investigation
of the endophytic fungus C. globosum TY1,
isolated from the bark of Ginkgo biloba grow-
ing in China, led to the discovery of six
N-containing azaphilones, including three
novel congeners, chaetomugilides A-C.
Chaetomugilide A (1) showed significant
cytotoxic activity against human hepato-
blastoma cells (HepG-2) with an IC,  value of
1.7 uM (Li et al., 2013).

The Hsp90 chaperone machine has be-
come an interesting target for cancer treat-
ment due to its proteostatic maintenance of
oncoprotein stability (such as protein kin-
ases and transcription factors) in addition to
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its buffering action on the cellular stresses
of the tumour environment (Whitesell and
Lindquist, 2005). Chemical analysis of the
endophytic fungus Chaetomium aureum, iso-
lated from stem tissue of the medicinal plant
Thymelaea lythroides collected in Morocco,
yielded (+)-sclerotiorin (2). Interestingly, this
compound efficiently inhibited the Hsp90
chaperoning of the progesterone receptor
(PR) in vitro. This inhibitory activity may be
due to its ability to modify primary amines,
such as in lysine residues or in N-terminal
amino acids in cholesterol ester transfer pro-
tein (CETP), thereby leading to inactivation
of Hsp90, Hsp70, Hsp40, Hop and p23. The
oxygen atom of the heterocycle of (+)-sclero-
tiorin (2) was observed to be essential for
this inhibitory activity. (+)-Sclerotiorin (2)
showed no cytotoxic activity against the
breast cancer cell lines Hs578T, MCF7,
MDA-MB-231 and MDA-MB-453; the pros-
tate cancer cell line LNCaP; or the cervical
cancer cell line HeLa. However, chemical
modification of (+)-sclerotiorin (2) by deacetyl-
ation rendered the compound cytotoxic to
Hs578T, MDA-MB-231 and LNCaP cell lines,
although this derivative was less efficient
in inhibiting the Hsp90 in vitro (Kabbaj
etal., 2015).

Activation of the nuclear factor kappa B
(NE-kB) is involved in cell adhesion as well
as cell proliferation and is therefore an im-
portant target for treatment of progression
of carcinogenesis (Chaturvedi et al., 2011).
Altersolanol A (3), a polyketide obtained
from several Alternaria species, is also pro-
duced by other fungi such as the endophytic
fungus Stemphylium globuliferum isolated
from stem tissue of Mentha pulegium (La-
miaceae) growing in Morocco (Debbab et al.,
2009). This compound was reported to be
cytotoxic against L5178 cells presumably
mediated through inhibition of protein kin-
ase activity (Debbab et al., 2009). In a study
evaluating its mechanism of action and its
structure—activity relationships, altersolanol
A (3) exhibited cytotoxic, cytostatic, anti-
inflammatory and antimigratory activity
against human chronic myeloid K562 leuke-
mia and A549 lung cancer cells at low micro-
molar concentrations without affecting the
tumour micro-environment. It induced cell

death by apoptosis through activation of
specific executors of apoptosis (caspases 3, 8
and 9) and decrease of the expression of
the anti-apoptotic proteins Bcl-xL, XIAP
and Mcl-1. Moreover, it decreased the TNFa-
activated NF-«B transcriptional activity in
a dose-dependent manner, suggesting its
effect on NF-kB signalling pathway. The
biological activity of altersolanol A was
suggested to be mediated by the presence
of the p-quinone moiety. These results
warrant future research on the clinical
application of the compound in treatments
involving apoptotic cell death processes
(Teiten et al., 2013).

The two new alkaloids, embellicines A
and B (4 and 5), obtained from the endo-
phytic fungus Emobellisia eureka, isolated
from the Moroccan plant Cladanthus arabi-
cus (Asteraceae), exhibited cytotoxic and cy-
tostatic activities against human chronic
myelogenous leukaemia (K562) cells in a
dose- and time-dependent manner. Both
compounds were able to induce cell death
with IC,  values lower than 10 uM. Embelli-
cine B (5), which lacks the A"*® double bond,
exhibited five to ten times stronger activity
than embellicine A (4), which possesses a
reactive o,p-unsaturated carbonyl group in
the pyrrolidinone ring. This result highlighted
the importance of the hydroxylation pattern
of the pyrrolidinone ring of 5 for the cyto-
toxicity in this cellular system rather than
the presence of the A8 double bond, which
may act as a Michael acceptor. The mechan-
ism of action of both compounds may be due
to their pronounced inhibition of tumour
necrosis factor alpha (TNF-a)-induced
NF-kB transcriptional activity. These results
suggested that both metabolites could be
important leads for anticancer chemother-
apy and for the design of semisynthetic
congeners (Ebrahim et al., 2013).

Phomoxanthone A (PXA) (6), a dimeric
tetrahydroxanthone derivative, was obtained
from the endophytic fungus Phomopsis longi-
colla, isolated from leaves of the mangrove
plant Sonneratia caseolaris (Lythraceae) grow-
ing in South China. This natural product dis-
played strong inhibition of proliferation of
the lymphoma cell line L5178Y, as well as of
several human cancer cell lines including
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cisplatin-resistant cancer cells. Moreover,
phomoxanthone was up to 100-fold less
toxic to healthy blood cells. Its cytostatic
activity is linked to its pro-apoptotic potential.
It exhibited also a noticeable upregulation of
murine CD69* T-lymphocytes, NK cells and
macrophages, revealing a dual effect of this
potent antitumour compound in combating
cancer cells through apoptosis and immunos-
timulation, which could effectively help avoid-
ing resistance development of tumour cells
during chemotherapy. This study also indi-
cated that the positions of the biaryl axis
and of the acetyl groups are essential for the
cytotoxic activity of this natural product
(Rénsberg et al., 2013).

In a recent study, the mycotoxin phomox-
anthone A (PXA, 6), derived from the same
endophytic fungus P. longicolla, was identi-
fied as a mitochondrial toxin (Bohler et al.,
2018). PXA (6) disturbs the mitochondrial
form and function in several ways. Mitochon-
dria produce ATP through oxidative phos-
phorylation, which depends on the electron
transport chain (ETC) embedded in the
inner mitochondrial membrane (IMM). The
ETC pumps protons from the mitochondrial
matrix into the mitochondrial intermem-
brane space. This creates a proton gradient
and, as a result, a membrane potential across
the IMM that drives the mitochondrial ATP
synthase. This study demonstrated that PXA
(6) produces a strong release of Ca* from
the mitochondria. In addition, it depolarizes
the mitochondria membrane similar to prot-
onophoric uncouplers. However, it does not
increase but rather inhibits cellular respir-
ation and electron transport chain activity.
Mitochondria are rapidly fragmented upon
PXA (6) treatment as obvious from EM
studies. Mechanistically, PXA perform
stress-induced OPAl-gene cleavage that is
dependent on the metalloendopeptidase
OMA1, whereas expression of ATP-dependent
metalloprotease YME1L1 did not have
any noticeable effect on PXA-induced OPA1
cleavage. The mitochondrial fragmentation is
independent from the canonical mitochon-
drial fission and fusion mediators OPA1 and
DRP1 and only affects the inner mitochon-
drial membrane, leading to cristae disruption
as well as the release of pro-apoptotic proteins,
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and apoptosis. These results suggest that
PXA (6) is a mitochondrial toxin possessing
a novel mode of action and might provide a
useful tool for the study of mitochondrial
ion homoeostasis and membrane dynamics
(Bohler et al., 2018).

PM181110 (7) is a novel depsipeptide
that was obtained from the endophytic fun-
gus Phomopsis glabrae isolated from leaves of
Pongamia pinnata (family Fabaceae) collected
in Maharashtra, India. The antitumour activity
of PM181110 (7) was tested in vitro against
40 human tumour cell lines derived from
bladder, colon, gastric, head and neck, liver,
lung (non-small-cell lung carcinoma), mam-
mary, ovarian, pancreatic, prostate, renal and
uterus cancer, as well as against melanoma,
pleuramesothelioma and sarcoma. The com-
pound showed concentration-dependent
activity in all tested cell lines. It exhibited
pronounced activity against the pancreatic
cancer cell line PAXF 546L (IC, = 0.016 pM)
and the lung cancer cell line LXFA 526L
(IC50 = 0.021 uM). Moreover, PM181110 (7)
exerted ex vivo antitumour efficacy in a panel
of 24 human tumour xenografts with IC_,
values ranging from 0.03 pM to 0.422 pM. The
most sensitive tumour model found was the
bladder cancer cell line BXF 1218 with an IC,|
value for 7 of 0.03 pM (Verekar et al., 2014).

Cytochalasans are a class of metabolites
isolated from several fungal genera (includ-
ing Phomopsis, Aspergillus and Penicillium)
that revealed interesting biological activities
(Jiao et al., 2004). Structurally, these com-
pounds are composed of a tricyclic core, con-
sisting of a macrocyclic ring fused to an
isoindolone moiety formed from a reduced
polyketide backbone and an amino acid (e.g.
leucine or phenylalanine). Periconiasins A
and B (8 and 9) are two new cytochalasans,
obtained from the endophytic fungus Perico-
nia sp. F-31, isolated from the medicinal
plant Annona muricata from Hainan Pro-
vince, China. Both compounds were tested
for their cytotoxicity against five human
cancer cell lines (A2780, A549, Bel-7402,
BGC-823 and HCT-8). Periconiasin A (6) ex-
hibited selective and significant cytotoxicity
against the HCT-8 and BGC-823 cell lines
with IC,_ values of 0.9 and 2.1 uM, respect-
ively, whereas periconiasin B (9) exhibited
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selective cytotoxic activity against HCT-8,
Bel-7402 and BGC-823 cell lines with IC_,
values of 0.8, 5.1 and 9.4 pM, respectively.
These results emphasize the impact of per-
iconiasins A and B (6 and 7) as potential lead
compounds against HCT-8 cancer cells
(Zhang et al., 2013).

A new bicyclic lactone with a rare ring-
fusion system, myrotheciumone A (10) was
obtained from the endophytic fungus
Myrothecium roridum, isolated from stems
of the medicinal herb Ajuga decumbens, nat-
urally occurring in Japan and China. The
cytotoxic activity of this compound was
tested against numerous cell lines including
HepG2 (hepatocellular carcinoma), SMMC-
7721 (human hepatocellular carcinoma),
A549 (human lung adenocarcinoma), MCF-7
(human breast adenocarcinoma), QSG-7701
(human hepatocyte cells) and HL-7702
(human hepatocyte cells). Myrotheciumone
A (10) strongly inhibited growth of HepG2
(IC,, = 5.36 + 0.26 uM), SMMC-7721 (IC, =
6.56 + 0.58 pM), A549 (IC, = 5.88 + 0.68 uM),
MCE-7 cells (IC,, = 7.56 + 0.76 uM), QSG-
7701 (IC,, = 16.30 + 0.31 pM) and HL-7702
cells (IC, = 20.69 + 4.69 uM). Myrotheciu-
mone A (10) showed stronger cytotoxicity
towards cancer cells than towards normal
cells. It acts by induction of apoptosis and
promotes cytochrome C release from mito-
chondria and induces poly(ADP-ribose)
polymerase (PARP) cleavage in a time- and
dose-dependent manner. These data high-
light the importance of further studies in
order to exploit myrotheciumone A (10)
for cancer chemotherapy (Lin et al., 2014a;
Fig. 10.1).

Numerous macrocyclic trichothecenes
have been isolated from different fungi such
as Cylindrocarpon sp., Myrothecium sp.,
Verticimonosporium sp., Phomopsis sp. and
Stachybotrys sp. They are classified according
to the macrolide ring, which is a typical struc-
tural feature of these metabolites. Trichoth-
ecenes display significant biological activities,
especially antitumour activity. Minor vari-
ations in the structures of macrocyclic tri-
chothecenes strongly affect their activity, for
instance: breakage of the macrocyclic ring
greatly reduces the activity, while the presence
of a tetrahydropyranyl ring considerably

increases the potency (Lin et al, 2014b).
Therefore, structure—activity relationships
of trichothecenes with regard to the devel-
opment of new anticancer derivatives were
extensively studied. Shen et al. isolated the
new cytotoxic trichothecene macrolide,
dihydromyrothecine C (11), from M. ror-
idum IFB-E012, a fungal endophyte obtained
from the traditional Chinese medicinal plant
Artemisia annua (Asteraceae). The compound
was isolated as a mixture of epimers due to
the presence of an unstable cyclic hemiacetal
structure. When evaluating its in vitro cyto-
toxicity against the human nasopharyngeal
carcinoma cell line KB, the compound showed
moderate cytotoxic activity with an IC
value of 44.48 uM (Shen et al., 2016).

Breast cancer is among the most common
and serious global malignancies. It is the
leading cause of death of young women in
developed countries (Siegel et al., 2015).
Elsayed et al. investigated the antiprolifera-
tive, antimigratory and anti-invasive activities
of the well-known indole alkaloid, meleagrin
(12), isolated from the endophytic fungus
Penicillium chrysogenum obtained from leaves
of the olive tree Olea europea towards breast
cancer. The compound inhibited the growth
of human breast cancer cell lines MDA-
MB-231, MDA-468, BT-474, SK BR-3, MCF7
and MCF7-dox, with no effect on the growth
and viability of the non-tumourigenic human
mammary epithelial cells MCF10A. Its activity
was correlated to its inhibition of tyrosine-
protein kinase Met (c-Met). c-Met triggers
tumour growth and new blood vessel forma-
tion (angiogenesis) that supply the tumour
with oxygen and nutrients, and as a conse-
quence facilitate metastasis. Meleagrin (12)
showed no activity against c-Met-independent
breast cancer cells. Meleagrin exhibited also
a dose-dependent inhibition of hepatocyte
growth factor (HGF)-induced cell migration
and invasion of breast cancer cell lines.
In vivo, meleagrin (12) potently decreased
the invasive triple negative breast tumour cell
growth in a clinically relevant orthotopic
mouse xenograft model. These results sug-
gest this indole alkaloid to be a novel lead
compound for the control of c-Met-dependent
metastatic and invasive breast malignancies
(Mady et al., 2016).

. Al use subject to https://wmv. ebsco.con terns-of -use



EBSCOhost -

OH
Altersolanol A (3) Embellicine A (4)

()
A0
H,C 0~ CH,

Chaetomugilide A (1) (+)-Sclerotiorin (2)

o CH
LI
1, ©oH

H A CH,

Myrotheciumone A (10)

PM181110 (7)
R;=H, R,=0H, Periconiasin A (8)
R,=0H, R,=H, Periconiasin B (9)

OH O OH

Phomoxanthone A (6)

Fig. 10.1. Cytotoxic metabolites from endophytes, compounds (1-10).

printed on 2/12/2023 10:51 PMvia . Al use subject to https://ww.ebsco.confterms-of-use

05}

‘[e 18 WIyeIqT M



EBSCChost -

printed on 2/12/2023 10:51 PMvia .

