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Abstract

In the natural forest environment, the spread of pathogens may have dramatic ef-
fects on ecosystem functioning. To successfully control devastating forest patho-
gens, application of endophytes as biocontrol agents is an emerging area of research.
There are several ways by which endophytic microorganisms can protect their tree
hosts against pathogens. Endophytes promote plant growth by producing beneficial
secondary metabolites (e.g. phytohormones) or providing nutrients (e.g. phospho-
rus). Endophytes can compete with pathogens and herbivores by successfully uti-
lizing available substrates (colonization of shared niche can restrict pathogen inva-
sion), or endophytes can produce antagonistic metabolites. Endophytes can enhance
plant resistance by triggering and priming host defensive reactions. Endophytes
could provide several opportunities for application in integrated pest management
(IPM) to gain sustainable forestry practices. To utilize endophytes as biocontrol
agents, the mechanisms behind the possible mode of action should be determined.
Novel advances in cultivation-independent techniques including next geration se-
quencing technology (NGS), association analyses and network inference modelling
will greatly facilitate identification of endophytes and unravel potential beneficial
functions of endophytic communities. A further understanding of these mechanisms
could help to minimize the use of environmental harming chemicals in plant and
forest tree protection. We propose simple guidelines that could facilitate the use of
fungal endophytes as biocontrol agents and simultaneously study their ecological
functions.
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1. Introduction

1.1. Forestry and forest tree-associated microbes

The total forest area in the world is estimated at 4 billion hectares, which covers
ca. 31 % of the total land area (FRA 2010). The economic value of forest trees,
apart from wood removals, could be over 70 billion Euros (€) annually (in the pe-
riod 2003-2007, http://www.fao.org/forestry/fra/fra2010/en/). Forests currently ab-
sorb billions of tons of CO, (Canadell and Raupach 2008) globally every year and
stock permanently in their biomass (289 gigatonnes) of carbon
(http:/lwww.fao.org/forestry/fra/fra2010/en/). This makes forests important in cli-
mate change protection (Canadell and Raupach 2008). Climate change may in-
crease the mean temperature of Earth, and forests will likely be subject to in-
creased frequency and intensity of stress. Temperature and moisture can affect
pathogen sporulation and dispersal, and changes in climatic conditions can favour
certain pathogens (La Porta et al. 2008, Lilja et al. 2010). Sustainable management
of forest is not only beneficial in mitigation of harmful effects of greenhouse gas-
ses (Patosaari 2007) but equally as a potential alternative bio-energy source and by
conserving biological diversity. Additionally, timber and associated products from
forest trees contribute substantially to the revenue generation of many countries of
the world. According to estimates, the demand for wood and forest products is ex-
pected to continue to grow in the next decade (FAO 2009) However, a major
threat to the numerous benefits of forestry is pests and diseases. The need to sus-
tain timber quality, increase and safeguard the use of renewable materials and bio-
energy, and demand for novel wood products provide new challenges in the area
of forest biotechnology and bioeconomy, particularly in tree health protection.

From the ecological point of view, forest trees share a habitat with diverse
microbes and maintain dynamic balanced relationships with them. These relation-
ships could vary from latent commensalistic relationship to mutualism or patho-
genic infections. In the last 100 years, a number of notable severe forest tree disease
outbreaks have been recorded, such as chestnut blight (Milgroom and Cortesi 2004),
Dutch elm tree disease (DED) (Hardwood et al. 2011), root and butt rot diseases
(Asiegbu et al. 2005), poplar rust caused by the biotrophic fungal pathogen
Melampsora larici-populina (Steenackers et al. 1996, Dowkiw and Bastien 2004,
Duplessis et al. 2009, Feau et al. 2009, Bennett et al. 2011), and very recently, sud-
den oak death caused by the oomycete pathogen Phytophthora ramorum (Griinwald
et al. 2012). At the other extreme are the mutualistic endophytic microbes, which
play important and economically significant roles in plant nutrition, nutrient cy-
cling, growth, and health (Sieber 2007, Parent et al. 2009, Martin and Nehls 2009,
Porras-Alfaro and Bayman 2011). Many of these are increasingly being considered
or exploited for integrated pest management (IPM).

Endophytes, by definition, are microorganisms that can colonize inner
plant tissues without causing any harm or disease symptoms (Saikkonen et al. 1998,



Ryan et al. 2008, Porras-Alfaro and Bayman 2011). Both fungal and bacterial en-
dophytes are considered ubiquitous, as there are no reports of plant species devoid
of endophytes (Rosenblueth and Martinez-Romero 2006). Although endophytes
and their interactions with hosts have been studied for decades, many details are
still not well understood (Ryan et al. 2008, Sieber and Griinig 2013). Nevertheless,
there has been an overwhelming number of studies demonstrating a wide range of
benefits of endophytic colonization. In this review, we will focus on microbial en-
dophytes and their potential as biocontrol agents (BCASs) in forest trees. Bacterial
endophytes have been studied to a lesser extent in comparison to endophytic fungi
(lzumi 2011). Furthermore, based on extensive literature survey, utilisation of
BCAs in trees and woody plants is not as common as in agricultural crops, herba-
ceous species and seedlings (Cazorla and Mercado-Blanco 2016).

2. Biological control

2.1. Concept and principles of biological control

Throughout their lifecycle, trees accumulate considerable amounts of biomass,
making them rich sources of nutrients that attract both microbial pathogens and an-
imal pests. In certain cases, the spread of pathogens and/or pests may have dramatic
effects on forest ecosystem functioning. The textbook examples of forest tree dis-
eases with particularly deleterious consequences are chestnut blight and DED.
However, there are newly emerging threats for forest trees, which constitute a sig-
nificant challenge for forest pathologists today, such as sudden oak death, eucalyp-
tus rust, ash dieback and spread of emerald ash borer, to name just a few. Spread of
pests and pathogens threatens both natural forests and commercial forest tree plan-
tations, emphasizing the need for development of integrated pest management plans
for forest ecosystems, similar to ones used in agriculture. However, there are im-
portant differences between the pest management approaches in agriculture and for-
estry. The use of pesticides in commercial forest plantations is controversial and
strongly opposed by the public (Wagner et al. 1998, Hartley 2002). Additionally,
country-specific regulations on the use of chemical control substances in forestry
are often stricter than in agriculture. Large-scale pesticide treatments over extensive
forest areas can become prohibitively expensive. For these reasons, alternative
methods to control the spread of pests and diseases of forest trees are of particular
importance. Approaches that can help to reduce the use of pesticides in forestry
include improved plantation management, breeding of tree varieties with an im-
proved pathogen resistance, and biological control of pests and diseases. In partic-
ular, biological control is gaining increasing support as an alternative to the conven-
tional chemical control, as it is generally considered more environment-friendly and
having less impact on biodiversity.



The following definition of biological control was provided by Eilenberg
et al. (2001): “The use of living organisms to suppress the population density or
impact of a specific pest organism, making it less abundant or less damaging than
it would otherwise be”. The concept of ‘living organisms’ adopted by the authors
included viruses, but genes and gene fragments were specifically excluded. Also,
the use of certain metabolites of biological origin without organisms producing
them was excluded from this definition. Four strategies of biological control can be
distinguished based on the origin (native or introduced), the ability to reproduce
after release, and the intended duration of the control (permanent or temporal): (2)
classical biological control, (b) inoculation biological control, (c) inundation bio-
logical control and (d) conservation biological control (Eilenberg et al. 2001, Ro-
derick and Navajas 2003). The classical biological control implies the introduction
of an exotic species (biological control agent) into a new environment for permanent
establishment and long-term control. This control strategy is often applied to control
insect pests and weeds, but it is not used for control of plant pathogens. Inoculation
biological control is based on the release of an organism (the control agent) that is
able to multiply after the release and to control the pest (or pathogen) for a pro-
longed period, but not permanently. Inundation biological control is achieved by the
released organisms (control agents) themselves. In this case, the control agents are
usually released in high numbers to ensure immediate effect, but their ability to
multiply in the environment is limited, and they do not provide long-term control.
Conservation biological control does not require an introduction or an intended re-
lease of control agents. Instead, it is based on the modification of the environment
to promote the development of specific natural enemies able to target the specific
pest or the pathogen.

Nowadays, there are numerous examples of successful applications of bi-
ological control in agriculture. It is widely used to control animal pests (insects and
nematodes), weeds, and microbial plant pathogens. The range of approved biologi-
cal control agents is very broad (more than 400 species) and includes predator and
parasitoid insects, mites, entomopathogenic fungi, specialized microbial pathogens
of weeds, bacteria producing insect-specific toxins, microbial antagonists of plant
pathogens, viruses, etc. (Fravel 2005, van Lenteren et al. 2017). As the application
areas of biological control are expanding, the market for the biological control
agents grows steadily, having reached the value of approximately US$ 1.7 billion
in 2015 (van Lenteren et al. 2017).

2.2. Mechanisms of biological control

The ability of biocontrol agents to control disease and to protect plants
from pathogens has attracted the attention of numerous researches. The research
field developed rapidly in the second half of the 20th century, which greatly en-
hanced our understanding of biocontrol mechanisms. It became clear that various
biocontrol agents differ in their modes of action, and, at the same time, several dif-



ferent mechanisms can simultaneously be employed by the same biocontrol organ-
ism. The known modes of action of biocontrol agents can be classified into two
principal groups: mechanisms that directly reduce growth and development of the
pathogen, and mechanisms that induce host responses. The interactions between
biocontrol organisms and corresponding pathogens can either be direct, where phys-
ical contact occurs between two microorganisms, or indirect, i.e. without direct con-
tact (Punja and Utkhede 2003, Tjamos et al. 2010, Narayanasamy 2013). There are
numerous documented cases of hyperparasitism, or mycoparasitism if both organ-
isms are fungi, showing that a biocontrol agent can directly parasitize on the tar-
geted plant pathogen. For example, Ampelomyces quisqualis parasitizes the hyphae
and conidia of powdery mildew fungi (Rotem et al. 1999), Coniothyrium minitans
targets sclerotia of Sclerotinia spp. (Budge and Whipps 2001, Giczey et al. 2001),
and the oomycete Pythium oligandrum is parasitic on other Pythium spp. and nu-
merous phytopathogenic fungi (Benhamou et al. 1997, Madsen and de Neergaard
1999). Mycoparasitism requires that both interacting species are in a close proxim-
ity where the hyperparasite uses the content of the pathogen’s cells as a source of
nutrients, often through specialized structures (e.g. haustoria) (Narayanasamy
2013). Another example of the hyperparasitism-based approach to control a plant
pathogen is the use of hypovirulent strains of Cryphonectria parasitica to control
chestnut blight. The hypovirulence of the chestnut pathogen is caused by dsRNA
mycoviruses. The virus-carrying strains are used for inoculation of chestnut trees,
where the virus can spread in the pathogen population via hyphal anastomoses, re-
sulting in decrease in the pathogen virulence and slower canker formation. Viral
infection also causes reduction in asexual spore production and in sexual reproduc-
tion of C. parasitica (Milgroom and Cortesi 2004).

