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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 Gaeumanno-
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-
ah et al., 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 1011 colony forming units (cfu) 
of prokaryotic cells (Shafer and Blum, 1991), 
comprising more than 30,000 different species 
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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) 

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 (García-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-Müller, 2015), which may only be 
determined by considering the environmental 
or ecological context (Schardl, 2001; Müller 
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 
et al., 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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