Bioprospecting of Endophytes 151

Liverworts are one of the phyla belonging
to Bryophytes (Hepaticeae), the latter being
taxonomically placed between algae and
Pteridophytes (ferns). Liverworts are charac-
terized by growing in microbial-rich envir-
onments such as soil, wet rocks and rotten
logs. Therefore, liverworts host numerous
epiphytes and endophytes, which contribute
effectively to the production of bioactive
secondary metabolites (Asakawa et al,
2009). Gentisyl alcohol (13) and epoxydon
(14) were isolated from cultures of the endo-
phytic fungus Penicillium concentricum strain
4E-4, isolated from the liverwort Trichocolea
tomentella (Trichocoleaceae) collected in
Newport, Virginia. Gentisyl alcohol (13)
displayed selective cytotoxicity against the
HT-29 colon cancer cell line with an IC
value of 6.4 uM, while epoxydon (14) was ac-
tive against MCF-7 breast cancer cell line
with IC, of 5.7 uM (Ali et al., 2017).

The endophytic fungus Peyronellaea coffe-
ae-arabicae FT238, isolated from the Hawai-
ian plant Pritchardia lowreyana, yielded the
new epoxyphomalin analogue 11-dehydroxy
epoxyphomalin A (15). The compound showed
antiproliferative activity with an IC_ value
of 0.5 pM against OVCARS3 cells, and it fur-
ther inhibited A2780 CisR (cisplatin-resistant
human ovarian cancer) cells with an IC,,
value of 0.6 pM. 11-Dehydroxy epoxyphoma-
lin A (15) inhibited intracellular phosphor-
tyrosine Stat3 (pY705Stat3) (a member of
DNA-binding factors that function to induce
expression of responsive genes), suggesting
potential inhibition of aberrant Stat3 activ-
ity also in tumour cells. Further studies are
currently carried out to evaluate the role of
this compound in p53 and Stat3 pathways
(Lietal., 2016).

Prenylated isoindolone alkaloids are a
class of meroterpenoids consisting of an
isoindolone unit and a terpene moiety. These
metabolites are widely distributed in fungi
belonging to the genera Aspergillus, Alter-
naria, Hericium, Emericella and Stachybotrys.
These compounds exhibit a wide range of bi-
oactivities including cytotoxicity, antiviral
and antihyperlipidemic activities. Emeri-
phenolicin E (16) is an isoindolone-derived
meroterpenoid that features two farnesyl
groups. It was obtained from the endophytic

fungus Emericella nidulans (anamorph Asper-
gillus nidulans) HDN12-249, isolated from
leaves of Tamarix chinensis collected from
Laizhou Bay, China. The compound displayed
selective cytotoxicity against three human
cancer cell lines, including HeLa, A549 and
HCT-116 with IC,  values of 4.77, 12.04 and
33.05 pM, respectively (Zhou et al., 2016).

Fungi of the genus Fusarium are prolific
producers of therapeutically promising second-
ary metabolites with antiproliferative activity
such as the cyclic depsipeptide sansalvamide
A with strong in vitro cytotoxicity against
pancreatic, colon and breast cancer cell lines,
and enniatins, which are also currently being
investigated as potential anticancer agents.
Moreover, Fusarium species produce several
antineoplastic agents previously isolated
from plants such as paclitaxel (taxol), camp-
tothecin and L-asparaginase, in addition to
podophyllotoxin, which is the lead com-
pound for the clinically used semisynthetic
drugs etoposide and teniposide. Chemical
investigation of the ethyl acetate extract of
the endophytic fungus Fusarium solani strain
AURE-4, isolated from roots of Aponogeton
undulatus, growing in water in Rajshahi,
Bangladesh, led to two new azaanthraqui-
none derivatives 7-desmethylscorpinone (17)
and 7-desmethyl-6-methylbostrycoidin (18).
When evaluated against four human tumour
cell lines including MIA PaCa2 pancreatic
cancer, NCI H1975 non-small-cell lung can-
cer, HeLa cervical carcinoma and MDA MB
231 breast cancer cells, both compounds
showed cytotoxic activity with low micro-
molar to submicromolar IC,  values, with
7-desmethyl-6-methylbostrycoidin (18) being
themostpotentcompound. 7-Desmethylscor-
pinone (17) and 7-desmethyl-6-methylbostry-
coidin (18) act by intercalating DNA base
pairs and forming stable complexes (Chowd-
huryetal., 2017).

Chemical investigation of Fusarium
tricinctum, a fungal endophyte isolated from
rhizomes of Aristolochia paucinervis collected
in Beni-Mellal (Morocco), led to the isolation
of fusarielin J (19). Fusarielin-type polyketides
(17 derivatives identified so far) display anti-
fungal, antibacterial and cytotoxic activities.
Compound 19 showed cytotoxicity against
the human ovarian cancer cell line A2780,
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with an IC_ value of 12.5 uM. The presence
of a phenyl acetic acid residue seems to play
an important role in the cytotoxic activity of
fusarielin J (19) (Hemphill et al., 2017).

Fungi belonging to the genus Preussia
(Sporormiaceae) can be found in animal dung,
plant debris, soil and wood, or as endophytes.
They are rich sources of bioactive polyketides
(Rangel-Grimaldo et al., 2017). Preussilides
A and C (20 and 21) are two novel bicyclic
polyketides obtained from the endophytic
fungus Preussia similis DSM 104666, iso-
lated from roots of the medicinal plant Glob-
ularia alypum (Plantaginaceae) collected in
Batna, Algeria. Both compounds were evalu-
ated for their cytotoxic activity against
different mammalian cancer cell lines. They
exhibited moderate activity with IC, values
below 10 pM for murine cells (mouse
fibroblasts 1L929), human cancer cell lines
(HeLa KB.3.1 and human osteosarcoma
U20S), in addition to human breast adeno-
carcinoma MCF-7 (for preussilide C (21) only).
Interestingly, compounds 20 and 21 affect
the cell cycle provoking multipolar spindles
and unequal cell divisions, resulting in cells
that cannot multiply further and therefore
die. However, apoptotic cell death appears
not to be the predominant mechanism of
action; these compounds might target an en-
zyme involved in cell division cycle. Hence,
they might affect timing or spindle assembly
mechanisms, leading to defects in chromo-
some segregation and/or spindle geometry
(Noumeur et al., 2017).

Species of the ascomycete genus Teratos-
phaeria are widespread as foliar pathogens
in plants of the Proteaceae and are known
to inhabit leaves as endophytes in other
plant families (Ganley et al., 2004). Mem-
bers of the genus Teratosphaeria represent
an understudied genus. Padumadasa et al.
investigated the biology and chemistry
of a cytotoxic fraction from the extract of
the endophytic fungal strain Teratosphaer-
ia sp. FL2137 isolated from senescent
leaves (needles) of Pinus clausa obtained
from a pine-dominated scrub forest at
Archbold Biological Station in Florida
(Fig. 10.2).

Teratosphaerone A (22), a new naphthoqui-
none, was isolated and tested for its cytotoxic
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activity against five tumour cell lines includ-
ing SF-268 (human CNS cancer; glioma),
NCI-H460 (human non-small-cell lung can-
cer), MCF-7 (human breast cancer), MDA-
MB-231 (human breast adenocarcinoma)
and PC-3 M (metastatic human prostate
adenocarcinoma) cells. Compound 22 dis-
played selective cytotoxic activity against MDA-
MB-231 cells with an IC,  value of 1.2 uM and
moderate activity against MCF-7 and PC-3M
cells but was inactive against NCI-H460 and
SE-268 cell lines at the range of concentrations
tested (Padumadasa et al., 2018).

10.3 Anti-infective Metabolites
from Endophytes

Endophytes continue to be an important
source of leads for new anti-infective agents.
The well-known antibiotic penicillin served as
a prototype of a fungal anti-infective agent
and was a milestone leading to the discovery
of numerous further fungal compounds ex-
hibiting anti-infective activity (Demain and
Elander, 1999). The increasing resistance of
microorganisms to currently used antibiot-
ics is alarming and at least partly due to
the misuse of antibiotics as animal food
supplements aimed at faster animal growth,
accelerating weight gain and disease preven-
tion, thus increasing the profitability for
animal breeders. Several studies have dis-
cussed the role of antibiotics as animal food
supplements. It is estimated that about 80%
of all produced antibiotics are fed to animals
and about two-thirds of them are not fully
metabolized, being passed on to the envir-
onment, which increases the spread of re-
sistance against antibiotics (Chee-Sanford
etal., 2009).

The widespread and well-documented
microbial resistance towards clinically used
antibiotics strengthens the need for new anti-
biotics that feature novel structural types
and/or address new targets (Signoretto et al.,
2012). Several fungal secondary metabolites
revealed in vitro antimicrobial activity against
Gram-positive and Gram-negative bacteria,
including several food-borne pathogens
(Venturini et al., 2008), whereas others are
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active against fungi (Hearst et al., 2009) or
display antiviral activity (Wasser and Weis,
1999). In this part, we will survey fungal sec-
ondary metabolites reported during the past
five years (2013-2018) showing anti-infective
properties with a focus on their mechanism of
action and on structure-activity relationships.
Asperterpenoid A (23) was reported as a
novel sesterterpenoidal fungal metabolite
isolated from the endophytic fungus Asper-
gillus sp. 16-5¢ (Huang et al., 2013). Com-
pound 23 features a unique structure with
five fused rings and revealed a potent inhibi-
tory activity against Mycobacterium tubercu-
losis protein tyrosine phosphatase B (nPTPB)
with an IC, value of 2.2 pM (Huang et al.,
2013). Based on the structure and the poten-
tial in vitro antitubercular activity, asper-
terpenoid A (23) has been suggested as a
potential lead compound for constructing a
library of antitubercular derivatives.
Talaromyces wortmannii, an endophytic
fungus derived from Aloe vera leaves, yielded
two bisdihydroanthracenone atropodiaster-
eomers, including the homodimers fla-
vomannins A and B (24 and 25) along with
the heterodimers flavomannins C and D (26
and 27) (Bara et al., 2013a). In addition, the
same extract afforded two new mixed dihy-
droanthracenone/anthraquinone dimers,
namely, talaromannins A and B (28 and 29)
(Bara et al., 2013a). The isolated compounds
were assessed for their antibacterial activity
against a panel of Gram-positive and Gram-
negative bacteria comprising antibiotic-
susceptible strains and multi-resistant clinical
isolates. Dihydroanthracenone dimers with
either homo- or heterodimeric skeletons
possess antibacterial activity against staphylo-
cocci with IC,_ values ranging from 4 to 8 ug/
ml. Interestingly, these compounds exhib-
ited even more potent antibacterial activity
against methicillin-resistant Staphylococcus
aureus (MRSA). Mechanistically, some of the
tested compounds proved to induce the yorB
promoter, a component of the universal
transcriptional framework mediating the
so-called SOS response in bacteria (Lazarev-
icetal., 1999; Au et al., 2005). The yorB pro-
moter plays an important role in the cellular
response against DNA synthesis, damage and
metabolism. Therefore, yorB induction was
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found to be related to error-prone DNA re-
pair, which eventually leads to cell arrest and
death (Urban et al., 2007). Among the iso-
lated compounds, flavomannin B (25) re-
vealed the most potent induction of the yorB
promoter (Bara et al.,, 2013a). None of the
tested compounds displayed cytotoxic activity,
thus making them particularly interesting
for antibacterial drug development (Baraet al.,
2013a).

Unexpectedly, cultivating the same strain
of T. wortmannii for four instead of two weeks
afforded the new atropisomer dianthrone,
biemodin (30), in addition to three wortman-
nin derivatives and several further known
metabolites. All isolated compounds were
assessed for their antibacterial activity against
Gram-positive and Gram-negative bacteria.
Skyrin (31) and rugulosin A (32) displayed
potent antimicrobial activity against Gram-
positive pathogenic isolates with MIC values
between 4 and 16 pg/ml. Biemodin (30) was
more potent against Gram-positive bacteria,
in particular MRSA, but was less active com-
pared to skyrin and rugulosin A (Bara et al.,
2013b). Hence, these compounds may serve
as a basis for developing new antibacterial
agents especially against drug-resistant bac-
terial pathogens.

An unprecedented 3H-oxepine-containing
diketopiperazine-type alkaloid, varioxepine
A (33), featuring a 3,6,8-trioxabicyclo[3.2.1]
octane core structure, was obtained from
the marine red algal-derived endophytic
fungus Paecilomyces variotii EN-291 (Zhang
et al., 2014). Varioxepine A (33) was sub-
jected to antimicrobial assays against a panel
of several human- and aqua-pathogenic
strains including both Gram-positive and
Gram-negative bacteria. The compound pos-
sesses moderate to pronounced antibac-
terial activities against the tested strains
with MICs of 16-64 pg/ml. However, the
most potent antibacterial activity of 33 was
exhibited against the plant-pathogenic
fungus Fusarium graminearum (MIC = 4 pg/
ml), which may draw attention towards its
potential antifungal activity. The compound
may be considered as a starting structure for
developing new antifungal agents for both
agricultural and human applications (Zhang
etal., 2014, Fig. 10.3).
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Screening of a small panel of plant endo-
phyte extracts for anti-HIV activity imple-
menting a cellular assay using infected
T-cells cells revealed the endophytic fungus
Alternaria tenuissima QUE1Se, derived from
Quercus emoryi stem tissue, as a potential
candidate for further investigation. The fun-
gus yielded five altertoxin derivatives in-
cluding the two new congeners, altertoxin V
(37) and VI, in addition to three known me-
tabolites, altertoxin I-III (34-36) (Bashyal
et al., 2014). In a cell-based anti-HIV assay,
all isolated altertoxins with the exception of
altertoxin VI completely inhibited viral rep-
lication of the HIV-1 virus at concentrations
ranging between 0.30 and 2.20 pM (Bashyal
etal., 2014). Remarkably, the HIV inhibitory
activity exhibited by altertoxins was equal or
even superior to that caused by azidothy-
midine (AZT, Zidovudine®) at a concentra-
tion of 20 pM, which was used as a positive
control (Bashyal et al., 2014).

Altertoxins revealed anti-HIV activity at
concentrations below their cytotoxic and/or
mutagenic levels, thus provoking a signifi-
cant interest for those compounds as poten-
tial candidates for the development of novel
effective anti-HIV agents. Based on the
altertoxin structural features, the presence
of epoxyperylene and [1,1-biphenyl]-4,4’-
diol moieties seemed to be essential for the
anti-HIV activity (Bashyal et al., 2014).

The endophytic fungus Periconia sp. F-31,
derived from the medicinal plant A. murica-
ta, was found to produce the four new
polyketide synthase-nonribosomal peptides
pericoannosins A (38), D, E and F (39)
(Zhang et al., 2015), which showed low in
vitro anti-HIV activity, with IC_ values ranging
from 30 to 70 nM compared to efavirenz
[standard antiretroviral pharmaceutical
(tenofovir, Sustiva®, BMS)], which was used
as a positive control (IC,, = 1.4 nM) (Zhang
etal., 2015).