In many cases, biocontrol agents are able to inhibit pathogen growth and
development without the need for a direct contact, because the compounds or en-
zymes secreted by biocontrol agents may have a strong inhibitory effect on the tar-
geted pathogen. This type of interaction is referred to as antibiosis (Narayanasamy
2013). Trichoderma virens, an approved biocontrol agent, is able to produce the
antifungals gliotoxin and gliovirin to control root-infecting fungi (Howell 2003).
The yeast Pseudozyma flocculosa produces antifungals that affect membrane per-
meability (Avis and Belanger 2001) to control powdery mildew (Cheng et al. 2003).
Many species of Trichoderma used in biocontrol are well-known potent producers
of hydrolytic enzymes: chitinases, B-glucanases, and proteinases. Secreted chi-
tinases and glucanases may have an important role in the degradation of cell wall
polymers of fungal plant pathogens. Trichoderma mutants with lower levels of se-
creted enzymes are less effective as biocontrol agents (Punja and Utkhede 2003).
Inactivation of Botrytis cinerea hydrolytic enzymes by cysteine proteases secreted
by Trichoderma harzianum has been proposed to have a role in the biocontrol of
Botrytis infection (Kapat et al. 1998, Elad and Kapat 1999). Some Trichoderma
species are able to produce both antibiotic compounds and secreted hydrolytic en-
zymes, and their synergistic action in biocontrol has been reported (Schirmbock et
al. 1994, Lorito et al. 1996).



Another mechanism involved in the biocontrol of plant diseases is compe-
tition for nutrients and niche colonization. In many cases, plant pathogens are una-
ble to penetrate intact plant surfaces, and they require specific points of entry to
infect their hosts. Certain biocontrol agents are able to block the potential entry
points, outgrow and outcompete the pathogen or prevent the germination of its prop-
agules. This strategy is successfully used in the control of wound infections, where
species of Trichoderma and Gliocladium are applied, but also to prevent infection
of tree stumps by Heterobasidion annosum s.1. through application of Phlebiopsis
gigantea immediately after cutting. More efficient nutrient utilization by biocontrol
agents also contributes to the success in competition against plant pathogens (Ado-
mas et al. 2006). Specific biocontrol yeasts compete with the fruit-rotting pathogens
for availability of sugars (Filonow 1998), whereas competition for iron has a role in
the control of soil-borne pathogens by pseudomonads (Kloepper et al. 1980).

All above-mentioned mechanisms refer to direct or indirect interactions
between biocontrol agents and plant pathogens. However, there is an increasing
number of evidence demonstrating the importance of interactions between the bio-
control agents and their host plants for efficient biocontrol (Shoresh et al. 2010).
Most of these studies were made on interactions between Trichoderma species and
their host plants (Shoresh et al. 2010), but such data have been obtained from other
species, as well, e.g. Piriformospora indica, nonpathogenic strains of Fusarium ox-
ysporum and the oomycete Pythium oligandrum (Punja and Utkhede 2003, Shoresh
et al. 2010). The data indicate that colonization of plant tissues by biocontrol fungi
is accompanied by a large-scale reprogramming of the host plant gene expression.
One of the most important outcomes of these transcriptional changes is an activation
of induced systemic resistance (Shoresh et al. 2010). However, biocontrol fungi are
also able to induce plant responses that increase their tolerance to abiotic stressors
and improve their nitrogen utilization efficiency (Shoresh et al. 2010). Induction of
systemic resistance by Trichoderma spp. occurs via jasmonic acid and ethylene sig-
naling pathways (Shoresh et al. 2010). It causes activation of a number of defense-
and stress-related genes, including genes encoding pathogenesis-related (PR)-
proteins, components of phenylpropanoid pathway, enzymes involved in cell wall
reinforcement and oxidative enzymes (oxidases and peroxidases) (Shoresh et al.
2010). Additionally, biocontrol fungi are able to stimulate plant growth and increase
plant vigor (Shoresh et al. 2010).

2.3. Overview of biological control systems in forest tree diseases

Biological control of pests and plant diseases is nowadays applied in agriculture and
horticulture worldwide, and the number of commercially available products is
growing steadily. However, the examples of biocontrol products in forestry and sil-
viculture remain rather few (Cazorla and Mercado-Blanco 2016), despite the grow-
ing number of pathogens threatening both natural forests and commercial planta-
tions.



Probably, the best-known example of biocontrol of a forest tree pathogen
is P. gigantea, which controls spread of root and butt rot pathogens in the genus
Heterobasidion in managed conifer tree plantations. It was one of the first biocon-
trol products that became commercially available over 50 years ago, mentioned in
numerous textbooks (Campbell 1989, Van Driesche and Bellows 1996, Sun et al.
2009). P. gigantea is a saprotrophic white-rot fungus that can efficiently colonize
freshly cut stumps of conifer trees, being able to outcompete Heterobasidion and
prevent infection of stump surfaces. Suspension of P. gigantea spores (oidia) is
commonly applied on the stump surface immediately after cutting. Use of P. gigan-
tea as a biocontrol agent is approved in Canada, United Kingdom, Finland, Sweden,
Norway, Switzerland and Poland (Pratt et al. 2000, Ravensberg 2015, van Lenteren
et al. 2017). Importantly, the use of P. gigantea, while efficiently preventing the
stump colonization by Heterobasidion fungi, also has a minimal impact on the struc-
ture of microbial communities in treated stumps (Sun et al. 2013, Terhonen et al.
20133).

Another textbook example on biocontrol of trees is the use of hypovirulent
strains of C. parasitica to control chestnut blight disease. C. parasitica, the causa-
tive agent of chestnut blight, is an ascomycete that was introduced to North America
and Southern Europe from East Asia in the first half of 20™ century. Both North-
American and European chestnut species are highly susceptible to this pathogen. Its
introduction had devastating consequences, as it caused nearly entire eradication of
American chestnut (Castanea dentata) from North-American forests. The effects
on European chestnut (Castanea sativa) were severe, but far less dramatic than in
North America. In early 1950s, chestnut trees that showed symptoms of recovery
from the disease were found. Cankers produced by the fungus on the trees were
healing or growing very slowly. Additionally, fungal spores were produced in low
numbers, and the disease progress was slower (Campbell 1989). Strains of C. par-
asitica isolated from these trees showed lower levels of virulence (hypovirulence),
which was caused by the presence of double-stranded RNA (dsRNA) viruses of the
family Hypoviridae (Milgroom and Cortesi 2004). This discovery opened a way to
control the spread of chestnut blight in Europe. As these viruses are able to spread
via hyphal contacts, inoculations of chestnut trees with hypovirulent strains of C.
parasitica can be used to control the disease. However, the formation of hyphal
anastomosis is possible only between compatible fungal strains, and their vegetative
incompatibility can restrict the spread of virus. Large-scale inoculations with
hypovirulent strains were performed in Southern Europe, and the epidemic situation
there has been greatly improved. However, attempts of controlling chestnut blight
using hypovirulent C. parasitica strains in North America had limited success, rea-
sonable in Michigan, but a nearly complete failure was faced in eastern North Amer-
ica (Milgroom and Cortesi 2004). The factors determining the success of the intro-
duction of hypovirulent strains have not been fully determined yet (Milgroom and
Cortesi 2004).

A similar strategy of using hypovirulent fungal strains to control DED has
been tested (Swinton and Gilligan 1999), without reaching the practical stage. Nev-
ertheless, an alternative biocontrol-based method is currently used to prevent DED
infection of elm trees. In this approach, the conidiophore suspension of Verticillium



albo-atrum strain WCS850 is injected into vascular system of elm trees. The inoc-
ulation is assumed to induce resistance of the trees and the biocontrol agent does
not interact with the pathogen (Postma and Goossen-van de Geijn 2016). It was
shown to be an efficient preventive treatment, but with a number of serious limita-
tions. The treatment needs to be repeated annually for efficient protection, each tree
has to be treated individually, and the treatment costs are relatively high. For these
reasons, only highly valuable trees, i.e. old, ornamental, and characteristic land-
scape trees, are treated. The biocontrol product is commercialized under the trade
name Dutch Trig, and its use is currently approved in The Netherlands, USA, Can-
ada, Germany, and Sweden (Postma and Goossen-van de Geijn 2016, van Lenteren
et al. 2017).

Several species of Trichoderma are well known as potent antagonists of
plant-pathogenic fungi. Trichoderma harzianum and T. polysporum are approved in
the USA and some EU countries as an agent against pathogens for wound treatment
of shade, ornamental and forest trees (Fravel 2005, Ruocco et al. 2011). Tricho-
derma-based formulations are also used to control damping off caused by Fusarium
spp. in forest nurseries (Gromovykh et al. 2007). Additionally, several prospective
agents to control tree diseases are currently evaluated. The examples include the use
of bacterial endophytic strains as potential control agents against canker-causing
fungi on poplar (Ren et al. 2013) and against fungal and bacterial wilts (Eljounaidi
et al. 2016) and the application of various fungal endophytes in control of cacao tree
(Theobroma cacao) pathogens (Mejia et al. 2008).

Furthermore, there are a number of biocontrol products used in forestry
against insect pests. Most of the commercially available formulations are based on
Bacillus thuringiensis strains, which produce a potent insect-specific toxin. Their
target species are mainly various lepidopteran larvae, e.g. caterpillars of gypsy moth
(Ravensberg 2015, van Lenteren et al. 2017). Additionally, two insect viruses are
approved for use against sawflies in Canada (van Lenteren et al. 2017).

3. Endophytes

3.1. Endophytes in Plant Fitness

As highlighted in the introduction chapter of this book, two major groups of endo-
phytic fungi have been recognized, clavicipitaceous endophytes (C-endophytes)
and the non-clavicipitaceous endophytes (NC-endophytes) (Rodriguez et al. 2009).
Clavicipitaceous endophytic fungi are further assigned to Class 1 and the non-clavi-
cipitaceous endophytic fungi to Classes 2, 3 and 4 according to host range, colo-
nized plant tissue, biodiversity, transmission, fitness benefits and in planta coloni-
zation (Rodriguez et al. 2009).



The relationship between Class 1 endophytes and grasses is usually defined
as defensive mutualism. It seems thatthe ecological role of these endophytes is to
produce bioactive alkaloids, hormones, and other metabolites (Bacon et al. 1977,
Hamilton et al. 2012, Panaccione et al. 2013, Saikkonen et al. 2004, Siegel and Bush
1996, Siegel et al. 1990), which can provide protection to the host against herbivores
and pathogens (Clay and Schardl 2002, Schardl et al. 2004, Saikkonen et al. 2013).
Beside the metabolite production, the transcriptomes of Epichloé festucae and its
host, Lolium perenne, at different developmental stages indicated that the fitness-
enhancing effects of the endophyte are based both on systemic alteration of the
host’s hormonal responses and induction of stress response genes (Schmid et al.
2017).

Only Class 2 endophytes have been shown to have the ability to confer
habitat-specific stress tolerance to host plants (Rodriguez et al. 2008). This was de-
scribed as endophyte-conferred fitness benefits that is habitat-adapted if the benefits
are a result of habitat-specific selective pressures such as pH, temperature and sa-
linity (Rodriguez et al. 2009).