The EtOAc-soluble fraction of an extract
from solid rice cultures of Aspergillus sp.
CPCC 400735, an endophytic fungus iso-
lated from the medicinal plant Kadsura lon-
gipedunculata, revealed significant anti-HIV
activity and hence encouraged its chemical
exploration. This afforded 33 metabolites in-
cluding five new phenalenones, one new

cytochalasin derivative and one new buteno-
lide together with known phenyl derivatives
(Pang et al., 2017). Among the isolated com-
pounds, asperphenalenones A-E were iden-
tified as new natural products together with
aspochalasin R and aspulvinone R (Pang
et al., 2017). Unlike other known phenale-
none-type metabolites, asperphenalenones
A-E feature a linear diterpene linked to a
phenalenone via a C-C bond. When assessed
for their anti-HIV activity, several metabol-
ites belonging to different chemical classes
exhibited moderate to potent anti-HIV ac-
tivity (IC,, values ranging from 2.4 to 22.1
pM) with asperphenalenones A (40), D (41),
cytochalasin Z, (42) and epicocconigrone A
(43) identified as the most active com-
pounds having IC,, values of 4.5, 2.4, 9.2
and 6.6 pM, respectively, when compared to
lamivudine (IC50 = 0.1 uM) and efavirenz
(IC,,= 0.4 x 10~ uM) (Pang et al., 2017).

Two lanostane-type triterpenes, sclero-
dols A (44) and B (45) together with three
known metabolites were obtained from the
endophytic fungus Scleroderma UFSMScl
(Persoon) Fries isolated from Eucalyptus
grandis (Morandini et al., 2016). Interest-
ingly, sclerodol B (45) rather than 44 re-
vealed stronger anticandidal activity with
the best activity against Candida krusei, fol-
lowed by Candida parapsilosis, and with lower
potency against C. albicans and C. tropicalis
with IC,  values between 6.25 and 25 pg/ml
(Morandini et al., 2016). Sclerodol B (45)
was found to be fungistatic and fungicidal at
these concentrations. Based on the structural
similarity between sclerodols and lanoster-
ol, the anticandidal activity of sclerodols is
assumed to be caused by inhibition of the
activity of fungal methyltransferases (SMT)
(Kanagasabai et al., 2004).

Neosartoryadins A (46) and B (47), two
new fumiquinazoline alkaloids, were first re-
ported from the endophytic fungus Neosar-
torya udagawae HDN13-313 derived from
roots of the mangrove plant Avicennia
marina (Yu et al., 2015). Chemically, neosar-
toryadins are characterized by an unprece-
dented condensation between a unique
6/6/6/5 quinazoline ring system and a 6/5/5
imidazoindolone ring. At non-cytotoxic
levels, neosartoryadins A (46) and B (47)
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exhibited antiviral activity against influenza
A (H1IN1) virus with IC_ values of 66 and
58 pM, respectively, compared to ribavirin
as a standard antiviral agent (IC, = 94 uM)
(Yuetal., 2015).

Three new isoaigialones A-C (48-50) to-
gether with the parent compound aigialone
(51) were reported from the endophytic
fungus Phaeoacremonium sp. associated with
the plant Senna spectabilis (Silva et al., 2017).
The furo[3,4-blpyran scaffold is an uncom-
mon ring system in natural products and it
was previously only reported in one fungal
metabolite, massarilactone B, isolated from
the freshwater aquatic fungus Massarina tu-
nicata (Oh et al., 2001; Fig. 10.4).

Aigialone (51) and its three isomers (48—
50) were tested for their antimicrobial activ-
ity against Cladosporium cladosporioides and
against Cladosporium sphaerospermum using
direct bioautography (Rahalison et al., 1991),
in which the microorganisms grow directly
on the TLC plate of the tested samples and/or
extracts at predetermined concentrations.
Only isoaigialone B (49) and aigialone (51)
showed antifungal activity at 5 pg detection
limit compared to nystatin used as a stand-
ard antifungal drug (detection limit of 1 pg)
(Silva et al., 2017). The antifungal activity of
49 and 51 was far stronger than their cyto-
toxicity against the human cervical tumour
(HeLa) cell line where both compounds ex-
hibited IC_ values higher than 50 pM (Silva
etal., 2017).

Three new meroterpenoids, emervari-
dones A (52), B and C, together with two new
polyketides, varioxiranediols A (53) and B,
were isolated together with known deriva-
tives from a culture of Emericella sp. TJ29,
an endophytic fungus obtained from Hyperi-
cum perforatum roots (He et al., 2017). The
isolated compounds were assessed for their
antibacterial activity against five drug-
resistant microbial pathogens, namely MRSA,
Enterococcus faecalis, Klebsiella pneumoniae,
Pseudomonas aeruginosa and an extended-
spectrum B-lactamase-producing Escherichia
coli (ESBL-producing E. coli). Mervaridone A
(52) and varioxiranediol A (53) were active
against the five tested drug-resistant micro-
organisms, with the highest activity found
against ESBL-producing E. coli and P. aerugi-

nosa with MIC values of 2.0 and 4.0 pg/ml,
respectively, compared to the positive control
amikacin (MIC = 2.0 pg/ml) (He et al., 2017).
The time-kill assays conducted for ESBL-
producing E. coli indicated that 52 was bac-
teriostatic while 53 was bactericidal. Based
on these findings, both emervaridone A and
varioxiranediol A can be considered as new
scaffolds for the discovery of antibacterial
agents for targeting drug-resistant micro-
bial pathogens.

Another major microbial pathogen is M.
tuberculosis, which can be fatal if not con-
trolled and eradicated. During the course of
ongoing exploration for bioactive fungal me-
tabolites, three isoprenylisoindole alkaloid
derivatives, diaporisoindoles A (54), Band C,
together with their biosynthetic precursor,
tenellone C (55), were obtained from culture
media of the endophytic fungus Diaporthe
sp. SYSU-HQ3 derived from the mangrove
plant Excoecaria agallocha (Cui et al., 2017).
All isolated compounds were assessed for
their inhibitory activity against M. tubercu-
losis protein tyrosine phosphatase B. Com-
pounds 54 and 55 were shown to possess
potent inhibitory activities with IC,_ values
of 4.2 and 5.2 pM, respectively, which was
even more potent than the positive control
oleanolic acid (IC50 = 22.1 pM) (Cui et dl.,
2017). Therefore, diaporisoindole A (54)
and tenellone C (55) can be considered as a
basis for the development of new pharma-
ceuticals for the treatment of tuberculosis.

The flavonoid derivative chlorflavonin
(56) was isolated from the endophytic fun-
gus Mucor irregularis obtained from the
Cameroonian medicinal plant Moringa steno-
petala (Rehberg et al., 2018). Chlorflavonin
(56) exhibited potent in vitro antitubercular
activity (MIC,, = 1.56 uM) but no cytotoxic
effects against the human cell lines MRC-5
and THP-1 up to concentrations of 100 pM
(Rehberg et al., 2018). Detailed mechanistic
investigation including mapping of
resistance-mediating mutations, employing
whole-genome sequencing, chemical supple-
mentation assays and molecular docking stud-
ies, together with enzymatic characterization,
disclosed that chlorflavonin (56) specifically
inhibits acetohydroxyacid synthase cata-
lytic subunit IlvB1, causing auxotrophies to
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leucine, isoleucine and valine as branched-
chain amino acids in addition to pantothenic
acid. These amino acids and pantothenic
acid cannot be acquired from the host dur-
ing infection, and hence inhibition of their
biosynthesis will attenuate M. tuberculosis
and cause an increased vulnerability to anti-
biotic treatment. Interestingly, chlorflavo-
nin (56) was found to impart a bacteriostatic
effect when used in monotreatment; however,
when combined with each of the first-line
antibiotics isoniazid and delamanid, it dis-
played potent synergistic effects leading to a
complete sterilization in liquid cultures
(Rehberg et al., 2018). Intracellulary, chlor-
flavonin revealed superior activity compared
to streptomycin against M. tuberculosis within
infected macrophages as assessed using a
fluorescent reporter strain of M. tuberculosis
(Rehberg et al., 2018).

Fusarithioamide B (57), a new aminoben-
zamide derivative with an unprecedented
sulfur-containing carbon skeleton, was iso-
lated together with other metabolites from
the EtOAc extract of the endophytic fungus
Fusarium chlamydosporium obtained from
Anvillea garcinii leaves (Ibrahim et al., 2018).
When assessed for its antimicrobial activity
against different bacteria and fungi, fusarith-
ioamide B (57) revealed potent activity as
antifungal agent against C. albicans (MIC =
4.0 uM, IZD = 14.5 mm) and was even more
potent than the standard antifungal drug
clotrimazole (MIC = 8.0 uM, IZD =17.9 mm)
(Ibrahim et al., 2018).

In addition, 57 exhibited potent antibac-
terial activities against E. coli, Bacillus cereus
and S. aureus compared to ciprofloxacin.
However, the importance of these results di-
minished when the compound was subjected
to a cytotoxicity (MTT) assay against a panel
of six different cell lines revealing potent an-
tiproliferative effects against four of them,
namely, BT-549 (breast), MCE-7 (breast),
SKOV-3 (ovary) and HCT-116 (colon). In
these cell lines the compound showed IC,
values between 0.09 and 1.23 pM, which was
comparable to the standard anticancer drug
doxorubicin (IC.; values of 0.05-0.32 uM)
(Ibrahim et al., 2018). This may indicate that
the antimicrobial activity of fusarithioamide
B (57) can be due to its cytotoxic effects.

In addition, being such a potent cytotoxic
compound can be a major limitation in de-
veloping antimicrobials based on the core
structure of 57.

Conclusion

Cancer and infectious diseases continue to
be leading causes of death worldwide due to
resistance evolving against well-established
treatment protocols. Therefore, the need for
discovering new entities for the treatment
of antibiotic-resistant infectious microbial
strains and malignant cancer is an urgent
demand.

Endophytes have been shown to be a
renewable and highly promising source
of secondary metabolites featuring novel
and/or new scaffolds that possess signifi-
cant activities.

Therefore, chemical exploration of endo-
phyte cultures for discovering unprecedented
molecules with potent anticancer and anti-
infective activities against a vast array of viral,
fungal or bacterial infections appears to be a
promising strategy for bioprospecting.

In this chapter, we surveyed the litera-
ture published during the last five years
(2013-2018) with emphasis on endophyte-
derived compounds showing promising
antiproliferative or antimicrobial activities.
Among the reported compounds, periconiasins
and cytochalasan derivatives revealed select-
ive in vitro antiproliferative activity against
human ileocecal adenocarcinoma (HCT-8)
cells with IC_ values in the nanomolar range.

Meleagrin, an indole alkaloidal fungal
metabolite, was found to possess potent
in vitro and in vivo antitumour activity against
human breast cancer by inhibiting c-Met-
dependent metastatic and invasive breast
malignancies.

Several further reported metabolites high-
lighted in this survey may also have the po-
tential to be developed as lead compounds
such as altertoxins, which revealed anti-HIV
activity equal or even superior to that for
azidothymidine (AZT, Zidovudine®), which
highlights altertoxins as potential candidates
for developing new anti-HIV pharmaceuticals.
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Biemodin, an endophytic dianthrone, re-
vealed potent antimicrobial activity against
MRSA and can be considered as a potential
lead compound for developing new antibiot-
ics combating antibiotic-resistant strains.

Chlorflavonin, identified as an endophytic
flavonoidal metabolite, revealed potent in vitro
antitubercular activity at non-toxic levels
through inhibition of acetohydroxy acid syn-
thase catalytic subunit IIlvB1. The compound
was superior to the well-known antitubercular
drug streptomycin within infected macro-
phages. These findings support chlorflavonin
as a potential lead compound for developing
new antitubercular drugs.
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Abstract

The usage of natural products, especially in the treatment of diseases, has a long history. While
natural products used to be administered directly, they today serve as lead compounds and structural
scaffolds for the development of new drugs and other market products. The success of combinatorial
approaches to develop new products strongly depends on natural product-likeness. This exemplifies
the importance of natural products as structural leads during product development and demonstrates
natural product discovery to be as important as ever. This chapter highlights endophytes as a rich bio-
resource for the identification of novel natural compounds and emphasizes functional metagenomics
as a promising method to source the endophytic potential. With the majority of microorganisms not
readily cultivable under laboratory conditions, a vast amount of natural products synthesized by endo-
phytes remains inaccessible. Functional metagenomics circumvents current cultivation limitations by
direct cloning of bacterial community DNA. This procedure is, however, rarely performed exclusively
on endophytes. This chapter outlines the procedures underlying this methodology with focus on its

application to endophytes.

11.1 Introduction

Plants, animals and microorganisms natur-
ally produce innumerable metabolites and
metabolic by-products of medical or indus-
trial value. This value has been recognized
long-since. The molecules produced by living
organisms, generally referred to as natural
products (NPs), find application in the med-
ical, agricultural and industrial sectors as
pharmaceuticals, agrochemicals and food
additives (David et al., 2015; Schmitt et al.,
2016; Sparks et al., 2017; Lorenzo et al.,
2018; Ribes et al.,, 2018). They either are
commercialized directly or serve as lead
compounds and structural templates for ef-
fective product development. Today NPs
and their derivatives constitute a high share

among market products (Newman and
Cragg, 2016; Patridge et al., 2016). Due to
their great structural diversity and manifold
and specific bioactivity, they continue to
constitute a highly promising resource for
the identification of novel drugs, pesticides
or preservatives.

Novel therapeutics and pesticides are re-
quired in the wake of the ever-increasing
emergence of resistances to treat infections
and ensure food security. Rising numbers of
cancer patients and those suffering from
chronic diseases urges the development of
new treatments. Industries have been at-
tempting to meet this demand for new lead
compounds and scaffolds, primarily by com-
binatorial chemistry, since the 1990s. By
parallel synthesis utilizing several building
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blocks simultaneously, this approach enables
the synthesis of large compound collections
consisting of diverse variants of the starting
material. Combinatorial chemistry, hence,
represents until today a rapid way to generate
molecular diversity. With the simultan-
eously expanding high-throughput screen-
ing methodologies, which allowed for fast
screening of large compound libraries, this
approach was believed to lead to compound
discovery much quicker as compared to iden-
tifying a bioactive compound of interest from
the complex NP mixture present in biological
samples. This caused, among other things,
the decline of NP discovery programmes.
Over the last decades various synthesis
methods were established, and while suc-
cess stories were reported. Combinatorial
chemistry could not yet meet the high ex-
pectations that were placed on this approach
(Ortholand and Ganesan, 2004; Lindell
et al., 2009; Liu et al., 2017). The limited
structural diversity of the generated mol-
ecules counts as one potential reason. Two
studies conducted early on found significant
differences in the chemical structures of NPs
and those of combinatorial compounds. Both
evaluations found NPs to span a wider range
in molecular weight and to generally com-
prise a higher amount of oxygen atoms but
fewer nitrogen, sulfur and halogen atoms.
Furthermore, they showed that chiral centres,
which add to steric complexity and account
as an important determinant for selectivity,
are prominent in NPs and mostly missing in
synthetic compounds. NPs were generally
determined to be of more complex steric
structures (Henkel et al., 1999; Feher and
Schmidt, 2002). Especially, Henkel et al.
took a strong stand emphasizing the import-
ance of NPs with their vast chemical diver-
sity as source for lead discovery. By comparing
compounds from an NP and a synthetics data-
base, they estimated that synthetic compounds
only represent 60% of the NPs' structural
diversity (Henkel et al., 1999).

As the generation of compound libraries
continued and evolved to increase the num-
ber of synthesized molecules, the concept of
the ‘chemical space’ arose. Seen as the pos-
sible structural diversity of molecules, esti-
mates range in several orders of magnitude.

Depending on the chosen parameters, such
as the number and types of atoms, or whether
it is a chemical or a peptide, calculations de-
termined the possible number of molecules
between 108 and 103%°, whereby only a frac-
tion might show bioactivity (Medina-Franco
et al., 2008). Chemoinformatic analyses to
compare and evaluate the chemical space of
NPs, combinatorial libraries, pharmaceut-
icals and other marketed molecules unroll
‘NP-likeness’ as an important criterion to be
considered when expanding the current
available chemical space by designing and
generating new compound collections (Medina-
Franco, 2012). This necessity is exemplified
in the latest survey of Newman and Cragg,
which states that the antitumour drugs
sorafenib and vemurafenib and the pharma-
ceutical ataluren account as the only three
de novo synthesized combinatorial mol-
ecules entering the pharmaceutical market
(Newman and Cragg, 2016). However, NPs,
their derivatives and NP-like molecules con-
tribute to more than half of the market
products and represent, especially as lead
compounds, a valuable asset for product de-
velopment (Newman and Cragg, 2016; Sparks
et al., 2017). Along with the trend of gener-
ating more NP-like compound libraries, NP
discovery experiencing a revival (McChesney
etal., 2007; Shen, 2015).

Similarly, novel enzymes, which are generally
not considered NPs, are in demand for the
food and pharmaceutical industries (Cough-
lan et al., 2015). As outlined in detail by
Coughlan et al., microbial enzymes find inter
alia application in food processing, flavour-
ing, dairy products, brewing and baking, and
novel bio-catalysts for the various processes
are required: lipases for milk fat hydrolysis,
esterases for flavour production in the beverage
industry, a-amylases for starch modification
in the baking industry, among other things.
Another class of enzymes which caught con-
siderable attention over recent years is
non-ribosomal peptide synthetases and poly-
ketide synthases. As producers of secondary
metabolites, many bioactive compounds
synthesized by these enzymes have been
identified (Nikolouli and Mossialos, 2012).

Only a fraction of all the natural resources
are exploited (Henkel et al., 1999; Bérdy,
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2012). The diversity of microbial NPs is mostly
not yet investigated. According to estimates,
the diversity of bacterial compounds smaller
than 1 kDa reaches 10° molecules (Davies,
2007) of which merely 60-80,000 metabol-
ites are identified (Bérdy, 2012). Interest-
ingly, Bérdy (2012) reported that almost
half of the known microbial NPs showed bio-
activity, exemplifying the great potential of
microbial NPs in general. This goes well in
hand with an evaluation by Patridge et al.
showing that half of the Food and Drug Ad-
ministration (FDA)-approved NPs originate
from bacteria and fungi (Patridge et al.,
2016). While bacteria and fungi regain im-
portance as bio-resource after a drop-down
following the golden era in microbial drug
discovery from 1960 to 1980, screenings
focus primarily on microbial communities
in soil, sludge and rhizosphere. The plant-
associated and especially plant-inhabiting bac-
teria and fungi are widely unexplored (Strobel
and Daisy, 2003; Miiller et al., 2016a).

Each plant is inhabited by a diverse and
specific community of microorganisms which
fulfil important functions for the host in-
cluding nutrient supply, plant development,
pathogen defence and stress resilience (Har-
doim et al., 2008; Brader et al., 2014; Hardo-
im et al., 2015). It was estimated that
between 250,000 and 500,000 higher plant
species populate the planet (McChesney et al.,
2007), of which only a fraction has been in-
vestigated for their endophytes (Strobel and
Daisy, 2003). The species richness and diver-
sity of endophytes is staggering. According
to estimates, 1 million fungal endophytes
can be found (Dreyfuss and Chapela, 1994).
Drivers for the endophytic community com-
position are: (i) biotic factors such as plant
genotype, plant physiology, the microorgan-
isms present in the surrounding bulk soil;
and (ii) abiotic factors like soil type, nutrient
availability, temperature (Hardoim et al., 2015;
Kandel et al., 2017). Interestingly, plants ac-
tively recruit certain endophytes from the
bulk soil (Lemanceau et al., 1995; Kloepper
et al., 2004; Rudrappa et al., 2008) and even
propagate them to their offspring (Berg
etal., 2014; Truyens et al., 2015; Frank et al.,
2017). Similarly, mosses and other lower plants
comprise endophytic communities, whereby
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the community structure underlies the same
principles (Bragina et al., 2012). These highly
adapted microbial consortia represent widely
unexplored bio-resources which comprise
a unique set of metabolic pathways and a
tremendous amount of NPs and enzymes
(Strobel and Daisy, 2003; Gunatilaka, 2006;
Brader et al., 2014; Miiller et al., 2016a).

This chapter focuses on the discovery of
NPs and enzymes of microbial origin, high-
lighting endophytes as a plenteous and yet
less explored bio-resource. Thereby, we as-
sess the potential of sourcing endophytes by
functional metagenomics, a methodology
which facilitates the access to unexplored
NPs and enzymes of yet uncultivable micro-
organisms.

11.2 Functional Metagenomics
of Endophytes

The biotechnological potential of endophytes
has long been recognized and sourced for
NPs, which led to the isolation and identifi-
cation of many novel compounds as sum-
marized in various reviews (Tan and Zou,
2001; Strobel and Daisy, 2003; Gunatilaka,
2006; Zhang et al., 2006; Chen et al., 2014;
Deshmukh et al., 2014; Newman and Cragg,
2015; Martinez-Klimova and Rodriguez-
Pefia, 2017; Nalini and Prakash, 2017; Gao
et al., 2018). The therein described work ex-
ploited the endophytic potential exclusively
by cultivation-dependent techniques. Such
screenings, however, allow only a glimpse
into the endophytic treasure chest of metab-
olites, metabolic by-products and enzymes.
The great plate count anomaly (Stewart, 2012),
the fact that most microorganisms are not
readily cultivable under laboratory conditions,
applies to endophytes. Generally, about 99%
of all microorganisms account as not yet cul-
tivable by standard methods (Strobel and
Daisy, 2003). Following this, NPs and enzymes
of the majority of the species inhabiting
a plant are not accessible by cultivation-
dependent techniques.

Cloning of microbial community DNA
from a sample directly into a surrogate host
represents a promising methodology to
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circumvent cultivation dependency. The great
potential lies therein, that this can be ap-
plied to any microbial community (Ravin
et al., 2015). As heterologous expression of
such DNA facilitates access to hidden genes
and biosynthetic gene clusters, this method
allows identification of novel NPs and
enzymes from yet uncultivable microorgan-
isms (Coughlan et al., 2015; Katz et al., 2016),
including endophytes. This methodology
belongs to the omics approaches and gener-
ally investigates the collective genomes of all
members of a microbial community, the meta-
genome (Handelsman et al., 1998). Mainly
grouped into sequence- and function-based
approaches, metagenomics comprises differ-
ent methods as outlined by different reviews
(Handelsman, 2004; Simon and Daniel,
2011; Coughlan et al., 2015; Ravin et al,,
2015). Metagenomics in its broadest inter-
pretation also comprises amplicon sequen-
cing of conserved gene regions, mostly the
16S rRNA marker gene for bacteria or the
ITS region for fungi. Inferred from such spe-
cies-specific marker genes, the phylogenetic
community composition can be analysed.
Based on knowledge about functional traits
of single phyla, the functional potential of a
microbiome can in part be evaluated. In
comparison, shotgun sequencing of adapt-
er-ligated metagenomic DNA fragments or
metagenome clone libraries allows a detailed
analysis of functional properties based on
gene homologies. Annotated genes can then
be cloned for heterologous expression. Nei-
ther approach, however, leads directly to the
identification of new genes and consequently
novel NPs or enzymes, which is where func-
tional metagenomics comes into play. This
methodology can lead to the identification
of truly novel NPs and enzymes. Functional
metagenomics is based on direct cloning of
metagenomic DNA and, therefore, requires
the isolation of high-quality metagenomic
DNA, fragmentation and cloning of the
metagenomic DNA into a vector and trans-
formation into a host. The generated metagen-
omic library can then either be explored by
polymerase chain reaction (PCR)-based
screenings using degenerated primers which
bind to conserved regions of the gene target
of interest or by phenotypic screenings for a

desired activity. As this chapter assesses the
exploitation of the endophytic potential by
phenotypic-based functional metagenomics,
this approach will be elaborated on in the
following.

Historically, the first milestone for func-
tional metagenomics was laid by Pace et al.
After proposing direct cloning of metagen-
omic DNA in 1986 (Pace et al., 1986), they
constructed the first metagenomic library
five years later for 16S rRNA gene sequencing
and phylogenetic analysis of picoplankton-
associated microorganisms (Schmidt et al.,
1991). Almost another five years later, the first
successful phenotypic screening of a metagen-
omic library resulted in the identification of
four novel cellulases (Healy et al., 1995).
Functional metagenomics has since then led
to the discovery of many novel enzymes and
bioactives from uncultivable microorganisms
(Coughlan et al., 2015). The identification
process generally involves two steps: the
generation and subsequently the functional
screening of metagenomic libraries. The pro-
cess can be further broken down into several
steps: plant selection and sampling, surface
sterilization including the indispensable
usage of a DNA-degrading agent such as
sodium hypochlorite (as an additional step
when metagenomic DNA of only endophytes
is desired), microbial enrichment, DNA isola-
tion, cloning, host transformation and
screening (Fig. 11.1). Once a metagenomic
clone has been identified, biosynthesis genes
contained on the metagenomic DNA insert
are more readily identified as compared to
identifying the gene clusters within the whole
genome of isolated microorganisms.

The selection of a plant species for con-
structing of a metagenomic clone library
(Fig. 11.1A) certainly depends on the mol-
ecule or the activity that is targeted for
screening. A very promising way of selecting
a plant as source of endophytes, not only for
isolation of microorganisms but for isola-
tion of metagenomic DNA, is the so-called
ethnobotanical approach (Cox and Balick,
1994). Thus, the ethnobotanical knowledge
from native people or the traditional use of
plants in herbal medicine for treatment of
diseases is employed to find interesting can-
didates. Once the selected plant is collected,
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Fig. 11.1. Generating of a metagenomic clone library from endophytes. The following steps are
necessary for the construction of a clone library, here exemplarily shown for moss: (A) Plant selection
and sampling. (B) Surface sterilization of the fresh plant material including a DNA-degrading step using,
for instance, sodium hypochlorite. (C) The plant material is treated by mechanical or enzymatic
methods to enrich the microbial fraction (e.g. cutting, homogenization, treatment with salt or detergents,
bag-mixing, centrifugation). (D and E) The enriched endophytic microbiome is used for isolation of
metagenomic DNA. (F) The DNA is ligated into an appropriate vector system and cloned into the library
host, e.g. using fosmids and packaging them into phages prior to transfection of the host. (G) The
generated clone library undergoes an activity- or sequence-based screening, which is designed to

identify a desired activity or specific genetic traits.

the treatment of the plant material for con-
struction of the library should proceed with-
out delay to avoid contamination or loss of
microbial diversity.

Surface sterilization of the plant material
is the most commonly employed technique
to obtain solely endophytic microorganisms
(Hallmann et al., 2006; Fig. 11.1B). Further-
more, high-quality DNA must be obtained
from the selected material. In general, dif-
ferent isolation protocols and commercial
kits are available but mainly for soil and
water samples (Leis et al., 2013). When
working with endophyte communities a big
challenge resides in the extraction of endo-
phyte DNA in enough quality and quantity
for library construction. A study by Gabor
et al. reports that direct DNA isolation,
mechanically, enzymatically or using deter-
gents, yields higher DNA amounts than in-
direct approaches for which the microbial
cells are extracted and enriched prior to cell
lysis. When evaluating the isolated DNA,
they showed that lysates obtained by direct
methods contained considerably higher
amounts of eukaryotic DNA (>50%) as com-
pared with indirect methods which yielded
lysates containing more than 90% bacterial
DNA (Gabor et al., 2003). As metagenomic
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libraries contain several thousand clones of
which only a small amount will exhibit the
desired phenotype (Handelsman, 2004), it is
desirable that metagenomic libraries con-
tain as much endophytic DNA as possible.
As mentioned above, extracting enough high-
quality DNA from endophytes for library
production is challenging. The high yield of
plant DNA obtained by standard methods
and the fact that the plant DNA interferes
with further processing and analysis steps
make usually an enrichment of the microbial
fraction indispensable (Jiao et al., 2006; Fig.
11.1C). Due to this restraint, only a few ex-
amples of library construction from endo-
phyte DNA are available.

A few methods for enriching the plant
microbiome, e.g. from stems, and simultan-
eously reducing or eliminating the plant
DNA have been described (Wang et al., 2008;
TIkeda et al., 2009). Wang et al. extracted and
enriched microbial DNA from stem bark ma-
terial using a combined treatment with salt
and detergent (0.9% NaCl, 0.063% sodium
dodecyl sulfate) for disrupting plastids and
eliminating plant DNA (Wang et al., 2008).
A similar method was proposed by Ikeda et al.
for enrichment of the bacterial fraction in
soybean stems (Ikeda et al., 2009). In this
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case Triton X-100 was used as a mild deter-
gent for disrupting the membranes of
chloroplasts, in combination with a density
gradient centrifugation using the non-ionic
medium Nycodenz. Other microbial enrich-
ment methods, for example, for sugarcane
stems (Dos-Santos et al., 2017) or for leaves
from the Maytenus hookeri tree (Jiao et al.,
2006), have been reported; the latter in-
volves the enzymatic hydrolysis of plant cell
walls and differential centrifugation. The
method of choice will ultimately depend on
the plant morphology and composition and
has to be adapted and evaluated for each
individual case.