An important functional role of aerial non-clavicipitaceous endophytes
(Class 3) in the ecosystem include possession of the ability to protect the host
against pathogens/herbivores as reflected by the production of secondary metabo-
lites (Schulz et al. 1999, Sumarah et al. 2008a), niche competition (Blumenstein et
al. 2015), or induction of systemic resistance (Mejia et al. 2014). The best under-
stood example is the impact of toxigenic foliar endophytes of white spruce against
the needle herbivore Choristoneura fumiferana (eastern spruce budworm). The ru-
gulosin-producing endophyte Phialocephala scopiformis DAOM 229536 (Hel-
otiales, Ascomycota) delays the development of this destructive pest, exposing the
larvae for an extended period to birds, parasitoids, and pathogens prior to moth for-
mation (Miller et al. 2008). Overall, aerial endophytes are capable of modifying
plant fitness partly due to metabolic production, induced resistance or competition.
The mechanisms behind this are not fully understood and even some of the endo-
phytes do not have any influence to the hosts, the extremely high biodiversity indi-
cates that they are ecologically important.

One of the positive responses of Class 4 fungal endophyte colonization
includes the modulation of plant growth via nutrient acquisition (as in mycorrhizae)
(Jumpponen 2001, Mandyam and Jumpponen 2005, Newsham 2011). The other
beneficial aspect is the production of plant growth-promoting phytohormones
(Schulz et al. 1998, 2002, Schulz and Boyle 2005). Other notable interesting func-
tion that root fungal endophytes possess is the production of unique secondary me-
tabolites with potential benefits to the host through promoting plant growth (Figure
3.1) or limiting pathogen spread (Figure 3.2) (Schulz et al. 1999, 2002, 2015,
Mandyam and Jumpponen 2005, Tellenbach and Sieber 2012, Terhonen et al.
2016). At the other end are the bacterial root endophyte communities also known to
play important roles in maintaining root health (Backman and Sikora 2008).

Functionally, the beneficial effects of bacterial endophytes can sometimes
have higher impact on the host compared to rhizosphere bacteria (Pillay and Nowak
1997). Similar to rhizobacteria, bacterial endophytes like their fungal counterparts
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can promote plant health and growth in many ways such as manipulation of phyto-
hormones (Lee et al. 2004), providing necessary nutrients to the plant like solubil-
izing phosphate (Puente et al. 2009, Chimwamurombe et al. 2016), stimulate growth
and improve survivability of host under abiotic stress conditions (Barka et al. 2006).
Other essential feature of bacterial endophytes is their ability to suppress many plant
pathogens. Disease suppression and growth promotion are interlinked features for
the plant in such a way that both have impacts on plant healthc. An indirect way of
disease suppression by endophytes is promotion of plant health and growth. Healthy
growth conditions raise robustness of plants and reduce the host vulnerability to
pathogens (Mercado-Blanco and Lugtenberg 2014).

Another beneficial feature of endophytes that has received increased atten-
tion recently is their ability to increase survivability of their host under environmen-
tal stress conditions and ultimately, to improve plant’s phytoremediation capability
(Taghavi et al 2005). Bacterial endophytes have also the capacity to degrade some
pollutants and improve plant’s overall tolerance to xenobiotic substances (Newman
and Reynolds 2005). Some bacterial endophytes can produce substances like anti-
biotic, anti-fungal or other novel compounds (Ezra et al. 2004, Ryan et al. 2008) as
well as lytic enzymes like chitinases and hydrolases (Frankowski et al. 2001, Cher-
nin and Chet 2002, Rashid et al. 2012) in order to reduce or inhibit pathogen growth.
Additionally, bacterial endophytes can induce plant’s defence response by releasing
pathogen elicitors (Chimwamurombe et al. 2016).

3.2. Endophytes as biocontrol agents

3.2.1. Biocontrol potential of fungal endophytes

There are several ways that endophytic fungi can protect their host against patho-
gens. The following are the possible potential mechanisms:

i. Promoting plant growth
a. Production of secondary metabolites (e.g. phytohormones)
b. Providing nutrients to the host (e.g. translocation of phosphorus)
ii. Competition with pathogens and herbivores
a. Substrate utilization and colonization of shared niche can inhibit or
restrict the invasion of harmful pathogens
b. Production of antagonistic metabolites
iii.
a. Induction of host defenses (e.g. induced systemic resistance, ISR)
Aerial endophytes Most of the studies that explore utilization of fungal endophytes

in plant protection against pathogens rely on culturable endophytes. There is, how-
ever, evidence that this approach grossly underestimates the real biodiversity, as
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unculturable endophytes are not accounted for. The composition of root endophytes
in the same host species at different forest sites can be divided in to a few major
species and minor fungal lineages, which differ between sites (Menkis et al. 2004,
Grinig et al. 2006, Terhonen et al. 2013b). However, among foliar endophytes
(Class 3), a relatively small number of species have been reported to dominate the
fungal community (Arnold et al. 2001, Gazis and Chaverri 2010, Gonzalez-Teuber
2016). Inducing growth of the dominant endophytic species can have adverse neg-
ative effect on pathogens and herbivores. Preszler et al. (1996) showed that a higher
infection frequency of the dominant fungal endophyte in oak trees reduced parasit-
ism of a leaf-mining moth. Similarly, Gonzalez-Teuber (2016) showed that coloni-
zation by the four dominating genera of foliar endophytes resulted in lower levels
of damage by fungal pathogens and herbivores of the host plant (Embothrium coc-
cineum) in natural conditions. In the tropical tree Theobroma cacao, a combination
of the six most dominant endophytes effectively reduced Phytophthora sp. symp-
toms on the host (Arnold et al. 2003). Several other studies have also shown that
endophytic fungi can help limit pathogen damage on T. cacao (Evans et al. 2003,
Holmes et al. 2004, Rubini et al. 2005, Tondje et al. 2007, Mejia et al. 2008, Hanada
et al. 2010).

Ganley et al. (2008) demonstrated that fungal endophytes can mediate re-
sistance against Cronartium ribicola and thereby increase host fitness in Pinus mon-
ticola (Western white pine). These findings were considered extremely important
when searching for biocontrol agents against this aggressive invasive pathogen. C.
ribicola was introduced to North America in the early 1900s and it has decimated
native Western white pines. Ganley et al. (2008) found that pre-inoculation of P.
monticola seedlings with fungal endophytes could increase survival against C.
ribicola. Similarly, pre-inoculation of young needles with endophytes at approxi-
mately the same time as natural infection by Dothistroma septosporum occurred,
the endophytes were able to modify disease severity (Ridout and Newcombe 2015).

Gazis and Chaverri (2015) showed that indigenous endophyte communi-
ties of rubber tree (Hevea brasiliensis) contain a high diversity of beneficial fungi
(i.e., Trichoderma and Tolypocladium) that may protect the host against pathogens
(i.e. protective mutualism). Genotypes of forest trees with beneficial endophytes
could be enriched in newly established plantations. Alternatively, supporting and
increasing the endophytic genera of healthy foliage could help to decrease disease
incidence and pathogen populations (Christian et al. 2017). Another good example
of niche competition was reported by Blumenstein et al. (2015). They showed that
carbon utilization profiles of the virulent DED pathogen Ophiostoma novo-ulmi and
endophytic isolates of four asymptomatic elm (Ulmus spp.) trees exhibited signifi-
cant niche overlap. This suggests that some endophyte strains might protect elms
against DED through competition for substrates.

Belowground fungal endophytes

There are very few studies on the use of root endophytes to protect host trees against
pathogens. Tellenbach and Sieber (2012) showed that some strains of Phialoceph-
ala subalpina could reduce disease intensity caused by the two oomycete root rot
pathogens Elongisporangium undulatum and Phytophthora plurivora in Picea abies
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(Norway spruce) seedlings. Similarly, Terhonen et al. (2016) reported that the root
endophyte Phialocephala sphaeroides isolated from Norway spruce (Terhonen et
al. 2013b) was able to prevent the infection of seedling roots by the pathogen H.
parviporum in vitro. The global plant trade combined with climate change creates
the risk of introducing new non-indigenous tree pathogens with risks of new disease
outbreaks in native forest ecosystems (Pautasso et al. 2015). If these invasive path-
ogens continue to spread via the nursery pathway to forest sites during outplanting,
they will potentially pose a threat to forestry globally. Consequently, protection of
conifer roots in their early development by biocontrol agents against indigenous and
non-indigenous root pathogens is of primary importance.

Protection of host trees through metabolites secreted by endophytes

Fungal endophytes secrete a diverse range of metabolites: amides, amines, peptides,
flavonoids, steroids, phenylpropanoids, lignans and terpenoids (Schulz et al. 1995,
2002, Tan and Zou 2001, Stadler and Hellwig 2005, Stadler 2011). The secreted
metabolites from endophytic fungi might provide benefits to the host trees or sup-
press pathogen growth (Fig. 3.2) (Schulz et al. 1999, 2002, Strobel 2003, Mandyam
and Jumpponen 2005, McMullin et al. 2015, Sumarah et al. 2015). The metabolites
from endophytes of forest trees could be new sources of natural antimicrobials to
be utilized in the fields of agriculture, pharmaceuticals and forestry.

McMullin et al. (2015) reported several antifungal metabolites from endo-
phytes of Picea rubens (red spruce) and P. mariana (black spruce). Crude liquid
culture extracts of the endophyte Diaporthe maritima from P. rubens and P. mari-
ana possessed potent antifungal activity against the biotrophic pathogen Mi-
crobotryum violaceum (Tanney et al. 2016). They extracted and characterized three
dihydropyrones, phomopsolides A, B, and C, and a stable alpha-pyrone, which
demonstrated in vitro antimicrobial activity against Bacillus subtilis. Sumarah et al.
(2015) extracted secondary metabolites produced by 22 strains of foliar endophytes
of Western white pine, having antifungal activity. Of these, homodimeric macrolide
pyrenophorol inhibited the growth of C. ribicola. DNA sequencing of the 22 endo-
phytic strains revealed that the majority were Lophodermium nitens. These results
further suggest that several antifungal metabolites produced by L. nitens possess the
potential to increase the tolerance of the host tree to the white pine blister (Sumarah
et al. 2011, Richardson et al. 2014, 2015, McMullin et al. 2015, Sumarah et al.
2015).

Endophytic metabolites can also protect the host against herbivory. The
example of the anti-insect toxin (rugulosin) produced against herbivorous insect C.
fumiferana is discussed in detail in this volume by J. D. Miller. This metabolite has
been identified and characterized from phylogenetically diverse foliar endophytes
of conifers (Findlay et al. 2003, Sumarah et al. 2008a, Sumarah et al. 2010). Beside
rugulosin, P. scopiformis also produces emodin and skyrin (Calhoun et al. 1992,
Miller et al. 2002). Rugulosin is toxic to the spruce budworm C. fumiferana at a
concentration as low as 10-25 uM (Sumarah et al. 2008b). Studies have shown that
when this fungus is pre-inoculated on white spruce needles, the growth rate of C.
fumiferana is significantly reduced (Miller et al. 2002, Miller et al. 2008, Frasz et
al. 2014). It is also reported that foliar endophyte P. scopiformis can persist within
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inoculated seedlings for at least a decade, with active rugolosin secretion in the nee-
dles (Frasz et al. 2014). Another foliar endophyte with anti-insect potential, Di-
aporthe maritima, has been reported to secret potent secondary metabolites toxic to
herbivores (Tanney et al. 2016).