For library establishment (Fig. 11.1D-F),
several considerations have to be taken into
account. Choice of the vector-host system is
crucial, as successful expression is a neces-
sity for the later screening. Heterologous
gene expression depends on various factors.
Different codon usage and the metabolic
background of the surrogate host in com-
parison to that of the species from which
the metagenomic DNA insert derives may
differ greatly and can hamper gene expres-
sion (Liebl et al., 2014). The most widely
used host strain is E. coli for which many
protocols and commercial kits for DNA ex-
traction and library generation exist, aiding
in the procedure and making it more effi-
cient (Simon and Daniel, 2011). Yet the pre-
dicted potential of E. coli to heterologously
express metagenomic DNA varies greatly
ranging from as low as 7% and up to 73%,
whereby expression of one-third of the genes
depends on the vector promoter (Gabor et al.,
2004). This drives the interest towards dif-
ferent species such as Pseudomonas or Strep-
tomyces strains for library generation (Liebl
etal.,2014). Yeast could be theoretically em-
ployed as an alternative host for the directed
expression of eukaryotic metagenomic DNA.
Cloning vectors containing a broad-host rep-
licon such as the RK2-based plasmid have
been developed (Aakvik et al., 2009). This
vector system can be, in principle, transferred
to Gram-negative and Gram-positive bacteria
and also eukaryotic hosts like yeast. Never-
theless, there are no reports available detail-
ing the successful application of yeast as a
metagenomic library host. Although being

more efficient producers and more promis-
ing hosts for the identification of novel NPs,
the establishment of metagenomic libraries
in alternative hosts remains a laborious pro-
cedure. Another important question is that
of the insert size to be used. With increasing
insert size, the likelihood rises that complete
biosynthesis pathways and gene clusters are
cloned. This is interesting when the screenings
target metabolites or big enzyme com-
plexes such as non-ribosomal peptide syn-
thetases. Cosmid or fosmid libraries holding
high-molecular-weight DNA up to 40 kb or
bacterial artificial chromosomes (>40 kb)
are generated to this end (Simon and Daniel,
2017). Yet high-molecular-weight inserts
affect the cloning efficiency, limiting the re-
sulting number of library clones. Small DNA
fragments are cloned more readily, which
favours libraries with low-molecular-weight
inserts that are generally used for screenings
of different enzyme classes like hydrolases
(Simon and Daniel, 2017).

As mentioned earlier, metagenomic librar-
ies comprise several thousand clones, whereby
only a small fraction will exert the activity of
interest (Handelsman, 2004). Therefore, a
high-throughput screening to process many
clones simultaneously for the desired pheno-
type needs to be in place to make the screen-
ing of large clone collections feasible. Such
screenings, however, come with the draw-
back of potentially missing clones of interest
(Coughlan et al., 2015). As reviewed by Leis
et al. as well as by Simon and David, screen-
ings may involve the detection of enzymes
by supplementing the growth medium with
indicator reagents specific for tracing the de-
sired enzymatic activity (called phenotypic
detection) or the use of reporter genes for
which expression is triggered only once the
compound of interest is present. A further
approach represents heterologous comple-
mentation of the host by the gene of inter-
est. Only with the target gene being present
will growth be observed under selection pres-
sure (Simon and Daniel, 2011; Leis et al.,
2013). For instance, phenotypic detection
led to the discovery of six novel polyesterases
from a moss metagenomic library (Miiller et al.,
2016b). The underlying high-throughput screen-
ing procedure used tributyrin-containing
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agar plates where hydrolytic activity could
easily be spotted by halo formation. Novel
4’-phosphopantetheinyl transferases (PPT)
from a metagenomic library in E. coli and
Streptomyces albus were identified by a coupled
bpsA reporter gene PPTase complementa-
tion approach (Owen et al., 2012; Bitok et al.,
2017). Thereby, the PPT was deleted and pig-
ment production by the PPT-dependent
bpsA gene only restored upon expression of
afunctional PPT. Furthermore, Fluorescence-
Activated Cell Sorting (FACS)-based screen-
ing methods have been established. The two
methods, substrate-induced gene expression
screening (SIGEX) (Uchiyama et al., 2005)
and metabolite-regulated expression screen-
ing (METREX) (Williamson et al., 2005), are
based on the induction of gfp reporter gene
expression. While the latter employs a quo-
rum-sensing promoter upstream of the gfp
gene, for SIGEX the reporter gene is promot-
er-less. Hence, for SIGEX reporter gene,
expression depends on the presence of a
promoter on the metagenomic DNA insert.
Uchiyama et al. used this approach to iden-
tify clones that express enzymes which con-
vert a substrate of interest — in their case
hydrocarbons. By adding the substrate of
interest, the desired promoters get activated
and drive the expression of not only the
downstream enzyme but also the reporter
gene. METREX, on the contrary, requires the
synthesis of the promoter-activating mol-
ecules and facilitates the identification of
signal molecules. Interestingly, both meth-
odologies employing FACS for cell sorting
have the advantage of a very efficient high-
throughput screening.

A metagenomic analysis targeting the
community composition and functions of
endophytes in rice roots was reported for
the first time by Sessitsch et al. (2011). Us-
ing the metagenome data, the authors pre-
dicted main microbial adaption mechanisms
supporting an endophytic lifestyle, for ex-
ample, the availability of plant-polymer-
degrading enzymes, iron acquisition and
storage, protein secretion systems, among
others. Later on, the endophyte community
of other plant species and plant compart-
ments including Arabidopsis thaliana roots
(Bulgarelli et al., 2012), grapevine branches
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(Campisano et al., 2014), sugar beet (Shi
et al., 2014), Aloe vera root, stem and leaves
(Akinsanya et al., 2015), tomato roots (Tian
et al., 2015) or floating fern (Azolla filliculoi-
des) (Dijkhuizen et al., 2018) has been evalu-
ated. However, functional metagenomics,
i.e. the screening of clone libraries for identi-
fication of new NPs, has not been in the focus
of research yet. To the best of our know-
ledge, there is only one published study by
Nikolic et al. thus far, targeting exclusively
the endophytic microbial community for clone
library generation and subsequent screening
(Nikolic et al., 2011). Here, using a few se-
lected examples, we will highlight the poten-
tial of endophytes for the discovery of new
natural products and enzymes.

11.3 Natural Products
from Endophytes

The production of functional secondary me-
tabolites by endophytes is linked to the im-
provement of plant fitness (Tan and Zou,
2001). Besides plant-growth promotion, one
major function of microbial metabolites is pro-
tecting the plant against biotic and abiotic
stress, e.g. by inducing resistance against
pathogens (Bailly and Weisskopf, 2012). The
structural and chemical diversity of NPs is
extensive, including alkaloids, steroids, ter-
penoids, peptides and aliphatic compounds,
among others (Tan and Zou, 2001; Gao et al.,
2018). A main group of interesting secondary
metabolites is composed of high-molecular
compounds, such as peptides and polyket-
ides, encoded by non-ribosomal peptide syn-
thetases and polyketide synthases. This type
of metabolites display complex structural
diversity, along with a broad range of bio-
logical activities and functions, such as anti-
bacterial, antifungal and cytotoxic activity,
or acting as metal chelators (siderophores)
(Cane and Walsh, 1999). In this way they
also support the lifestyle of endophytes in
association with the host. Promising sources
for this type of NPs are actinobacteria and
fungi. Especially endophytic actinobacteria
are regarded as a nearly unexplored reser-
voir of bioactive secondary metabolites
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(Qin et al.,, 2010). Most clinically relevant anti-
biotics used today have, for instance, their
origin in actinomycetes (Baltz, 2007). Com-
prehensive reviews on the discovery of anti-
biotics from endophytes were published
by Deshmukh et al. (2014) and Martinez-
Klimova and Rodriguez-Pefia (2017).

The enhanced acquisition of iron has
been generally hypothesized as a central as-
pect in the life cycle of endophytes (Rein-
hold-Hurek and Hurek, 2011), in particular
for nitrogen-fixing bacteria, since this pro-
cess is iron dependent. Siderophores, which
are mostly non-ribosomal peptides (Crosa
and Walsh, 2002), have high chelating affin-
ity for iron, and they contribute to the nutri-
tional requirement of both microorganism
and host plant. A new class of siderophores,
the so-called serobactins, were identified in
the grass-endophyte Herbaspirillum seropedi-
cae Z67, a bacterium of interest due to its
nitrogen-fixation ability (Rosconi et al., 2013).
Another type of siderophore, epichloénin A,
was discovered as a product of a fungal endo-
phyte Epichloé festucae, which lives in peren-
nial ryegrass (Koulman et al.,, 2012). This
type of fungal endosymbiosis in temperate
grasses not only improves the herbivore re-
sistance of the plant (Lane et al., 2000) but it
was also shown that production of epichloénin
A is required for maintaining of a mutual
beneficial interaction between the fungus
and its host (Johnson et al., 2013).

The cyclic depsipeptide FR900359 is a fur-
ther example of a non-ribosomal peptide from
an uncultivable endosymbiont, Candidatus Bur-
kholderia crenata, living in the tropical plant
Ardisia crenata (Crisemann et al., 2018). The dep-
sipeptide produced mainly in the leaf nodules
by the endosymbiotic partner functions prob-
ably as a protective defence chemical against
plant herbivores like insects and nymphs. In
medicinal applications, this peptide is an indis-
pensable tool for pharmacological studies of
cellular signalling processes, being a potent in-
hibitor of guanine nudeotide binding proteins.
For more detailed examples, the review by Ab-
dalla and Matasyoh gives a good overview of
different peptide classes isolated from endo-
phytes (Abdalla and Matasyoh, 2014).

Polyketides, which are synthetized by large
and iterative multi-functional proteins, so-called

polyketide synthases, are also interesting
bioactive NP. Several new polyketides have
been reported in fungal endophytes. For ex-
ample, six novel bicyclic polyketides, the so-
called preussilides (for details on structure
and activity see Chapter 10, this volume),
were isolated from the fungus Preussia similis,
an endosymbiont of Globularia alypum, and
showed antiproliferation activity on eukary-
otic cell lines. Similarly, different types of
compounds belonging to the family of oblon-
golides were isolated from Phomopsis oblonga,
and endophyte, from wild banana. Some of
the isolated oblongolides displayed cytotoxic
activity (Bunyapaiboonsri et al., 2010).
Recently, another group of cytotoxic polyket-
ides was found in a related fungus, Phomop-
sis sp. A818, isolated from mangrove (Zhang
etal.,2017). A dimeric anthraquinone called
skyrin (for details on structure and activity
see Chapter 10, this volume) was identified
as a pigment of the fungal endophyte Cyano-
dermella asteris (Jahn et al., 2017). C. asteris
was isolated from the plant Aster tataricus,
which has been employed in traditional
Chinese medicine as expectorant and show-
ing anti-inflammatory properties as well (Yu
et al., 2015). Through in silico analysis of the
C. asteris genome, putative biosynthetic
pathways for production of skyrin were elu-
cidated, suggesting the involvement of a non-
reducing polyketide synthase (Jahn et al.,
2017).

Another group of metabolites produced
by the plant microbiota are volatile organic
compounds (VOCs). VOCs enable chemical
inter- and intra-species communication over
longer distances than non-volatile compounds
(Kanchiswamy et al., 2015). Many microbial
volatiles, or mixtures thereof, have been in-
vestigated for their bioactivity, and espe-
cially for the ability to antagonise plant
pathogens (Berg, 2009). One of the most
prominent and first discovered examples of
VOC-producing microbes is the endophytic
fungus Muscodor albus, isolated by Strobel
et al. in the late 1990s from a cinnamon tree
in a botanical garden in Honduras (Sears et al.,
2001). The mixture of VOCs produced by M.
albus contained different classes of organic
substances (esters, alcohols, lipids, ketones
and acids), which showed antibiotic effect on
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several plant and human pathogenic bacteria
and fungi. While the single volatiles only in-
hibited the growth of the test organisms,
the mixture thereof showed a potent lethal
activity, being the most active single volatile
isoamyl acetate.

Since this first discovery, efforts have
been undertaken to isolate new VOC produ-
cers and evaluate their bioactivity and
biotechnological potential. For instance,
volatiles and semi-volatiles from endophytic
fungi like Hypoxylon anthochroum, Gleospori-
um sp. and Geotrichum candidum PF005 have
been studied, showing growth inhibition of
important plant pathogens like Fusarium ox-
ysporum, Phytophthora palmivora, Rhizocto-
nia solani and other fungi (Schaible et al.,
2015; Ulloa-Benitez et al., 2016; Medina-
Romero et al., 2017; Mookherjee et al., 2018).
Not only fungi but also bacteria are capable
of producing VOCs, many of them having
plant-modulating properties and disease-
suppressing activities (Weisskopf, 2013).
New volatiles identified from bacterial endo-
phytes are scarcer than those reported for
fungi. However, bacteria from the genera
Pseudomonas, Bacillus, Serratia and Stenotro-
phomonas are well-known VOCs producers
(Bailly and Weisskopf, 2012), many of them
being capable of an endophytic lifestyle. This
is the case for Pseudomonas putida BP25, an
isolated endophyte from the root of black
pepper (Sheoran et al., 2015). This bacter-
ium showed production of some well-known
antimicrobial VOCs like 1-undecene and dif-
ferent types of pyrazines.

In general, sourcing endophytes for bio-
active compounds attributed to plants rep-
resents a promising alternative to exploiting
the plant itself. This is of interest when the
commercial supply cannot be maintained,
for instance due to the compound being iso-
lated from slow-growing or rare plants and
its molecular structure being highly complex
so that chemical synthesis is not a suitable
option (Strobel and Daisy, 2003; McChesney
et al., 2007). A well-known example of this
dilemma is the anticancer drug paclitaxel
(Taxol®), a diterpenoid originally isolated from
the bark of Taxus brevifolia, Western Yew
(Cragg, 1998). The search for alternative
sources for paclitaxel extraction revealed
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not only other plant species to produce this
compound, but also several plant endophytes,
mainly fungi (Stierle et al., 1993; Kharwar
etal., 2011). Other examples include the an-
ticancer compound camptothecin, which was
first isolated from a Nyssaceae (Wall et al.,
1966) but is also produced by endophytic
fungus Fusarium solani (Kusari et al., 2009);
and the potentially antidepressant hyperi-
cin, first isolated from St. John's wort (Aly
et al., 2013) but later found to be produced
by the fungal endophyte Thielavia subther-
mophila (Kusari et al., 2008). These and sev-
eral other examples are reviewed in detail by
Aly et al. (2013).

11.4 Enzymes from Endophytes

Microorganisms living in close association
with plants often produce a wealth of differ-
ent (extracellular) enzymes for the degrad-
ation of plant polymers and oligomers. For
example, the production of an endoglucanase,
a cell wall-degrading enzyme, was reported
as a key factor for the initial and active bac-
terial colonization of internal plant tissues
(Reinhold-Hurek et al., 2006).

A metagenomic investigation of the root
gall-associated microbiome in tomato plants
showed a high abundance of oligosaccha-
ride-degrading genes; however, only a lower
frequency of genes coding for enzymes act-
ing on full-length polymers, like cellulases or
hemicellulases, was detected (Tian et al., 2015).
Moreover, several endophytic fungi isolated
from medicinal plants, mangrove or the
shrub Brucea javanica were tested positive
for extracellular enzyme activities, like cellu-
lases, lipases, amylases, laccases, pectinases
or proteases (Choi et al., 2005; Maria et al.,
2005; Sunitha et al., 2013).

Ligninolytic enzymes, in particular laccas-
es, are a group of enzymes commonly found
in wood-decomposing fungi (Singh Arora and
Kumar Sharma, 2010). Compared to fungi,
reports on laccases from bacterial origin are
rare. Endophytes might represent a new
source for this type of bacterial enzymes.
A new bacterial laccase, showing lignin deg-
radation, dye decoloration and acid-stable
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properties, was found in the rice endophyte
Pantoea ananatis Sd-1 (Shi et al., 2015).

Chitin is a major constituent of the fun-
gal cell wall. Chitinases and chitin-modifying
enzymes are of biotechnological interest.
One of the first reported enzymes was an
extracellular chitobiosidase from Bacillus cere-
us, an endophyte isolated from mustard. The
presence of extracellularly produced pro-
teins from this bacterial strain decreased the
rate of germination of spores from the plant
pathogen Fusarium oxysporum and supported
the idea that the production of extracellular
enzymes might protect the plant from fun-
gal infection (Pleban et al., 1997). The availabil-
ity of chitin-modifying enzymes in fungal
endophytes was also investigated by Govin-
da et al. A high genetic diversity of this class
of enzymes was found for several fungal iso-
lates (Govinda Rajulu et al., 2011). In a fur-
ther study, a new chitin deacetylase from the
endophytic fungi Pestalotiopsis sp. was iso-
lated and characterized. It was shown that
the enzymatic deacetylation of the chitin
oligomers could be part of the survival strat-
egy of the fungus inside the plant, since the
modified oligomers were no longer recog-
nized by the plant's immune system (Cord-
Landwehr et al., 2016).

Studies have also focused on the investi-
gation of beneficial enzymes for the host
plant, like those derived from plant-growth-
promoting bacteria. This is the case for
1-aminocyclopropane-1-carboxylic acid (ACC)
deaminases. ACC deaminases are important
catalysts for regulating the level of plant-
produced ethylene. ACC is a precursor of
ethylene and its cleavage reduces the level of
this stress-induced hormone and increases
the stress resistance of the plant (Glick,
2005). Nikolic et al. analysed the abundance
and diversity of ACC deaminase genes (acdS)
from bacterial endophytes colonizing field-
grown potato plants. One complete acdS op-
eron was identified and analysed, showing the
presence of a transcriptional regulator (acdR),
which may be exclusive for the phyla of Alpha-
and Betaproteobacteria (Nikolic et al., 2011).

Similarly, the population of endophytic
bacteria from the nickel (Ni) hyperaccumu-
lator plant Thlaspi gosingense was analysed
by means of total DNA extraction from

shoot-associated DNA. The division of Prote-
obacteria dominated the bacterial endophyte
population, showing clear differences to the
bacterial community from the plant’s rhizo-
sphere. The presence of genes or genetic
treats responsible for a higher Ni resistance
was analysed using bacterial isolates but not
the uncultivable bacterial fraction. All endo-
phytic isolates were positive for the produc-
tion of siderophores, and some showed ACC
deaminase activity (Idris et al., 2004). This
study underpins the potential of finding new
types of siderophores and other heavy metal
resistance determinants in endophytes from
hyper-accumulating plants.

11.5 Conclusion

Our society is experiencing an urgent need for
new bioactive compounds in medicine, agricul-
ture and industry, like antibiotics, anticancer
drugs or pesticides. The discovery of novel
pharmaceuticals by combinatorial chemistry
has, however, not delivered the expected re-
sults in regard to the amount and the bioactiv-
ity of new developed compounds. Growing
interest in the search for new NPs, their corres-
ponding biosynthetic pathways and enzymes as
bio-catalysts has now awakened. In particular,
plants have been historically used as a source of
NPs. Likewise, endophytes, through a tight syn-
ergism with their host, have evolved a special-
ized metabolism for the production of bioactive
substances of interest. Hence, endophytes repre-
sent an uttermost promising and yet less ex-
plored source for this type of molecules.

While cultivation-dependent techniques
provide an enormous share of bioactive
molecules, myriad other compounds from
not-yet-cultivable microorganisms remain
undiscovered. The application of functional
metagenomics can aid in the search for those
unexplored molecules from uncultivable mi-
crobes. In this chapter, we described the
methodology and highlighted important
considerations for the construction of metagen-
omic clone libraries from endophytes. As
only a small fraction of a metagenomic li-
brary exhibits the desired bioactivity, it is of
interest to generate endophytic metagenomic
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libraries containing no DNA other than from
endophytes. This way the endophytic poten-
tial can be harnessed to the fullest. Several
examples illustrate the potential for the dis-
covery of new enzymes and NPs using this
strategy. This is a promising new field of
study since endeavours for using functional
metagenomics from sole endophytic micro-
biomes are still limited. It is exciting to see
how the field of endophyte biotechnology in
combination with functional metagenomics
develops, allowing for the discovery of novel
bioactive molecules.
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Abstract

The interplay between plants and microbes in their contribution of secondary metabolite synthesis
is still not well understood. While plant pathogens might contribute by the synthesis of toxic com-
pounds and the host by making antimicrobial compounds, the synthesis of secondary metabolites in
the interaction of plants with endophytic organisms might be much more sophisticated. One possi-
bility is that the plant makes antimicrobial compounds that are either sequestered or metabolized by
the endophytic organisms. Alternatively, the inhabitant makes compounds that are released into the
plant or environment for its own benefit. Such a compound can also be altered biochemically by the
host. Finally, the two partners can contribute to one pathway by using an intermediate synthesized
by one and later made to another compound by the other partner. Such examples and the implication
for future research to identify the organisms mainly responsible for the biosynthetic pathways are

discussed in this chapter.

12.1 Short Introduction to the
Levels of Interaction between
Plants and Microbes

The interplay between plants and microbes
can occur on many different levels. To under-
stand how much the interaction as either
pathogen, symbiont (both with visible pheno-
types) or endophyte (not causing any visible
phenotypes on the host) can influence the
host metabolism, a brief summary on the
levels of interactions is provided in the be-
ginning, although this is also covered by other
chapters. It is clear that many microbes cause
disease in plants after inoculation. Such
pathogens can be of prokaryotic (bacteria)
and eukaryotic (protists, oomycetes, fungi)
origin. They can be roughly divided into bi-
otrophic, hemibiotrophic and necrotrophic
pathogens. While necrotrophs readily kill
their hosts and eventually feed on dead

tissue (Zheng et al., 2013), biotrophs rely on
the living host, at least for the phase in their
life cycle where proliferation occurs (Pan-
struga, 2003). Some have formed intricate
relationships with their hosts and evolved
an intimate interaction. In such phases, the
pathogens might be considered as an endo-
phyte as well (Rodriguez et al., 2009). Many
biotrophs cannot be cultivated outside their
host due to this close dependence, for ex-
ample, rust fungi or some oomycota (Kemen
et al., 2011). In general, endophytes are liv-
ing inside their host, but upon isolation,
they also might grow without their host in
culture (Singh et al., 2011; Jahn et dl,
2017a). Nevertheless, some are highly spe-
cialized, such as arbuscular mycorrhizal fungi,
so that they also need the host plant for de-
velopment and nutrition (Harrison, 1998).
Others, such as Serendipita indica (formerly
Piriformospora indica), interact with their host
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to promote growth and resistance against
biotic and abiotic stress factors (see Chapter
5, this volume), but the fungus can also be
cultivated on artificial media and it was iso-
lated originally from soil (Varma et al., 2012).
Again, other endophytes do not cause any
apparent phenotypes, but can protect the
host against unfavourable environmental
conditions (Auer and Ludwig-Miiller, 2015).
Such fungi have been isolated from plant tis-
sues such as grass endophytes (see Chapter 7,
this volume) or fungi from the genus Acre-
monium, Trichoderma, Cyanodermella, just to
name a few (Pu et al., 2013; van Nieuwenhu-
ijzen et al., 2016; Jahn et al., 2017a). How-
ever, there is no specific way by which an
organism's lifestyle with a plant can be at-
tributed to it being beneficial or pathogenic.
Endophytes can turn from beneficial into
pathogenic under changing conditions and
can be beneficial for one species and a patho-
gen for another (Herre et al., 2007; Fesel and
Zuccaro, 2016; Hiruma et al., 2016). Despite
such difficulties in definition, the endophyte-
plant interaction with respect to their po-
tential for the synthesis of secondary
metabolites will be described in the following
sections mainly for those endophytes that
do not cause any symptoms in their hosts.
Although bacterial endophytes produce sec-
ondary metabolites with relevant bioactivi-
ties in their interaction with a host (Trapp
et al., 2015), the work summarized here will
deal with aspects of endophytic fungi.

12.2 Role of Secondary Metabolites
in Plants and Fungi

Secondary metabolites are involved in many
aspects of a plant's life. There are an enor-
mous number of secondary metabolites
with antimicrobial or insecticidal properties
that are important in plant-pathogen or
plant-insect interactions (reviewed in Pusz-
tahely et al., 2015). In the case of phytopath-
ogens, the plant is supposed to synthesize
the secondary metabolites in response to
the attack solely by the induction of the
respective host pathways (Cheong, 2000).
Nevertheless, plant pathogens can also

synthesize their own set of metabolites that
could, for example, act as virulence factors.
An example is coronatine, which is synthe-
sized by Pseudomonas syringae and suppresses
the plant's defence response by interacting
with receptors (Zheng et al., 2012). How-
ever, such metabolites also occur in host
plants during the interaction with endo-
phytes and symbionts in a more strict sense
(Abdel-Lateif et al., 2012). Saprophytic mi-
crobes can also produce a vast array of com-
pounds with bactericidal and fungicidal
properties (Panaccione and Coyle, 2005;
Schafhauser et al., 2016). Endophytes are
able to produce secondary metabolites in
the host plant or in culture as well (Nisa
etal.,2015; Jahn et al., 2017b), but so far for
growth-promoting species, the focus was
more on the synthesis of plant hormones
(Vadassery et al., 2008). In endophytes,
which do not cause any apparent pheno-
type, the secondary metabolites they pro-
duce inside the host plant could be benefi-
cial to the plant by protecting against
pathogens or insects. However, even though
from a biological viewpoint these consider-
ations are highly important, the major focus
of this chapter will be on the synthesis of
secondary metabolites, mainly through the
interplay between endophytic fungi and host
plant.

There is much evidence that we do not
understand completely as yet which partner
contributes to which extent to the biosyn-
thesis of secondary metabolites in a close
interaction such as the endophyte—plant one
(Ludwig-Miller, 2015; Nicoletti and Fiorenti-
no, 2015; Nisa et al., 2015; Vasundhara et al.,
2016). The idea is that the synthesis of second-
ary metabolites by the endophytic fungus is
beneficial for its host plant, but to what extent
has not been investigated much (Owen and
Hundley, 2004). For example, toxic metabol-
ites from the fungus could protect the plant
against insects or other herbivores, if the com-
pounds are brought into the correct compart-
ments or exuded via plant fluids (Koulman
et al., 2007). Such compartments are ideal
places for storage and use against sucking in-
sects, but the distinct localization is not neces-
sary for defence against chewing herbivores.
Other mechanisms of the involvement of
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endophytes in biological control are given in
Chapters 2, 6 and 9.

In a tight interaction with plants and
endophytes, as well as in looser associations,
the question arises as to whether secondary
metabolites are exclusively produced by one
partner at a given time or to which extent
both partners contribute to the synthesis of
particular derivatives within a given class of
compounds. In many cases, a given metabol-
ite can be exchanged with the partner and
then metabolized further by the receiving
partner. Some examples for the metabolism
of either a plant metabolite by fungi or vice
versa will be given. Following the exchange
of compounds between partners, the next
question arises as to whether plants are able
to metabolize secondary metabolites from
endophytes. One example was found for the
interaction of grasses with their endophytes.
The typical alkaloid from the fungus was
found in plant fluids, which points to an ac-
tive mechanism for the secretion of such
fungal metabolites from plants (Koulman
et al., 2007). It is important to trace the ori-
gin of such compounds found in plant com-
partments, since it is not always clear from
which organism they arise.

12.3 Potential of Endophyte—Plant
Interactions to Synthesize Secondary
Metabolites

As reviewed by Nisa et al. (2015) and Nico-
letti and Fiorentino (2015), the endophytic
fungi can produce a vast amount of different
chemical classes of metabolites including
alkaloids, steroids, terpenoids, peptides, polyke-
tones, flavonoids, quinols, phenols, xanthones,
chinones, isocumarines, benzopyranones, te-
tralones, cytochalasins, amongst others. Many
as yet undescribed compounds are among
those as well. In Fig. 12.1, some selected struc-
tures of compounds from plant—-endophyte
interactions are shown. Many compounds
are believed to be synthesized by both part-
ners and are therefore claimed to be of fun-
gal and plant origin (Kusari et al., 2013).
This might be true when the fungus and the
host plant can be cultivated separately and
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microbe-free host plant variants are present.
Otherwise, this categorization might be too
simplified for some compounds, as detailed
below. Recent evidence has placed more
attention on the endophytes as actual pro-
ducers of the ‘plant compounds’ (Ali et al.,
2016; Arora et al., 2016; Zhang et al., 2016;
Vassaux et al., 2019). Therefore, the exact
origin of some natural products found in
plants may need to be reinvestigated.

In former times, bioactive compounds
were isolated mainly from plants with
known beneficial properties, and especially
medicinal plants were also known for the
presence of endophytes (Strobel, 2002). The
huge potential of naturally occurring endo-
phytes can be estimated by the report that
130 endophytic fungi were isolated from 12
Chinese traditional medicinal plants col-
lected in Southwest China (Li et al., 2005).
Since the discovery of the biosynthetic po-
tential of endophytes, the production of the
compounds in question by these organisms
if they can be cultivated outside of the host
is a very attractive alternative (Priti et al.,
2009). However, some endophytic fungi
may lose their ability to produce a certain
compound that is found in the interaction
with the host plant over time in aseptic cul-
ture (Kusari et al., 2009; Pu et al., 2013),
whereas others do not (Vassaux et al., 2019).
Another advantage, besides the cultivation
in bioreactors as single or co-cultivation, is
the genetic manipulation of such fungi,
which is usually a better option. Through
various mutagenesis protocols, several
endophytic fungi have been successfully
transformed with foreign DNA to alter their
biosynthetic potential (Venugopalan and
Srivastava, 2015).

The potential of endophytic fungi for the
production of valuable compounds needs to
be harnessed, but the vast array of com-
pounds possibly synthesized only allows ei-
ther a non-targeted approach or, nowadays,
metabolome analyses (Tian et al., 2014), or
one can use the molecular information on
genes for selected synthesis pathways to
screen in a more targeted approach for the
presence of pathways (Vasundhara et al.,
2016). The latter has been employed in the
screening for skyrin synthesis by genome
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mining (Jahn et al., 2017b) or for the anti-
cancer compounds like paclitaxel, podophyl-
lotoxin and camptothecin using molecular
markers (Kusari et al., 2009, 2013). Further-
more, innovative bioinformatics approaches,
which involve the utilization of the various
available databases on the Internet, can help
identify novel pathways. For example, the
analysis of the Cyanodermella asteris genome
with the online tool antiSMASH (Weber
et al., 2015) revealed ample potential genes
involved in secondary metabolite biosyn-
thesis (Jahn et al., 2017b).