Tellenbach et al. (2012) isolated four major compounds from the root fun-
gal endophyte, Phialocephala europaea. Two of these compounds (sclerin and scle-
rotinin A) were demonstrated to significantly reduce the growth of Phytophtora cit-
ricola sensu lato. They concluded that two antifungal metabolites are either
individually or synergistically responsible for growth inhibition of the oomycete
pathogen observed in vitro. Similarly, Terhonen et al. (2016) observed that ex-
tracted metabolites from liquid cultures of root endophytes P. sphaeroides and
Cryptosporiopsis sp. inhibited Heterobasidion parviporum, Phytophthora pini and
Botrytis cinerea (Fig. 3.3)

Induction of host resistance by endophytes

Endophytes are often confronted with host defence systems during invasive growth
within plant tissues. In order to grow asymptomatically in their hosts, fungal endo-
phytes must maintain multiple balanced antagonisms — with the host and with the
other microbial competitors (Schulz et al. 2015). Although most pathogenic fungi
are able to overcome the defense reaction of their host, leading to disease, endo-
phytes, on the other hand, can tolerate the host defense in order to infect and colo-
nize the tissues (Schulz et al. 1999). By altering the hormonal balance in plants,
pathogens use the defensive machinery of plants to their advantage and either in-
duce or suppress the processes relevant for cell death and accumulation of antimi-
crobial compounds (Robert-Seilaniantz et al. 2011, Kovalchuk et al. 2013). The
ability of endophytes to colonize host tissues asymptotically could be attributed to
their ability to modulate host signaling molecules, phytohormones, e.g. endogenous
concentrations of JA and SA (Navarro-Meléndez and Heil 2014). Eaton et al. (2010)
observed that mutation in a mitogen-activated protein kinase of the endophytic fun-
gus Epichloé festucae changed the mutualistic fungus into an invasive pathogen.
The mutant produced significantly lower amounts of secondary metabolites in vivo,
triggered a strong host defense response, caused a stunted host phenotype, reduced
host anthocyanin production, and induced changes to all major host hormone sig-
naling pathways (Eaton et al. 2010). These results underline that a complex inter-
play of plant and in-plant expressed fungal genes is required to maintain the mutu-
alistic coexistence (Eaton et al. 2010).

The actual mechanism behind mediation of host disease resistance by en-
dophytes is however unknown. Besides competition and metabolite production, en-
dophytic colonization could activate the host genetic resistance. Inoculation of T.
cacao leaves with the dominant foliar fungal endophyte Colletotrichum tropicale
enhanced the expression of several host genes known to contribute to defense
against pathogen and herbivore attack (Mejia et al. 2014). This indicated that foliar
fungal endophytes could influence host disease resistance (Mejia et al. 2014).
Raghavendra and Newcombe (2013) inoculated several genotypes of Populus sp.
with diverse foliar endophytes (Stachybotrys sp., Trichoderma atroviride, Ulo-
cladium atrum or Truncatella angustata), followed by challenge inoculation with
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the pathogenic Melampsora species. The observed differences between genotypes
pre-inoculated with endophytes and their controls explained 54% of the total varia-
tion in quantitative resistance (i.e. rust severity). They concluded that endophytes
contributed significantly to quantitative resistance against Melampsora in leaves of
poplar (Raghavendra and Newcombe 2013). Evidently, pre-inoculation with foliar
endophytes can enhance resistance in host, but it is however not known whether the
beneficial effects are facilitated by a single isolate or multiple endophytic isolates.
Results from agricultural crops clearly indicate that fungal endophytes can
help plants resist pathogens. Fungal endophytes could provide several opportunities
for utilizing them in integrated pest management to gain sustainable forestry prac-
tices. To utilize endophytes as biocontrol agents, the mechanisms behind the possi-
ble inhibition of the pathogen should be determined. We propose simple guidelines
that could facilitate evaluation of the potential use of fungal endophytes as biocon-
trol agents and simultaneously study their other ecological functions:
i. The fungal endophytes of healthy host trees should be isolated, cor-
rectly identified and stored in culture collections
ii. Screening of potential biocontrol endophytes against a specific patho-
gen should be done in vitro by the dual-culture method
iii. Bioassay of liquid culture extracts against the host pathogen should be
performed to test if the antagonistic effect is due to extractable metab-

olites

iv. Inoculation studies of the most promising endophytes on seedlings of
host trees should be performed to assess host reaction

V. The ability of fungal endophytes to protect the host from the pathogen
should be determined

Vi. The persistence of inoculated endophytes in the host tree should be

determined in the host’s natural environment

Use of endophytic bacteria in biocontrol

Despite the fact that the majority of research of BCAs is based on agricultural crops,
there have been few successful studies on the application of bacterial endophytes
on forest trees. To apply endophytic microbes as a commercial product for biocon-
trol or plant growth promotion, the product must be officially registered as a plant
protection product (PPP). Until 2014, there have been no reports of bacterial endo-
phytes as plant protection products (Mercado-Blanco and Lugtenberg 2014). Endo-
spore-forming bacteria can potentially be a superior alternative to fungal endo-
phytes (Melnick et al. 2008). Many factors can influence the ability of an endophyte
as BCAs. Some of the factors include population dynamics and host colonization
patterns, motility of the endophyte within host tissues, the ability to induce systemic
resistance, and host specificity (Backman et al. 1997, Melnick et al. 2008).

It is likely that the most efficient BCAs are not isolates of one species, but
rather a community of different microbes that contain desirable genes, which can
further improve a plant’s health when colonized. An earlier study showed that single
inoculation of an endophytic strain led to depression of growth in red clover,
whereas inoculation with mixture of endophytes resulted in growth promotion
(Sturz et al. 1997). A consortium of some endophytic fungi along with endophytic
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bacteria reduced 90% of the damage caused by root pathogenic nematode
(Radopholus similis) on banana plants (Glick 2015). A significant proportion of the
indigenous endophytic bacterial community in plant roots can possess the capacity
to produce antibiotics against fungal pathogens (Mercado-Blanco and Lugtenberg
2014). Application of indigenous bacterial root endophytes (Pseudomonas spp.)
was shown to have inhibitory effect in vitro against Verticillium wilt in Olive trees
(Prieto et al. 2011). Verticillium wilt is caused by the soil-borne pathogenic fungus
Verticillium dahliae. In the last two decades, Verticillium wilt of olive (VWO) has
become a major problem in olive plantations, as it is difficult to manage (L6pez-
Escudero and Mercado-Blanco 2011). Melnick et al. (2011) reported that about 23%
of the 69 endospore-forming bacterial isolates of T. cacao demonstrated in vitro
chitinase production. Additionally, a considerable proportion of the endophytes
showed antagonism against one of the three known plant pathogens: 49% inhibited
Phytophthora capsici, 33% inhibited Moniliophthora perniciosa and 42% inhibited
Moniliophthora roreri. Furthermore, 22% of the isolates had the capacity to inhibit
all three pathogens (Melnick et al. 2011).

Despite the promising results, it does not seem that a single application of
a BCA would ensure long-term protection of plants. This is partly because the in-
oculation of bacteria had no permanent effect on the native bacterial communities
of cacao trees (Melnick et al. 2011). Some endophytes appear to be more aggressive
than the others and can out-compete and displace others (Verma et al. 2004). Per-
haps, in order to have biocontrol agents that can cause a long-term shift in the native
endophyte community and provide long-term protection of plants, we may need to
look into the genetic traits of more aggressive endophytes and focus on genetic
modification of inoculated endophytes. Downing et al. (2000) managed to use a
genetically modified strain of endophytic Herbaspirillum seropedicae as a biocon-
trol against larvae of African sugar cane borer. The gene encoding insecticidal pro-
tein was extracted from B. thuringiensis strain. Melnick et al. (2008) evaluated the
potential of four Bacillus isolates to act as BCA on cacao trees (T. cacao). The re-
sults revealed increased resistance of foliage of inoculated cacao plants against a
pathogenic oomycete, black pod rot (P. capsici). They suggested that Bacillus spp.
suppressed the pathogen by increasing systemic resistance of the host. The disease
suppression continued for >68-70 days. Re-inoculation may be required because of
perennial non-deciduous nature of cacao tree leaves (Melnick et al. 2008). In an-
other study, Brooks et al. (1994) evaluated the use of bacterial endophytes as BCAs.
The endophytes were extracted from surviving oak trees in an area where oak wilt
caused by Ceratocystis fagacearum was epidemic. Around 21% of bacterial isolates
were tested in vitro for inhibitory effect against oak wilt. Interestingly, oak samples
that were pre-inoculated with Pseudomonas denitrificans prior to introduction of C.
fagacearum displayed 50% reduction in oak wilt occurrence and 17% reduction in
crown loss (Brooks et al. 1994).

A potential disadvantage in the use of endophytic bacteria as BCAs is that
some of the prominent bacterial endophytes are also known as latent plant patho-
gens and a few are closely related to human pathogens. Under certain conditions or
in different plant genotypes, these bacterial species may become pathogenic against
plants (Kobayashi and Palumbo 2000, Misaghi and Donndelinger 1990, Ulrich et
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al. 2008). There is also the theoretical risk of BCAs being pathogenic to humans. In
the past, there have been recorded outbreaks of salmonella that were suggested to
originate from Salmonella endophytes in alfalfa sprouts (Ponka et al. 1995, Rosen-
blueth and Martinez-Romero 2006). Therefore, prior to application of any endo-
phyte as a BCA, all aspects of potential hazard to ecosystem and human health must
be evaluated and considered.

Another disadvantage of bacterial endophytes as BCAs is lack of field re-
sults. Most of the studies of antagonisms of endophytes against host pathogens have
been conducted in vitro (Rosenblueth and Martinez-Romero 2006). These experi-
ments may have a different outcome when tested in natural habitats with much
larger plant-microbe interactions and versatile competition between microbes.

4. Methods for isolation, identification and bioassay of
endophytes

4.1. Isolation methods

Conventional isolation methods on artificial media require sufficient surface steri-
lization of the plant samples (e.g. leaves, stems and roots) (Schulz et al. 1998). The
objective is to remove and Kill the epiphytic microbial growth on the plant surfaces.
This is achieved by applying strong oxidant or general disinfectant, followed by
rinsing with sterile water to remove the sterilant (Stone et al. 2004). A combination
of the sterilant with a wetting agent (ethanol) can also improve the efficicacy of
sterilization (Stone et al. 2004). Sometimes surfactants (e.g. Tween 20) are com-
bined with the sterilant to lower the surface tension (Stone et al. 2004). The sterili-
zation protocol usually consists of several steps: optional washing of the plant sam-
ple (e.g. root samples to remove soil particles) under tap water, sterilization in
ethanol, followed by sodium hypochlorite (or hydrogen peroxide) treatment. An ad-
ditional sterilization step with ethanol can be included, after which the plant material
is rinsed 3 to 5 times with sterile water (Petrini and Dreyfuss 1981). The shorter
version with sufficient success is soaking the plant tissues in ethanol, then in sodium
hypochlorite and finally in ethanol (Luginbuhl and Muller 1980, Petrini et al. 1992,
Schulz et al. 1993, Sieber et al. 1999).