Despite these observations, the poten-
tial of endophytes to synthesize bioactive
metabolites is strongly exploited in bio-
technology (Nisa et al., 2015; see Chapter
10, this volume). This is also documented
by the huge number of US patents that
were granted in the years between 1993, a
landmark in the discovery of plant second-
ary metabolites produced in fungi (Stierle
etal.,1993), and 2009, on endophytic fungi
producing important metabolites and exhib-
iting biologically important activity (Priti
et al., 2009). What followed were many re-
ports of the in vitro production of second-
ary metabolites by endophytic fungi (Venu-
gopalan and Srivastava, 2015). The key here
is the ‘host-independent biosynthesis of
plant secondary metabolites in endophytes’,
which are still termed plant metabolites as
long as it is not clear whether both can pro-
duce them alike. Some of these plant me-
tabolites can, however, now be attributed
to the endophyte only (Vassaux et al,
2019), whereas for others, like paclitaxel, it
is not so clear (see section 12.3.3).

Some endophyte-plant combinations have
shown to be sources of secondary metabol-
ites with agricultural and/or pharmaceutical
potential such as taxol, subglutinol A and B
and the peptide leucinostatin A, where these
metabolites can be produced by both the
host and the respective endophytic fungus.
However, if an endophyte is cultivated in a
medium outside the host, the spectrum of
secondary metabolites synthesized cannot
directly be attributed to the interaction. For
example, the aster endophyte Cyanodermella
asteris characterized by a pink colour in
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culture, which is mainly due to the synthesis
of the bisanthraquinone skyrin, is also dis-
cussed to possess anticancer potential (Jahn
et al., 2017b). Whether skyrins are synthe-
sized also inside of the host has not yet been
investigated.

Another problem is that, if no sterile
host plant exists, it is difficult to judge
whether the endophyte might exclusively
synthesize the compound or whether the
plant is also contributing. The ability of
fungi to be cultivated without a host can be
attributed to the biosynthetic potential of
the secondary metabolites, but sometimes
endophytes lose the ability for secondary
product production after several rounds of
culture, which was the case for camptothe-
cin production (Kusari et al., 2009; Pu et al.,
2013). Since this might be a species-specific
effect, the biosynthetic potential of a given
fungus outside of the plants needs to be
monitored over time.

For the biosynthesis pathways, polyket-
ide, isoprenoid or amino acid-dependent
pathways have been described. However,
there are biosynthetic pathways in sapro-
phytes that partially resemble those of
plants using the type of enzymes present
in plants and not those that would be
typical for fungi. For example, the biosyn-
thesis of an isoquinoline alkaloid in Asper-
gillus fumigatus fits that bill (Baccile et al.,
2016). The respective genetic information
was also found in sequences of endophytic
Fusarium sp.

12.3.1 Synthesis in plant
and metabolism by fungus

On the one hand, host metabolites can be
exploited by endophytes to their own neces-
sity (Tian et al., 2014). On the other hand,
sometimes host metabolites have antimicro-
bial activities to protect themselves against
pathogens and could also be toxic to the
endophyte. Therefore, detoxification of metab-
olites is also another strategy for a fungus
(Zikmundova et al., 2002; Saunders and
Kohn, 2008).
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Up to now, there are more examples for
endophytic fungi that metabolize host com-
pounds than vice versa (see section 12.3.2).
The metabolism of host compounds by fungi
concerns a wide range of different structures
including flavanes, phenols, alkaloids and
even volatiles (Nisa et al., 2015). This also
means a wide range of different enzymatic
reactions that take place (Fig. 12.2), among
them oxidation, acylation, reduction, hy-
drolysis, nitration, hydroxylation, epoxida-
tion, deacetylation, deglycosylation, to name
a few, and some of these reactions can also
be carried out in a stereospecific manner
(reviewed in Ludwig-Miiller, 2015 and Nisa
etal., 2015). A summary of selected biotrans-
formation reactions is given in Fig. 12.2 using
the reactions on 2-hydroxy-1,4-benzoxazin-
3-one as an example. Most experiments have
been done in vitro using the endophytes in

Host plant
| ¢ \o\a\
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l N
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Transport

TN

Endophyte
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Stereospecific
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Beneficial for microbe
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culture and adding the respective plant me-
tabolite. Added to this, many reactions can be
carried out in a stereoselective manner as well
(see ‘Potential of bioconversions by endophytic
fungi for industrial applications’ section).

In the case of biotransformation of the
phytoanticipins 2-benzoxazolinone and 2-
hydroxy-1,4-benzoxazin-3-one by the endo-
phytic fungi by Fusarium sambucinum, Plec-
tosporium tabacinum, Gliocladium cibotii and
Chaetosphaeria sp., all the following reac-
tions were observed: acylation, oxidation,
reduction, hydrolysis and nitration (Zik-
mundova et al,, 2002). Since the experi-
ments were carried out in culture and not in
the host plant, it is not possible to deduce
whether the biotransformation is important
in the interaction. The enzymes catalyzing
the biotransformation have been assumed
to be N-acetyl- and N-malonyl-transferases

2-hydroxy-1,4-
Benzoxain-3-one

404

N
H
‘ o
OH
H

Acylation

Fig. 12.2. Examples for host-derived compounds that are metabolized by an endophyte. Emphasis is
given on the biotransformation of the fungitoxic 2-hydroxy-1,4-benzoxazin-3-one which has been
derivatized by several different enzymatic reactions. Structures were created with the PubChem Sketcher

function (lhlenfeldt et al., 2009).
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as well as oxidases and reductases, e.g. cyto-
chrome P-450 monooxygenases. The former
are well-known detoxification enzymes for
many xenobiotics in all organisms, whereas
the latter act often as highly specific biocata-
lysts. Therefore, the authors discussed their
potential for biotransformations in biotech-
nology. Since the compounds mentioned
above are toxic to some fungi in vitro, a role
of the biotransformation in tolerance for the
fungi to live in their host can be hypothe-
sized (Saunders and Kohn, 2008). Several
endophytes that were found to be associated
with maize in the genus Fusarium can indeed
metabolize these phytoanticipins. The toler-
ance levels in ten species of Fusarium and in
the maize endophytes Nigrospora oryzae,
Acremonium zeae and Periconia macrospinosa
varied in in vitro experiments. Interestingly,
in the presence of the toxin, fungal species
that are better in detoxifying their substrate
can enhance the colonization rate of less tol-
erant fungi. This might be of ecological im-
portance since the endophytes can be found
not alone, but presumably co-localized in a
given host.

There is also evidence for the bioconver-
sion in planta by metabolome analyses (Tian
et al., 2014). In this study, the metabolome
of host leaves of Cephalotaxus harringtonia
together with the endophytic fungus Paraco-
niothyrium variabile was analysed and the
changes caused by the fungus were moni-
tored. Finally, the products that showed
changes were identified. The result was a
specific biotransformation of glycosylated
flavonoids by the endophyte (Tian et al.,
2014). Interestingly, such deglycosylated
products, in this case the aglycones apigenin
and chrysoeriol, had a positive effect on hy-
phal growth, indicating indeed a possible
function of this reaction for the endophyte
besides detoxification reactions. In addition,
the authors hypothesized that the flavonoid
aglycones could also constitute beneficial
compounds for the plant's defence (Tian
etal., 2014).

Resveratrol is a bioactive compound from
grapes which acts as a phytoalexin for the
plant. While its biosynthesis, also in mi-
crobes, has been elucidated to improve levels
in plants which do not naturally possess
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(high) resveratrol levels, its metabolism has
only marginally been studied (Mei et al.,
2015). There is one report on the cleavage of
resveratrol by fungi using the so-called Usti-
lago maydis resveratrol cleavage oxygenase 1
(Brefort et al., 2011), the homologs of which
were also found in Aspergillus and other
fungi.

Other biotransformations of host com-
pounds by the endophytes include curcumin
from turmeric plants (Curcuma longa) (Prana
etal., 2010), juglone (Prado et al., 2013), hu-
perzine A (Ying et al., 2014), catechin/epi-
catechin (Agusta et al., 2005), luteolin (Wang
et al., 2015) and phenanthrene (Fu et dl.,
2018). Biotransformation was shown, but it
is not clear what the benefit for the fungi
would be.

Potential of bioconversions by endophytic
fungi for industrial applications

In the area of producing antimicrobial com-
pounds, biotransformation by endophytes is
also applied as novel resource (Bianchini et al.,
2015). Therefore, for some biotransforma-
tions of plant metabolites by the fungi,
mainly a commercial application was the
aim of the study. For example, the biotrans-
formation of protoberberine alkaloids by
the endophytic fungus Coelomycetes sp. to a
7-N-oxide may not have a function for the
fungus in the host plant. However, the prod-
uct was shown to have a similar antimicro-
bial activity as the substrate of the biocon-
version (Agusta et al., 2014). Similarly, the
endophyte Xylaria sp. isolated from Cinchona
pubescens can transform some Cinchona al-
kaloids to the 1-N-oxide derivative. Here,
the product had a better antimalaria activity
due to lower toxicity than the native quinine
(Shibuya et al., 2003).

Volatiles and aroma compounds are also
of interest to the food and cosmetics indus-
try, so it is not surprising that endophytes
were found that could use plant volatiles as
substrates and convert them to interesting
compounds (Abrahio et al., 2013). Some ex-
amples are the conversion of a-pinene into
verbenol via hydroxylation reactions by
endophytic fungi from fruits of the plant
Dipteryx alata (Molina et al., 2012); the
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compound is of interest due to its camphor-
and mint-like properties (Rottava et al., 2010).
However, this reaction was found more
often also in other (endophytic) fungi. For
the food industry, sometimes caffeine-free
products are of interest, and therefore the
decaffeination by biotransformation in
endophytes isolated from Coffee arabica was
investigated (Baker et al., 2012). It was
indeed possible to find microbes, in this case
bacteria, that fit the demands because they
degraded caffeine. One could hypothesize
that the true function could indeed be the
detoxification of the alkaloids or antimicro-
bial monoterpenes.

Other highly interesting reactions are
stereospecific conversions that can also be
catalyzed by endophytes (Borges et al,
2009). Such stereospecific reactions include
stereoselective hydroxylation, sulfoxidation,
epoxidation, Baeyer-Villiger oxidation, der-
acemization and stereo- and enantioselec-
tive reduction.

12.3.2 Synthesis in fungus
and metabolism by plant

The huge potential of naturally occurring
endophytes has been explored in the isola-
tion of many strains from different Chinese
traditional medicinal plants (Li et al,
2005). Based on the assumption that the
plant-endophyte interaction thus might
yield new compounds, endophytes were
also isolated from medicinal plants to po-
tentially isolate antimycobacterial com-
pounds (Alvin et al., 2014). Bioprospecting
occurred for polyketides and small (cyclic)
peptides that exhibited antituberculosis ac-
tivity, and these classes of compounds seem
to be very promising for therapy. Whether
such compounds play a role during the
host-fungus interaction is usually not clear,
since the production of interesting bio-
active secondary metabolites is mainly
studied in culture, if the endophyte belongs
to the culturable species.

Some endophytes synthesize compounds
that may even be toxic for the host. For example,
in culture, the endophyte Acremonium sp.

isolated from Taxus baccata can make a
phytotoxic peptide, leucinostatin A (Fig. 12.3;
Strobel and Hess, 1997). The isolated pep-
tide causes necrosis in non-host plants but
no symptoms in the host. Therefore, it was
hypothesized that the actual host can detox-
ify the peptide. Indeed, T. baccata and sev-
eral other plants have a uridine diphosphate
(UDP) glucose glucosyl transferase which
transforms the toxic peptide to the non-toxic
glycoside. It should be mentioned that the
fungus could also make the glycosylated ver-
sion of the peptide (Strobel and Hess, 1997).
However, if the glycosylated version is the
only one that occurs in the host, this would
be a proof for the toxicity of the compound
for the plant.

However, there are also some surprises
waiting in the research on interesting sec-
ondary metabolites from (medicinal) plants.
Plant parts from the species Aster tataricus
have been used in Traditional Chinese Medi-
cine (TCM) for its beneficial effects on
human health (Morita et al., 1995). Another
work points to the possible cytotoxic charac-
teristics of such plant extracts or individual
compounds (Xu et al., 2013). Some reports
describe the bioactive potential of a compound
class named astins (Morita et al., 1995),
cyclic peptides that have characteristics of a
biosynthetic pathway via non-ribosomal
peptide synthesis. Such cyclic peptides with
modified amino acid residues are typically
synthesized by non-ribosomal peptide
synthetases (NRPSs), which constitute large
multi-functional enzymes that assemble
simple building blocks, the amino acids, into
complex molecules (Hori et al., 1989; Finking
and Marahiel, 2004). Such NRPS genes have
so far only been described from bacteria and
fungi. Actually, plants also synthesize cyclic
peptides, but these are made via ribosomal
pathways and a cyclization step (Craik et al.,
1999). Recently, an endophytic fungus named
Cyanodermella asteris was identified from
inflorescences of A. tataricus and the fungus
shown to be able to grow outside the plant
(Jahn et al., 2017a). The fungus is presum-
ably able to produce a wealth of secondary
metabolites based on its genome (Jahn et al.,
2017b), and one metabolite, skyrin (Fig. 12.1),
was identified as part of the distinct pink

Al'l use subject to https://wmv. ebsco. conlterns-of-use



EBSCChost -

188

J. Ludwig-Muller

Acremonium sp.

~

Cyanodermella asteris

—N precursors
m | astin C metabolite
°j§ ) ) AN beneficial for
- biosynthesis H N)Hs T endophyte
5% HYH outside host?
NH H O N N
03/( b d Hy' O Ofo
NH ioactive compoun o
;}N;J \/(N fungal cell
Ho HHN o) | © H ke
leucinostatin A HNH{\)\ N
H}—HH N beneficial for
Wi e 5 endophyte in host?
n ARy © H on 2 o
W 0 c 41,'3&
g o™
= o
toxic for host J, beneficial for host?
bioactive compound
plant cell
glycosylation metabolism hydroxylation
Taxus sp. Aster tataricus

Fig. 12.3. Example for host metabolism of an endophyte-derived metabolite. Specific astin derivatives
are synthesized in the endophytic fungus Cyanodermella asteris in culture (left), but there are more,
especially hydroxylated, variants of astins found in the host plant. Therefore, a metabolism of astin C and
a similar derivative after transport in the host plant is assumed. In the right part of the figure, another
structure, the peptide leucinostatin A, for a compound produced by an endophytic fungus Acremonium
sp. in Taxus, which is glycosylated by the host plant, is shown. It is possible that metabolism occurs to
detoxify the compound in the host or to increase its bioactive potential. For leucinostatin A, the former
possibility is the most likely one. For the metabolism of astin in the host this is not clear.

colour of the fungus (Jahn et al., 2017a,b).
While this was not a metagenomic approach
per se, such investigations can be used to
find novel metabolites (see Chapter 11).
Follow-up work showed that the fungus
C. asteris is actually the producer of a set of
the bioactive astins because the production
was shown outside of the plant (Vassaux
etal.,2019). However, some astins have only
been detected in the plant tissues, namely
hydroxylated ones, so it can be assumed that
the plant can metabolize the astins derived
from the endophyte (Fig. 12.3), even though
there is no direct proof for this hypothesis so
far. In the case of the occurrence of astins
in A. tataricus, it is less likely that the non-
hydroxylated compounds produced by the
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endophyte are toxic to the plant itself, since
both hydroxylated and non-hydroxylated
versions occur in the host.