The incubation times and concentrations of ethanol and sterilant vary be-
tween studies. Below is listed the most common method (see also Stone et al. 2004,
Frohlich et al. 2000, Arnold 2002, Arnold et al. 2003, Terhonen et al. 2013b):

i Ethanol 70%-99% 5sto 1 min

ii. NaOCI 0.5 %-10% 2 min to 10 min
iii. Or H,0, 3% 5 min

iv. Ethanol 70%-99% 30sto 2 min

V. Sterile water (3-5 x) 30s
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The time required for each step can vary depending on the plant tissue, e.g.
needles with thick wax layer need longer sterilization time than deciduous leaves
(Schulz et al. 1998, Schulz and Boyle 2005, Hyde and Soytong 2008). The sterili-
zation must be sufficient to remove microbes from the plant surface but not exces-
sive to destroy the tissue (Schulz and Boyle 2005). A pilot study may be necessary
to determine suitable sterilization method before the actual experiment. It is crucial
to confirm that the surface sterilization is successful, as all bacteria and fungi that
are subsequently isolated from the plant samples are presumed to be endophytic.
This can be verified by pressing the sterilized plant tissue on to a suitable agar plate
as described by Schulz et al. (1998), or by incubating the last rinsing water on an
agar plate. However, the review by Lodewyckx et al. (2002) highlighted that no
protocol of surface sterilization can kill 100% of surface bacteria, unless disinfec-
tion is able to penetrate interior tissues and thereby killing endophytic bacteria as
well.

The artificial medium used for isolation of endophytic fungi usually con-
tains 2% malt extract (MEA) or potato dextrose agar (PDA) together with additional
antibiotics to prevent any bacterial growth (e.g. penicillin, streptomycin sulphate,
tetracyclin) (Petrini et al. 1992, Schulz et al. 1998). Several different types of me-
dium can be used for isolation of bacterial endophytes, e.g. Yeast Peptone Dextrose
Agar (YPDA), Brain Heart infusion medium (BHI), Luria agar (LA), King’s B agar
(KBA) (Cankar et al. 2005, Long et al. 2010, Rashid et al. 2012). However, Tryptic
soy agar (TSA) seems to be the most common medium used (Sturz et al. 1998,
Surette et al. 2003, Rashid et al. 2012). Bills and Polishook (1992) showed that more
isolates and species can be recovered using several types of media. To reveal the
true diversity of endophytic species can be difficult by using only culture-based
methods (Arnold et al. 2007). The problem with culture-based methods is that many
fast-growing fungi will be isolated at the expense of unculturable or slow-growing
fungi (Hyde and Soytong 2007, Hyde and Soytong 2008, Unterseher and Schnittler
2009). Many unculturable fungi may escape detection (Guo et al. 2001, Duong et
al. 2006, Hyde and Soytong 2007, Tao et al. 2008). Molecular methods including
pyrosequencing of PCR amplicons could be used to overcome such limitations
(Nilsson et al. 2009). But if the aim is to screen biologically active endophytes, then
direct culturing is the method of choice. Molecular methods could be applied to
understand the distribution of certain individual (possibly biocontrol) species in
community dynamics.

After sterilization and plating, fungal endophytes are grown in the dark and
usually at room temperature (~21 °C). For bacterial endophytes, they are commonly
incubated at 30°C and for long term storage, they are suspended in 20% glycerol
solution at -80°C (Long et al. 2010, Rashid et al. 2012). For the root endophytes,
the temperature can be adjusted lower than air temperature to mimic conditions in
the boreal forests, where the annual soil temperature can be lower than 10 °C
(Jungqvist et al. 2014). The growth of fungal endophytes is slow, and they are nor-
mally allowed to grow for at least three weeks. The growth rate of endophytic bac-
teria is much higher and the incubation time is limited to 2-10 days (Long et al.
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2010, Rashid et al. 2012). To make sure that no cross-contamination happens be-
tween endophytes, the plates should be observed weekly and subculture the emerg-
ing fungal hyphae or bacteria into new plates. Solis et al. (2016) have described the
use of dilution-to-extinction method for cultivation of foliar endophytic fungi, based
on a modified method of Unterseher and Schnittler (2009). According to the method
described by Solis et al. (2016), samples are homogenized (e.g. blender) and filtered
through sieves to obtain hyphal particles of desired sizes. Particles are then washed
and strongly diluted before plating onto a malt extract agar in 48 well plates. This
type of cultivation method could be used together with conventional ones to increase
the number of detected species (Unterseher and Schnittler 2009).

4.2. ldentification and storage of cultures

Two of the most important requirements for endophytic fungi as biocontrol agents
are: 1) Identity of the species verified, and 2) The isolate being stored in culture
collection for easy access for other researchers. Isolated bacterial endophytes can
be identified genotypically by PCR-amplification of 16S rDNA and BOX-PCR pro-
filing of genomic DNA (Moore et al. 2006). To support genotypic characterization,
phenotypic identification methods can be used (tolerance to target pollutants, anti-
biotic and heavy metals) (Moore et al. 2006). The identification of fungal endo-
phytes can be quite challenging, especially as most of the root endophytes are sterile
ascomycetes. In these cases, the identification will rely on amplification of certain
gene region, sequencing, and analysis. A crucial step in the identification of fungal
endophytes is the availability of accurate reference database, as the majority of
newly detected species of fungi have never been described. Also public sequence
databases have errors and also incomplete taxonomic sampling (Hibbett and Taylor
2013). For example, about 10% of fungal internal transcribed sequence (ITS) se-
quences in the international database are insufficiently identified (INSD: GenBank,
EMBL, and DDBJ) (Benson et al. 2006, Nilsson et al. 2006), and more than 50% of
the fungal ITS sequences are deplete of crucial information such as country of origin
(Ryberg et al. 2009). To have proper identification, it is recommended to use two to
three different databases: UNITE (Abarenkov et al. 2010), SAF (spruce-associated
fungi) (Ovaskainen et al. 2010) and BLAST search against GenBank (NCBI) (Alt-
schul et al. 1997). The reliability of identification by sequence analysis could be
improved by increasing the number of regions sequenced and by extending the cov-
erage of the reference database (Ryberg et al. 2009, Ovaskainen et al. 2010). The
target regions for species identifications can include multiple DNA loci of fungi
(e.g. the ITS region, partial SSU and LSU regions, beta-tubulin gene, elongation
factor), and the taxonomic resolution among closely related endophytic species can
be improved by choosing at least three different DNA regions. Identification to spe-
cies level of the members of Phialocephala fortinii s.l.- Acephala applanata species
complex (PAC) requires methods employing multi-locus molecular markers, such
as single-copy restriction fragment length polymorphism (RFLP), microsatellite
analysis, sequencing of loci, or a combination of them (Griinig et al. 2008, Queloz
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etal. 2008, 2010). Storing of the fungal cultures in public collection centers is highly
recommended. This allows easy access to other researchers. There are several cen-
ters where fungal strains can be deposited, for example the Centraalbureau voor
Schimmelcultures (CBS) Utrecht, The Netherlands, the culture collection (CMW)
of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pre-
toria, South Africa, American Type Culture Collection (ATCC), Centre for Agri-
culture and Bioscience International (CABI), UK, and Royal Botanic Gardens,
Kew, UK, the VTT Culture collection, VTT Technical Research Centre of Finland,
Espoo, Finland, and MycoBank (Crous et al. 2004). For bacteria the German Col-
lection of Microorganisms and Cell Cultures (DSMZ) and The ATCC Bacteriology
Collection are good examples of culture collections.

4.3. Bioassays for biocontrol properties of endophytes

Initial primary screening for antagonistic activities can be accomplished with the
dual-culture method (Fig. 4A). In the dual-culture method, agar pieces of equal sizes
containing hyphae of the pathogen and the endophyte are placed on an artificial
medium and growth of the both fungi is monitored. The endophyte usually grows
slower and therefore it may be necessary to place the endophyte on the plate a few
days before the pathogen. Based on the results, the inhibitory effect of culture ex-
tracts against the pathogen can be evaluated by several different approaches. One
approach is to use disc diffuse assays (Simplified method of Oxford Discs Method)
(Vincent and Vincent 1944, De Beer and Sherwood 1945). The agar plates are in-
oculated with the test pathogen (bacteria or fungi). The filter discs containing the
crude metabolic extracts are placed over the inoculated pathogen, and potential for-
mation of the inhibition zone is monitored. Other agar-plate-filter systems can be
designed as in Figure 4B. Such a system is particularly suitable for screening of
fungal or oomycetes pathogens. The agar plug including hyphae of pathogen is
placed in the middle of the plate, and filter paper discs with and without metabolic
extract are placed at equal distances from the pathogen (Fig. 4A). The extracted
individual metabolites with varying concentrations can be tested using similar ap-
proach as mentioned above in microtiter plates. The aim is to find the minimal in-
hibitory concentration against the pathogen. The extraction methods are well de-
scribed in several articles (Sumarah et al. 2010, 2011, Zhao et al. 2012, Tellenbach
et al. 2012). Usually, the endophytes are grown in suitable liquid cultures (Zhao et
al. 2012, Tellenbach et al. 2012) and the metabolites are extracted three times with
equal amount of ethyl acetate (EtOAc), or acetonitrile, and the EtOAc filtrate is
dried (evaporated to dryness with a rotary evaporator). Then the extract can be frac-
tioned with silica gel column (e.g. Zhao et al. 2012) or screened by LC-MS using
electrospray ionization in both positive and negative ion mode (Sumarah et al.
2011). Using LC-MS, the observed major peaks can be isolated by HPLC and ana-
lyzed by MS and NMR to characterize the structure of the metabolite. After this,
the metabolite can solely be tested for antagonistic ability. Sometimes the extracted
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major compounds are not antifungal and there might be several smaller metabolites
responsible for the inhibition. After the major compounds have been separated and
collected with silica gel columns, they can be tested for antagonistic activity before
further purification. Zhao et al. (2012) used CC over SephadexLH-20 using a mix-
ture of methanol and chloroform in a ratio of 1 to 1 as eluent and crystallization in
petroleum ether: ethyl acetate (2:1, v/v) to yield the desired compounds. Isolation
of active compound will facilitate in vitro testing for antagonistic activity as well as
additional functional identification.

5. Application of cultivation-independent techniques to unravel
the functional relevance of endophytes

Our understanding of composition and functioning of plant microbiota was greatly
enhanced with the advent of ‘omics’ technologies and the use of next generation
sequencing (NGS). Available techniques allow large-scale surveys of the entire mi-
crobial community of a given plant. In addition, they make possible the detection
of unculturable, slow-growing, or rare species, which are often overlooked when
traditional methods are used. Furthermore, the application of cultivation-independ-
ent technigques boosted the studies on plant microbiome function and its role in plant
health and stress tolerance (Guttman et al. 2014). One of the emerging research di-
rections are metagenome-wide association studies (MWADS). In this approach, a rel-
ative abundance of a certain gene in the metagenome is used to establish an associ-
ation with an occurrence of a disease of interest (Wang and Jia 2016). There are
numerous examples of application of MWAS to study associations between human
microbiome and diseases, such as type 2 diabetes, obesity, and rheumatoid arthritis
(Wang and Jia 2016). The success of MWAS in human and animal models suggests
that its applications can be extended to analyze associations between forest tree mi-
crobiome and diseases. Network models represent an alternative approach to estab-
lish a link between microbiome composition and function. They can provide new
opportunities for plant disease management as they are used to identify keystone
species crucial for plant health and functioning (Desprez-Loustau et al. 2016,
Poudel et al. 2016, van der Heijden and Hartmann 2016).

The research on the impact of microbial endophytes on plant disease re-
sistance is still in its infancy. The effects of pathogens on endophytic community
and vice versa observed in a few available studies differ between experimental mod-
els (Hardoim et al. 2015). Therefore, it is currently not possible to draw any general
conclusions. However, some pioneering studies indicate that there might be a cor-
relation between the structure of endophyte communities and host plant resistance
or susceptibility to pathogens (Ardanov et al. 2012, Martin et al. 2013).
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6. Prospects of beneficial endophytic microbiomes in forest
management: Implication for disease resistance research and
tree breeding

Advances in cultivation-independent techniques including next generation sequenc-
ing technology, association analyses and network inference modelling greatly facil-
itate the identification of potentially beneficial components of endophytic commu-
nities. However, even if the identified microorganisms show highly promising
results in vitro, the transition to field application often presents a major challenge
(Martin et al. 2015). The reproducibility of field trials might be influenced by cli-
matic conditions, but other crucial factors for the success of endophytes as biocon-
trol agents are interactions with other members of the endophytic community, and
the host tree genotype. Studies on several tree species clearly demonstrate that the
host tree genotype influences the structure of endophytic community (Ahlholm et
al. 2002, Balint et al. 2013, Pautasso et al. 2015). Thus, attempts of using endophytic
microorganisms to control plant pathogens must take into consideration their inter-
actions with particular plant (tree) genotypes (Newton et al. 2010, Chakraborty and
Newton 2011, Desprez-Loustau et al. 2016). At the same time, future tree breeding
programs should take into account the interactions of trees with beneficial microbi-
ota and aim at the development of tree varieties with improved capabilities to inter-
act with microbial inoculants. An important challenge is the identification of genetic
determinants influencing interactions between host plants and their microbiota
(Schlaeppi and Bulgarelli 2015). The biocontrol prospects of endophytes are an
emerging research field with huge potential to transform disease management prac-
tices in agriculture and forestry.

7. Concluding remarks

There are still many gaps in our knowledge of endophytes and their interaction with
host plants, as well as their true beneficial effects. However, with recent advances
in biotechnology, we are now able to perform much more comprehensive analyses
on the whole communities rather than few culturable strains. The recent increased
interest on the study of endophytes can also improve our understanding of plant
pathogens and their mechanisms of infection. Endophytes possess many similar
traits as pathogenic microbes, yet they are able to colonize plants without triggering
any visible defence response. Biological control of plant pests and pathogens is in-
creasingly becoming an integral part of integrated pest management (IPM) strate-
gies for many agricultural crops (Paulitz and Belanger 2001, Punja and Utkhede
2003, van Lenteren et al. 2017). There are examples of complete replacement of
chemical pesticides by biological control agents, such as the use of predator mites
to control thrips and whiteflies on sweet pepper. In particular, tree endophytes are
considered as promising potential biocontrol agents due to their adaptations to a
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lifestyle within woody tissues (Cazorla and Mercado-Blanco 2016). The identifica-
tion of candidate biocontrol agents is greatly accelerated by current advances in the
fields of cultivation-independent techniques and bioinformatics. However, several
issues need to be addressed to enable commercial applications of endophytes as
biocontrol agents in forest trees:

e Development of cultivation methods to produce inoculum of the species in
question on industrial scale, which is not a trivial task for many of the en-
dophytes.

o Development of application techniques. This is particularly challenging for
mature trees, as inoculations of individual trees on a large scale will be
prohibitively expensive, thus, biocontrol agents ideally should be able to
spread efficiently in the targeted tree population. Inoculation of seedlings
before out-planting is technically more feasible, but it does not solve the
problem of controlling disease in existing forests or plantations.

e Interactions of potential biocontrol agents with existing tree microbiota.
Introduced biocontrol agents will need to establish themselves in ecologi-
cal niches pre-occupied by resident microorganisms.

¢ Role of host tree genotype in the biocontrol efficiency. The breeding strat-
egies aimed at the improvement of interactions between trees and benefi-
cial microorganisms are particularly important to address this issue.

¢ Influence of climatic factors on the biocontrol efficiency.

These issues illustrate that development of novel biocontrol strategies for forest
trees will be challenging. However, as our understanding of interactions between
trees and their respective microbiota increases, new approaches to improve forest
tree health and to combat diseases in economically feasible and environmentally
friendly ways will definitely emerge.

8. References

Abarenkov K, Nilsson RH, Larsson KH, Alexander 1J, Eberhardt U, Erland S, Hgiland K,
Kjaller R, Larsson E, Pennanen T, Sen R, Taylor AF, Tedersoo L, Ursing BM, Vrdlstad T,
Liimatainen K, Peintner U, Kdljalg U (2010) The UNITE database for molecular identifica-
tion of fungi - recent updates and future perspectives. New Phytol 186:281-285.

Adomas A, Eklund M, Johansson M, Asiegbu FO (2006) Identification and analysis of differen-
tially expressed cDNA’s during non-self competitive interaction between Phlebiopsis gigan-
tea and Heterobasidion parviporum. FEMS Microbiol Ecol 57: 26 — 39.

Ahlholm JU, Helander M, Henriksson J, Metzler M, Saikkonen K (2002) Environmental condi-
tions and host genotype direct genetic diversity of Venturia ditricha, a fungal endophyte of
birch trees. Evolution 56(8):1566—1573.

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, Lipman DJ (1997) Gapped
BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Ac-
ids Res 25:3389-3402.



23

Ardanov P, Sessitsch A, Haggman H, Kozyrovska N, Pirttila AM (2012) Methylobacterium-In-
duced Endophyte Community Changes Correspond with Protection of Plants against Patho-
gen Attack. Plos One 7(10).

Arnold AE, Henk DA, Eells RL, Lutzoni F, Vilgalys R (2007) Diversity and phylogenetic affini-
ties of foliar fungal endophytes in loblolly pine inferred by culturing and environmental PCR.
Mycologia 99:185-206.

Arnold AE, Maynard Z, Gilbert GS (2001) Fungal endophytes in dicotyledonous neotropical
trees: patterns of abundance and diversity. Mycol Res 105:1502—-1507.

Arnold AE, Mejia LC, Kyllo D, Rojas El, Maynard Z, Robbins N, Herre EA (2003) Fungal en-
dophytes limit pathogen damage in a tropical tree. P Natl Acad Sci USA 100:15649-1565.

Arnold AE (2002) Neotropical fungal endophytes: diversity and ecology [Doctoral dissertation].
Tucson: University of Arizona. 337 p.

Asiegbu FO, Adomas A, Stenlid J (2005) Conifer root and butt rot caused by Heterobasidion an-
nosum (Fr.) Bref. s.I. Mol Plant Pat 6:395-409.

Avis TJ, Belanger RR (2001) Specificity and mode of action of the antifungal fatty acid cis-9-
heptadecenoic acid produced by Pseudozyma flocculosa. Appl Environ Microb 67(2):956—
960.

Backman PA, Sikora RA (2008) Endophytes: An emerging tool for biological control. Biol Con-
trol 46(1):1-3.

Backman PA, Wilson M, Murphy JF (1997) Bacteria for biological control of plant diseases. In:
Rechcigl NA, Rechcigl JE (eds) Environmentally Safe Approaches to Plant Disease Control.
CRCl/Lewis Press, Boca Raton, FL, pp 95-109.

Bacon CW, Porter JK, Robbins JD, Luttrell ES (1977) Epichloé typhina from toxic tall fescue
grasses. Appl Environ Microb 34:576-581.

Balint M, Tiffin P, Hallstrom B, O'Hara RB, Olson MS, Fankhauser JD, Piepenbring M Schmitt
1 (2013) Host genotype shapes the foliar fungal microbiome of balsam poplar (Populus bal-
samifera). Plos One 8(1).

Barka EA, Nowak J Clément C (2006) Enhancement of chilling resistance of inoculated grape-
vine plantlets with a plant growth-promoting rhizobacterium, Burkholderia phytofirmans
strain PsJN. Appl Environ Microb 72(11):7246-7252.

Benhamou N, Rey P, Cherif M, Hockenhull J, Tirilly Y (1997) Treatment with the mycoparasite
Pythium oligandrum triggers induction of defense-related reactions in tomato roots when
challenged with Fusarium oxysporum f. sp. radicis-lycopersici. Phytopathology 87(1):108—
122.

Bennett C, Aime MC, Newcombe G (2011) Molecular and pathogenic variation within
Melampsora on Salix in western North America reveals numerous cryptic species. Mycologia
103:1004-1018.

Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Wheeler DL (2006) GenBank. Nucleic Ac-
ids Res 34:D16-D20.

Bills GF, Polyshook JD (1992) Recovery of endophytic fungi from Chmiuecypuris Ihyuiiies.
Sydowia 44:1-12.

Blumenstein K, Albrectsen BR, Martin JA, Hultberg M, Sieber TN, Helander M, Witzell J
(2015) Nutritional niche overlap potentiates the use of endophytes in biocontrol of a tree dis-
ease. Biocontrol 60(5):655-667.

Brooks DS, Gonzale, CF, Appel DN, Filer TH (1994) Evaluation of endophytic bacteria as po-
tential biological-control agents for oak wilt. Biol Control 4(4):373-381.

Budge SP, Whipps JM (2001) Potential for integrated control of Sclerotinia sclerotiorum in
glasshouse lettuce using Coniothyrium minitans and reduced fungicide application. Phyto-
pathology 91(2):221-227.

Calhoun LA, Findlay JA, Miller JD, Whitney NJ (1992) Metabolites toxic to spruce budworm
from balsam fir needle endophytes. Mycol Res 96:281-286.



24

Calvo FJ, Bolckmans K, Belda JE (2012) Biological control-based IPM in sweet pepper green-
houses using Amblyseius swirskii (Acari: Phytoseiidae). Biocontrol Sci Technol
22(12):1398-1416.

Campbell R (1989) Biological control of microbial plant pathogens, Cambridge University Press,
218 pp.

Canadell JG, Raupach MR (2008) Managing forests for climate change mitigation. Science
320:1456-1457.

Cankar K, Kraigher H, Ravnikar M, Rupnik M (2005) Bacterial endophytes from seeds of Nor-
way spruce (Picea abies L. Karst). FEMS Microbiol Lett 244(2):341-345.

Cazorla FM, Mercado-Blanco J (2016) Biological control of tree and woody plant diseases: an
impossible task? Biocontrol 61(3):233-242.

Chakraborty S, Newton AC (2011) Climate change, plant diseases and food security: an over-
view. Plant Pathol 60(1):2-14.

Cheng YL, McNally DJ, Labbe C, Voyer N, Belzile F, Belanger RR (2003) Insertional mutagen-
esis of a fungal biocontrol agent led to discovery of a rare cellobiose lipid with antifungal ac-
tivity. Appl Environ Microbiol 69(5):2595-2602.

Chernin L, Chet 1 (2002) Microbial enzymes in the biocontrol of plant pathogens and pests. In:
Burns RG, Dick RP (eds) Enzymes in the environment: activity, ecology, and applications.
Markel Dekker Inc, New York, pp 171-225.

Chimwamurombe PM, Grénemeyer JL, Reinhold-Hurek B (2016) Isolation and characterization
of culturable seed-associated bacterial endophytes from gnotobiotically grown Marama bean
seedlings. FEMS Microbiol Ecol 92(6):p.fiw083.

Christian N, Herre EA, Mejia LC, Clay K (2017) Exposure to the leaf litter microbiome of
healthy adults protects seedlings from pathogen damage. Proc Roy Soc B Biol Sci 12:284
Clay K, Schardl C (2002) Evolutionary origins and ecological consequences of endophyte sym-

biosis with grasses. Am Nat 160:S99-S127.