Similar cyclic peptides are also synthe-
sized by a saprophyte, Talaromyces islandicus,
originally identified from spoiled rice, the
compounds of which were named cyclochlo-
rotines (Schafhauser et al., 2016). Genetic
evidence for the involvement of a non-
ribosomal peptide synthetase (NRPS) was
provided for the synthesis of cyclochloro-
tine, so it can be assumed that the same
mechanism occurs in C. asteris for the syn-
thesis of astins (Schafhauser et al., 2016;
Vassaux et al., 2019). Other cyclic peptides
with non-proteinogenic amino acids such
as dihydroxyornithine or other dihydroxy
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derivatives of proteinogenic amino acids,
the cryptocandin class, exhibit antifungal
activity. Cryptosporiopsis cf. quercina is the
endophyte producing the compound that is
active against a series of different phyto-
pathogenic fungi, thereby maybe giving its
host an advantage (Strobel et al., 1999). Not-
ably, one should expect more ‘plant-derived’
metabolites that are actually made by an
endophyte, whereas the grade of modifica-
tion within the host is more difficult to
understand due to missing genomes of such
medicinal plants.

12.3.3 Sharing responsibilities:
Plants and fungi contribute alike?
The case of paclitaxel

In the following paragraphs, some aspects of
the question asked above will be highlighted.
While the question posed seems to implicate
a co-ordinated synthesis between fungi and
plants, this does not seem to be the case for
the examples found so far and described
below. For the quinoline alkaloid camptoth-
ecin (Fig. 12.1), which is produced in several
plants with medicinal properties, the contri-
bution of plant and endophyte is far from
clear (Kumara et al., 2014). For both plant
and fungi, the biosynthesis is only partially
characterized on the molecular level. Genes
encoding strictosidine synthase, the enzyme
for a key step in the pathway, were isolated
from plants, but in an endophyte that was
known to produce camptothecin, this crucial
gene was not found. The authors of this
study argued that the fungus might use the
plant enzyme (Kusari et al., 2011), but this
would not explain how the fungus produces
camptothecin in culture without host (Ku-
mara et al., 2014). The case of paclitaxel will
be described in more detail below.

The search for endophytes producing
taxol®, generic name paclitaxel (Fig. 12.1), has
been conducted for quite some time. Since
the demand of the anticancer drug paclitaxel
is enormous, a focus is, of course, on alter-
native production possibilities due to the
problem with the availability of the plant ma-
terials (Kusari et al., 2014). Since the chemical

synthesis is demanding, a semi-synthesis of
taxol® and derivatives from an intermediate
of the pathway, 10-deacetylbaccatin III, is
often carried out (Jennewein and Croteau,
2001). The intermediate 10-deacetylbaccatin
III has always been isolated from Taxus trees.
Some of the endophytes discussed below are
also able to synthesize the intermediate
10-deacetylbaccatin III (Zhang et al., 2009)
and might therefore be of use to be ex-
ploited for the semi-synthesis. Thus, efforts
were underway to increase the availability of
paclitaxel, for example, by in vitro plant cul-
tures. The latter have to be optimized for pro-
duction either by changing growth condi-
tions and/or elicitation, which is also not
trivial (Cusidé et al., 1999; Cusido et al,,
2014; Bonfill et al., 2007). More recent work
also identified negative regulators for the
jasmonate-induced paclitaxel production, so
this can also be a strategy to circumvent low
production if such regulators can be decreased
(Lenka et al., 2015).

Furthermore, expression of paclitaxel
synthesis genes in prokaryotic as well as eu-
karyotic heterologous hosts has been at-
tempted (Flores-Bustamante et al., 2010). In
Escherichia coli, it was possible to produce
taxadiene in cell-free extracts of strains
over-expressing three different early genes
from the pathway (Huang et al.,, 2001). In
Saccharomyces cerevisiae the expression of
eight genes from the paclitaxel pathway
from Taxus canadensis was achieved (DeJong
et al., 2006). Genome shuffling to generate
fungal strains with higher paclitaxel produc-
tion was also used as an alternative approach
(Zhao et al., 2008). The authors could create
a strain of Nodulisporium sylviform that had,
after the alterations, a higher paclitaxel
production than the initial strain. However,
such information would need to be compared
with production values from other high taxol
producers, either plant or fungus, under
optimum conditions.

In the beginning of intensive research on
paclitaxel-producing plants, the focus was
exclusively on the plant side and the com-
pound was thought to be solely of plant ori-
gin, similar to the case of astins described
above (see section 12.3.2). The genus Taxus has
well been explored, but other plant species have

Al'l use subject to https://wmv. ebsco. conlterns-of-use



190 J. Ludwig-Miller

not been well studied, rendering informa- produce the compound. However, the con-
tion on other paclitaxel-producing plant tribution of one partner to the whole syn-
species scarce. However, there is one report thesis scheme is still in question due to the
on the occurrence of paclitaxel in a non- incomplete microbial synthesis pathways
gymnosperm, the plant species Corylus avel- found so far (Garyali et al., 2013; Kusari
lena, belonging to the Betulaceae (Service, et al., 2014; Fig. 12.4). For example, in
2000; Qaderi et al., 2012). This is of import-  fungi harbouring only two pathway genes,
ance since from this plant material also an no paclitaxel could be found (Garyali et al.,
endophyte has been identified that produces  2013).
paclitaxel (Yang et al., 2014). Therefore, endophytic fungi from various
During the search for alternative sources, sources were investigated for taxol® produc-
endophyte-containing plants came into focus,  tion. For example, Fusarium oxysporum was
even though it was not clear as to what ex- isolated as an endophyte from a mangrove
tent the microbes are involved in the syn- plant and analysed for paclitaxel production
thesis of paclitaxel. After paclitaxel-producing  (Elavasari et al., 2012), but the compound
endophytic fungi were identified, the dis- was only tentatively identified by thin-layer
cussion was on as to which extent these are  chromatography and staining of terpene
contaminations or whether they are the groups. Taxol®-producing fungal endo-
sole producers. Nowadays it seems to be phytes, for which tentative pathway genes
verified that both plant and fungi can have been known for quite some time, and

MVA / MEP pathway
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Fig. 12.4. Pathway to paclitaxel and respective genes that encode for putative enzymes in the pathway
found in endophytic fungi (based on the compilation by Kusari et al., 2014). Only the major metabolites
are shown. Each solid arrow stands for one reaction; dashed arrows represent several reactions.
Abbreviations for the respective fungi are as follows: A.c. = Aspergillus candidus; C.c. = Cladosporium
cladosporoides; C.g. = Colletotrichum gloeosporioides; F.r. = Fusarium redolens; F.s. = Fusarium solani;
G.i. = Gibberella intermedia; G.m. = Guignardia mangiferae; M.r. = Mucor rouxianus; O.sp. = Ozonium
sp. BT2; T.a. = Taxomyces andreanae.
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their hosts were compiled by Kusari et al.
(2014). From one plant, as many as 80 endo-
phytic fungi could be isolated and at least
three of them were able to produce paclitaxel
(Xiong et al., 2013). To make screens for pro-
duction easier, a potential gene from the
biosynthetic pathway could also be used as
marker (Garyali et al., 2013).

So far, no complete pathway could be as-
signed to an endophyte (Fig. 12.4). Several
organisms were found from which one of the
following genes wereisolated: taxa-4(5),11(12)-
diene synthase (five fungi); taxa-4(5),11(12)-
diene-5a-0l-O-acetyltranseferase (one fun-
gus); taxane-10B-hydroxylase (one fungus);
taxa-4(5),11(12)-diene-13a-hydroxylase
(one fungus); 10-deacetylbaccatin III-O-
acetyltransferase (four fungi); and baccatin
I1I 13-O-(3-amino-3-phenylpropanoyl)trans-
ferase (four fungi) (reviewed in Kusari et al.,
2014). Taxadiene synthase is thought to be
the committing step in the biosynthetic
pathway (Walker and Croteau, 2001). For
Fusarium solani and E. redolens three genes
for putative paclitaxel pathway enzymes
were annotated, which was the highest num-
ber in one species according to this compil-
ation, probably indicating a most complete
pathway. Taxomyces andreanae and an Ozo-
nium species had two putative genes anno-
tated, whereas all other fungi showed only
one gene in the pathway, but that was al-
ways a different one. Whether in other
fungi more genes of the pathway would be
present, or whether such an incompleteness
could be an indication for the contribution
of plant and fungus alike cannot be stated
from such data.

An endophytic fungus of hazel, Penicil-
lium aurantiogriseum, was found to be able to
produce paclitaxel, and in the genome of the
fungus, several candidate genes that could
encode for proteins in paclitaxel biosyn-
thesis were identified by comparing the fun-
gal genome with sequences known from Tax-
us species (Yang et al., 2014). However, the
function of these genes were not shown thus
far. In addition, based on their results, the
authors hypothesized that the genes in
question evolved independently due to low
sequence similarities and therefore ruling
out horizontal gene transfer. Another

argument against horizontal gene transfer
is presented by Kusari et al. (2014), who
noted the high number of seemingly unre-
lated fungal genera isolated from distant
hosts which do not even all produce pacl-
itaxel. Based on the latter observation that
fungi produce the compound but the host
plant does not, the assumption of horizon-
tal gene transfer is difficult to explain.
However, one could speculate that the gene
transfer could also occur between fungi in
the host or soil microbiome and not only
between host and endophyte. At least,
some evidence for a more complex inter-
action in the microbiome of Taxus species
was provided by the analysis of Soliman
and Raizada (2013), who showed that pyra-
miding several endogenous endophytes in-
creased the paclitaxel synthesis as com-
pared to single interactions. Their results
suggest that fungi residing within a host
plant can interact with one another to
stimulate secondary metabolite biosyn-
thesis, either directly or through their me-
tabolites as signals or precursors.

Also other valuable bioactive compounds
such as those from the harziane tetracyclic
diterpene family were isolated from Taxus
species or their endophytes, i.e. Trichoderma
atroviridae (Adelin et al., 2014). Some of
these might be the result of the bioconver-
sion of taxane derivatives by fungi (see section
12.3.1 for other examples); for example,
hydrolyzation and epimerization of two
taxoids was described by three fungi of the
genera Microsphaeropsis, Mucor and Alter-
naria (Zhang et al., 1998).

Despite the success of finding endophytes
producing paclitaxel as early as 1993 (Stierle
etal., 1993), the fungi have not been used in
biotechnological production so far. Maybe
this can be attributed to the endophytic life-
style that is not understood very well and
the different conditions in culture compared
to the natural habitat (discussed by Kusari
et al., 2014). In addition, fungi might lose
their ability to produce the secondary me-
tabolites over a long time in culture (Kusari
et al., 2009; Pu et al., 2013). Nevertheless,
Li et al. (2009) reported on a successful
co-cultivation of Taxus cell cultures and its
paclitaxel-producing endophytic fungus
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Fusarium mairei in a 20-litre bioreactor
with paclitaxel production that was signifi-
cantly higher than the production without
co-cultivation. However, from such experi-
ments, it is not possible to judge whether
this is a co-production by two organisms or
an elicitation effect by the fungus. The latter
idea is actually supported by earlier data
from Yuan et al. (2001) who showed an in-
crease in paclitaxel production in Taxus chin-
ensis var. mairei induced by oligosaccharide
from Fusarium oxysporum.

Another possible reason was brought up
by Heinig et al. (2013) who could not find
any evidence for paclitaxel production in
fungi such as Taxomyces andreanae. Despite
the many reports on fungal paclitaxel bio-
synthesis, they questioned the results
based on several problems in other publica-
tions. One point of criticism was the ampli-
fication of fungal DNA from the host plant
with primers based on the host DNA. The
amplified fungal DNA corresponded quite
closely to the plant sequences making an
independent evolution of fungal and plant
pathways questionable. They examined
endophytes from Taxus and could not find
high paclitaxel concentrations but found
the precursors 10-deacetylbaccatin III and
baccatin III. However, they could not iso-
late any plant-like sequences from DNA li-
braries when they used probes resembling
plant genes for the biosynthetic pathway.
After genome sequencing of endophytes
again, they could not detect any genes with
significant homology to Taxus genes in-
volved in taxane biosynthesis (Heinig
et al., 2013). Even though the pathway
might have been completely independently
evolved, a low similarity of the respective
fungal genes should be expected. Such
experiments at least should be taken into
account when future work on endophytes
with paclitaxel-producing potential are
studied. On the contrary, work from 2014
by Yang et al. on a genome sequencing ap-
proach identified in an endophyte of Taxus
brevifolia, Penicillium aurantiogriseum, gene
sequences that seem to encode for proteins
involved in paclitaxel synthesis. Therefore,
much more work is still needed to solve
these puzzles.
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12.4 Concluding Remarks

The interplay between fungi and their hosts
can function on many levels. On the one
hand, there are strong symbiotic or patho-
genic interactions in which a wealth of sec-
ondary metabolites is produced. On the
other hand, there are those endophytic
interactions that lead to no host symptoms
unless the plant is stressed or the fungus—
plant homoeostasis is otherwise altered. The
potential of such endophytes to produce sec-
ondary metabolites has only recently been
unravelled. Both partners in such a relation-
ship contribute to the synthesis by their
own metabolism, maybe even by the induc-
tion of pathways upon signals from the
other partner, i.e. the elicitation of synthesis
pathways. Therefore, one should be careful
with the term ‘plant metabolites’ in such
interactions. Plants can sometimes metabol-
ize the secondary metabolites from the
endophytic fungus and vice versa — the fungi
are capable of carrying out many enzymatic
reactions on plant metabolites. Such strat-
egies add to the number and complexity of
compounds found in nature. While research
is directed to identify novel compounds and
their bioactive potential, the role of such
substances within the plant-endophyte re-
lationship is significantly less, if at all,
understood. Here future work is needed,
although this is often complicated by non-
sequenced host plants, host plants that are
not amenable to genetic manipulation or the
lack of endophyte-free host plants. Such
problems are also often encountered when
studying the contribution from one or the
other partner. While most endophytes can
be grown in culture, it is not clear as to
whether they are synthesizing the complete
repertoire of compounds that is made in the
plant, but it also cannot be analysed to
which extent a fungus-free host plant would
contribute or to which extent in the inter-
action both are needed for the full pathway or
set of metabolites. Work on pyramiding mi-
crobes and getting better results for second-
ary metabolite production also indicates
that the endophytes should be studied in
their natural habitat. That leaves a lot to
think about for future research.
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