Crous PW, Gams W, Stalpers JA, Robert V, Stegehuis G (2004) MycoBank: an online initiative
to launch mycology into the 21st century. Stud Mycol 50:19-22.

De Beer EJ, Sherwood MB (1945) The Paper-Disc Agar-Plate method for the assay of antibiotic
substances. J Bacteriol 50:459-467.

Desprez-Loustau ML, Aguayo J, Dutech C, Hayden KJ, Husson C, Jakushkin B, Marcais B, Piou
D, Robin C, Vacher C (2016) An evolutionary ecology perspective to address forest pathol-
ogy challenges of today and tomorrow Ann For Sci 73(1):45-67.

Downing KJ, Leslie G, Thomson JA (2000) Biocontrol of the sugarcane borer Eldana saccharina
by expression of the Bacillus thuringiensis crylAc7 and Serratia marcescens chiA genes in
sugarcane-associated bacteria. Appl Environ Microbiol 66(7):2804-2810.

Dowkiw A, Bastien C (2004) Characterization of two major genetic factors controlling quantita-
tive resistance to Melampsora larici-populina leaf rust in hybrid poplars: strain specificity,
field expression, combined effects, and relationship with a defeated qualitative resistance
gene. Phytopathology 94:1358-1367.

Duong LM, Jeewon R, Lumyong S, Hyde KD (2006) DGGE coupled with ribosomal DNA gene
phylogenies reveal uncharacterized fungal phylotypes. Fungal Divers 23:121-138.

Duplessis S, Major I, Martin F, Séguin A (2009) Poplar and pathogen interactions: insights from
populus genome-wide analyses of resistance and defense gene families and gene expression
profiling. Crit Rev Plant Sci 28:309-334.

Eaton CJ, Cox MP, Ambrose B, Becker M, Hesse U, Schardl CL, Scott B (2010) Disruption of
signaling in a fungal-grass symbiosis leads to pathogenesis. Plant Physiol 153:1780-1794.

Eilenberg J, Hajek A, Lomer C (2001) Suggestions for unifying the terminology in biological
control. Biocontrol 46(4):387—400.

Elad Y, Kapat A (1999) The role of Trichoderma harzianum protease in the biocontrol of Botry-
tis cinerea. Eur J Plant Pathol 105(2):177-189.

Eljounaidi K, Lee SK, Bae H (2016) Bacterial endophytes as potential biocontrol agents of vas-
cular wilt diseases - Review and future prospects. Biol Control 103:62-68.



25

Evans H, Holmes K, Thomas S (2003) Endophytes and mycoparasites associated with an indige-
nous forest tree, Theobroma gileri, in Ecuador and a preliminary assessment of their potential
as biocontrol agents of cocoa diseases. Mycol Prog 2:149-160.

Ezra D, Castillo UF, Strobel GA, Hess WM, Porter H, Jensen JB, Condron MA, Teplow DB,
Sears J, Maranta M, Hunter M (2004) Coronamycins, peptide antibiotics produced by a ver-
ticillate Streptomyces sp. (MSU-2110) endophytic on Monstera sp. Microbiology
150(4):785-793.

Feau N, Vialle A, Allaire M, Tanguay P, Joly DL, Frey P, Callan BE, Hamelin RC (2009) Fun-
gal pathogen (mis-) identifications: A case study with DNA barcodes on Melampsora rusts of
aspen and white poplar. Mycol Res 113:713-724.

Filonow AB (1998) Role of competition for sugars by yeasts in the biocontrol of gray mold of
apple. Biocontrol Sci Techn 8(2):243-256.

Findlay JA, Li G, Miller JD, Womiloju TO (2003) Insect toxins from spruce endophytes. Can J
Chem 81:284-292.

Food Agric. Organ. U. N. (FAO) (2009) State of The World"s Forests 2009—Main Report.
Rome: FAO.

Frankowski J, Lorito M, Scala F, Schmid R, Berg G, Bahl H (2001) Purification and properties
of two chitinolytic enzymes of Serratia plymuthica HRO-C48. Arch Microbiol 176(6):421—
426.

Frasz S L, Walker AK, Nsiama TK, Adams GW, Miller JD (2014) Distribution of the foliar fun-
gal endophyte Phialocephala scopiformis and its toxin in the crown of a mature white spruce
tree as revealed by chemical and qPCR analyses. Can J For Res 44:1138—1143.

Fravel DR (2005) Commercialization and implementation of biocontrol. Annu Rev Phytopathol
43:337-359.

Frohlich J, Hyde KD, Petrini O (2000) Endophytic fungi associated with palms. Mycol Res
104:1202-1212.

Ganley RJ, Sniezko RA, Newcombe G (2008) Endophyte-mediated resistance against white pine
blister rust in Pinus monticola. Forest Ecol Manag 255:2751-2760.

Gazis R, Chaverri P (2010) Diversity of fungal endophytes in leaves and stems of wild rubber
trees (Hevea brasiliensis) in Peru. Fungal Ecol 3:240-254.

Gazis R, Chaverri P (2015) Wild trees in the Amazon basin harbor a great diversity of beneficial
endosymbiotic fungi: is this evidence of protective mutualism? Fungal Ecol 17:18-29.

Giczey G, Kerenyi Z, Fulop L, Hornok L (2001) Expression of cmgl, an exo-beta-1,3-glucanase
gene from Coniothyrium minitans, increases during sclerotial parasitism. Appl Environ Mi-
crobiol 67(2):865-871.

Glick BR (2015) Beneficial plant-bacterial interactions. Springer. 243 pp.

Gonzélez-Teuber M (2016) The defensive role of foliar endophytic fungi for a South American
tree. AoB Plants 8:plw050.

Gromovykh TI, Tyulpanova VA, Sadykova VS Malinovsky AL (2007) Control of root diseases
with Trichoderma spp. in forest nurseries of Central Siberia. In: Vincent C, Goettel MS,
Lazarovits G (eds) Biological Control: A Global Perspective: Case Studies from Around the
World. Trowbridge, CAB International, pp 197-202.

Griinig CR, Duo A, Sieber TN (2006) Population genetic analysis of Phialocephala fortinii s.I.
and Acephala applanata in two undisturbed forests in Switzerland and evidence for new cryp-
tic species. Fungal Genet Biol 43:410-421.

Griinig CR, Duo A, Sieber TN, Holdenrieder O (2008) Assignment of species rank to six repro-
ductively isolated cryptic species of the Phialocephala fortinii s.I.-Acephala applanata species
complex. Mycologia 100:47-67.

Grinwald NJ, Garbelotto M, Goss EM, Heungens K, Prospero S (2012) Emergence of the sud-
den oak death pathogen Phytophthora ramorum. Trends Microbiol 20 (3):131-138.



26

Guo LD, Hyde KD, Liew EC (2001) Detection and taxonomic placement of endophytic fungi
within frond tissues of Livistona chinensis based on rDNA sequences. Mol Phylogenet Evol
20:1-13

Guttman DS, McHardy AC, Schulze-Lefert P (2014) Microbial genome-enabled insights into
plant-microorganism interactions. Nat Rev Genet 15(12):797-813.

Hamilton C, Gundel PE, Helander M, Saikkonen K (2012) Endophytic mediation of reactive ox-
ygen species and antioxidant activity in plants: a review. Fungal Divers 54:1-10

Hanada RE, Pomella AW, Costa HS, Bezerra JL, Loguercio LL, Pereira JO (2010) Endophytic
fungal diversity in Theobroma cacao (cacao) and T. grandiflorum (cupuagu) trees and their
potential for growth promotion and biocontrol of black-pod disease. Fungal Biolo 114:901—
910

Hardoim PR, van Overbeek LS, Berg G, Pirttila AM, Compant S, Campisano A, Doring M, Ses-
sitsch A (2015) The hidden world within plants: ecological and evolutionary considerations
for defining functioning of microbial endophytes. Microbiol Mol Biol Rev 79(3):293-320.

Hardwood TD, Tomlinson I, Potter CA, Knight JD (2011) Dutch elm disease revisited: past, pre-
sent and future management in Great Britain. Plant Pathol 60(3):545-555.

Hartley MJ (2002) Rationale and methods for conserving biodiversity in plantation forests. For-
est Ecol Manag 155(1-3):81-95.

Hibbett DS, Taylor JW (2013) Fungal systematics: is a new age of enlightenment at hand? Nat
Rev Microbiol 11:129-33.

Holmes KA, Schroers H-J, Thomas SE, Evans HC, Samuels GJ (2004) Taxonomy and biocon-
trol potential of a new species of Trichoderma from the Amazon basin of South America.
Mycol Prog 3:199 e210.

Howell CR (2003) Mechanisms employed by Trichoderma species in the biological control of
plant diseases: The history and evolution of current concepts. Plant Dis 87(1):4-10.

Hyde K, Soytong K (2007) Understanding microfungal diversity — a critique. Cryptogamie My-
col 28:281-289.

Hyde K, Soytong K (2008) The fungal endophyte dilemma. Fungal Divers 33:163-173.

Izumi H (2011) Diversity of endophytic bacteria in forest trees. In: Pirttil& A., Frank A. (eds) En-
dophytes of Forest Trees. Forestry Sciences, vol 80, Springer, Dordrecht, pp 95-105.

Jumpponen A (2001) Dark septate endophytes — are they mycorrhizal? Mycorrhiza 11:207-211.

Jumpponen A, Mattson KG, Trappe JM (1998) Mycorrhizal functioning of Phialocephala fortinii
with Pinus contorta on glacier forefront soil: interactions with soil nitrogen and organic mat-
ter. Mycorrhiza 7:261-265.

Jungqvist G, Oni SK, Teutschbein C, Futter MN (2014) Effect of climate change on soil temper-
ature in Swedish boreal forests. PLoS ONE 9(4):e93957.

Kapat A, Zimand G, Elad Y (1998) Effect of two isolates of Trichoderma harzianum on the ac-
tivity of hydrolytic enzymes produced by Botrytis cinerea. Physiol Mol Plant Pathol
52(2):127-137.

Kloepper JW, Leong J, Teintze M, Schroth MN (1980) Pseudomonas Siderophores - a mecha-
nism explaining disease-suppressive soils. Curr Microbiol 4(5):317-320.

Kobayashi DY, Palumbo JD (2000) Bacterial endophytes and their effects on plants and uses in
agriculture. In: Bacon CW, White JF Jr (eds) Microbial endophytes, Marcel Dekker, Inc.,
New York, pp.199-233.

Kovalchuk A, Kerit S, Oghenekaro AO, Jaber E, Raffaello T, Asiegbu FO (2013) Antimicrobial
defenses and resistance in forest trees: challenges and perspectives in a genomic era. Annu
Rev Phytopathol 51:221-244.

La Porta N, Capretti P, Thomsen IM, Kasanen R, Hietala AM, Von Weissenberg K (2008) Forest
pathogens with higher damage potential due to climate change in Europe. Can J Plant Pathol
30:177-195.

Lee S, Flores-Encarnacion M, Contreras-Zentella M, Garcia-Flores L, Escamilla JE, Kennedy C
(2004) Indole-3-acetic acid biosynthesis is deficient in Gluconacetobacter diazotrophicus
strains with mutations in cytochrome c biogenesis genes. J Bacteriol 186(16):5384-5391.



27

Lilja A, Poteri M, Petéistd R-L, Rikala R, Kurkela T, Kasanen R (2010) Fungal diseases in forest
nurseries in Finland. Silva Fenn 44:525-545.

Lodewyckx, C, Vangronsveld J, Porteous F, Moore ER, Taghavi S, Mezgeay M, van der Lelie
DV (2002) Endophytic bacteria and their potential applications. CRC Crit Rev Plant Sci
21:583-606.

Lépez-Escudero FJ, Mercado-Blanco J (2011) Verticillium wilt of olive: a case study to imple-
ment an integrated strategy to control a soil-borne pathogen. Plant Soil 344(1-2):1-50.

Long HH, Sonntag DG, Schmidt DD, Baldwin IT (2010) The structure of the culturable root bac-
terial endophyte community of Nicotiana attenuata is organized by soil composition and host
plant ethylene production and perception. New Phytol 185:554-567.

Lorito M, Woo SL, DAmbrosio M, Harman GE, Hayes CK, Kubicek CP, Scala F (1996) Syner-
gistic interaction between cell wall degrading enzymes and membrane affecting compounds.
Mol Plant Microbe Interact 9(3):206-213.

Luginbuhl M, Muller E (1980) Endophytische Pilze in den oberirdischen Organen von 4
gemeinsam an gleichen Standorten wachsenden Pflanzen (Buxus, Hedera, Ilex, Ruscus). Syd-
owia 33:185-209.

Madsen AM, de Neergaard E (1999) Interactions between the mycoparasite Pythium oligandrum
and sclerotia of the plant pathogen Sclerotinia sclerotiorum. Eur J For Pathol 105(8):761—
768.

Mandyam K, Jumpponen A (2005) Abundance and possible functions of the root-colonising dark
septate endophytic fungi. Stud Mycol 53:173-190.

Martin JA, Fuentes-Utrilla P, Gil L, Witzell J (2010) Ecological factors behind the Dutch elm
disease complex in Europe— a review. Ecol Bull 53:209-224.

Martin JA, Macaya-Sanz D, Witzell J, Blumenstein K, Gil L (2015) Strong in vitro antagonism
by elm xylem endophytes is not accompanied by temporally stable in planta protection
against a vascular pathogen under field conditions. Eur J For Pathol 142(1):185-196.

Martin F, Nehls U (2009) Harnessing ectomycorrhizal genomics for ecological insights. Curr
Opin Plant Biol 12(4):508 — 515.

Martin JA, Witzell J, Blumenstein K, Rozpedowska E, Helander M, Sieber TN, Gil L (2013) Re-
sistance to Dutch EIm Disease Reduces Presence of Xylem Endophytic Fungi in EIms
(Ulmus spp.) Plos One 8(2):e56987.

McMullin DR, Green BD, Miller JD (2015) Antifungal sesquiterpenoids and macrolides from an
endophytic Lophodermium species of Pinus strobus. Phytochem Lett 14:148—152.

Mejia LC, Herre EA, Sparks JP, Winter K, Garcia MN, Van Bael SA, Stitt J, Shi Z, Zhang Y,
Guiltinan MJ, Maximova SN (2014) Pervasive effects of a dominant foliar endophytic fungus
on host genetic and phenotypic expression in a tropical tree. Front Microbiol 5:479.

Mejia LC, Rojas El, Maynard Z, VVan Bael S, Arnold AE, Hebbar P, Samuels GJ, Robhins N,
Herre EA (2008) Endophytic fungi as biocontrol agents of Theobroma cacao pathogens. Biol
Control 46:4-14.

Melnick RL, Zidack NK, Bailey BA, Maximova SN, Guiltinan M, Backman PA (2008) Bacterial
endophytes: Bacillus spp. from annual crops as potential biological control agents of black
pod rot of cacao. Biol Control 46(1):46-56.

Melnick RL, Suarez C, Bailey BA, Backman PA (2011) Isolation of endophytic endospore-form-
ing bacteria from Theobroma cacao as potential biological control agents of cacao diseases.
Biol Control 57(3):236-245.

Menkis A, Allmer J, Vasiliauskas R, Lygis V, Stenlid J, Finlay R (2004) Ecology and molecular
characterization of dark septate fungi from roots, living stems, coarse and fine woody debris.
Mycol Res 108:965-973.

Mercado-Blanco J, Lugtenberg BJJ (2014) Biotechnological applications of bacterial endo-
phytes. Curr Biotechnol 3(1):60-75.

Milgroom MG, Cortesi P (2004) Biological control of chestnut blight with hypovirulence: a criti-
cal analysis. Annu Rev Phytopathol 42:311-338.



28

Miller JD, Mackenzie S, Foto M, Adams GW, Findlay JA (2002) Needles of white spruce inocu-
lated with rugulosin-producing endophytes contain rugulosin reducing spruce budworm
growth rate. Mycol Res 106:471-479.

Miller JD, Sumarah MW, Adams GW (2008) Effect of a rugulosin-producing endophyte in Picea
glauca on Choristoneura fumiferana. J Chem Ecol 34:362-368.

Misaghi 1J, Donndelinger CR (1990) Endophytic bacteria in symptom-free cotton plants. Phyto-
pathology 80(9):808-811.

Moore FP, Barac T, Borremans B, Oeyen L, Vangronsveld J, van der Lelie D, Campbell CD,
Moore ER (2006) Endophytic bacterial diversity in poplar trees growing on a BTEX-
contaminated site: the characterisation of isolates with potential to enhance phytoremediation.
Syst Appl Microbiol 29:539-556.

Narayanasamy P (2013) Biological management of diseases of crops. Dordrecht, Springer, 673

pp.

Navarro-Meléndez AL, Heil M (2014) Symptomless endophytic fungi suppress endogenous lev-
els of salicylic acid and interact with the jasmonate-dependent indirect defense traits of their
host, lima bean (Phaseolus lunatus). J Chem Ecol 40:816-825.

Newman LA, Reynolds CM (2005) Bacteria and phytoremediation: new uses for endophytic bac-
teria in plants. Trends Biotechnol 23(1):6-8.

Newsham KK (2011) A meta-analysis of plant responses to dark septate root endophytes. New
Phytol 190:783-793.

Newton AC, Gravouil C, Fountaine JM (2010) Managing the ecology of foliar pathogens: eco-
logical tolerance in crops. Ann Appl Biol 157(3):343-359.

Nilsson RH, Ryberg M, Abarenkov K, Sjékvist E, Kristiansson E (2009) The ITS region as a tar-
get for characterization of fungal communities using emerging sequencing technologies.
FEMS Microbiol Lett 296(1):97-101.

Nilsson RH, Ryberg M, Kristiansson E, Abarenkov K, Larsson K-H, Kéljalg U (2006) Taxo-
nomic reliability of DNA sequences in public sequence databases: a fungal perspective. PLoS
ONE 1(1):e59.

Ovaskainen O, Nokso-Koivista J, Hottola J, Rajala T, Pennanen T, Ali-Kovero H, Miettinen O,
Oinonen P, Auvinen P, Paulin L, Larsson K-H, Mékipéaa R (2010) Identifying wood-inhabit-
ing fungi with 454 sequencing - what is the probability that BLAST gives the correct species?
Fungal Ecol 3:274-283.

Panaccione DG, Beaulieu WT, Cook D (2013) Bioactive alkaloids in vertically transmitted fun-
gal endophytes. Funct Ecol 28(2):299-314.

Parent JL, James TY, Vasaitis R, Taylor AF (2009) Friend or foe? Evolutionary history of glyco-
side hydrolase family 32 genes encoding for sucrolytic activity in fungi and its implications
for plant-fungal symbioses. BMC Evol Biol 9:148.

Patosaari P (2007) Forests and Climate Change: Mitigation and Adaptation through Sustainable
Forest Management. DPI/NGO Conference: Climate Change 5-7 September 2007, United
Nations, New York, USA.

Paulitz TC, Belanger RR (2001) Biological control in greenhouse systems. Annu Rev Phyto-
pathol 39:103-133.

Pautasso M, Schlegel M, Holdenrieder O (2015) Forest Health in a Changing World. Microb
Ecol 69(4):826-842.

Petrini O, Dreyfuss M (1981) Endophytische Pilze in epiphytischen Araceae, Bromeliaceae und
Orchidaceae. Sydowia 34:135-145.

Petrini O, Sieber TN, Toti L, Viret O (1992) Ecology, metabolite production, and substrate utili-
zation in endophytic fungi. Nat toxins 1:185-196.

Pillay VK, Nowak J (1997) Inoculum density, temperature, and genotype effects on in vitro
growth promotion and epiphytic and endophytic colonization of tomato (Lycopersicon escu-
lentum L.) seedlings inoculated with a pseudomonad bacterium. Can J Microbiol 43(4):354—
361.



29

Ponka A, Andersson Y, Siitonen A, de Jong B, Jahkola M, Haikala O, Kuhmonen A, Pakkala P
(1995) Salmonella in alfalfa sprouts. The Lancet 345(8947):462-463.

Porras-Alfaro A, Bayman P (2011) Hidden fungi, emergent properties: endophytes and microbi-
omes. Annu Rev Phytopathol 49:291-315.

Postma J, Goossen-van de Geijn H (2016) Twenty-four years of Dutch Trig (R) application to
control Dutch elm disease. Biocontrol 61(3):305-312.

Poudel R, Jumpponen A, Schlatter DC, Paulitz TC, Gardener BB, Kinkel LL, Garrett KA (2016)
Microbiome networks: a systems framework for identifying candidate microbial assemblages
for disease management. Phytopathology 106(10):1083-1096.

Pratt JE, Niemi M, Sierota ZH (2000) Comparison of three products based on Phlebiopsis gigan-
tea for the control of Heterobasidion annosum in Europe. Biocontrol Sci Technol 10(4):467—
477.

Preszler RW, Gaylord ES, Boecklen WJ (1996) Reduced parasitism of a leaf-mining moth on
trees with high infection frequencies of an endophytic fungus. Oecologia 108:159-166.

Prieto P, Schiliro E, Maldonado-Gonzélez MM, Valderrama R, Barroso-Albarracin JB, Mercado-
Blanco J (2011) Root hairs play a key role in the endophytic colonization of olive roots by
Pseudomonas spp. with biocontrol activity. Microb Ecol 62 Pages:435-45.

Puente ME, Li CY, Bashan Y (2009) Endophytic bacteria in cacti seeds can improve the devel-
opment of cactus seedlings. Environ Exp Bot 66(3):402—408.

Punja ZK, Utkhede RS (2003) Using fungi and yeasts to manage vegetable crop diseases. Trends
Biotechnol 21(9):400-407.

Queloz V, Duo A, Griinig CR (2008) Isolation and characterization of microsatellite markers for
the tree-root endophytes Phialocephala subalpina and Phialocephala fortinii s.s. Mol Ecol Re-
sour 8:1322-1325.

Queloz V, Duo A, Sieber TN, Griinig CR (2010) Microsatellite size homoplasies and null alleles
do not affect species diagnosis and population genetic analysis in a fungal species complex.
Mol Ecol Resour 10:348-367.

Raghavendra AKH, Newcombe G (2013) The contribution of foliar endophytes to quantitative
resistance to Melampsora rust. New Phytol 197:909-918.

Rashid S, Charles TC, Glick BR (2012) Isolation and characterization of new plant growth-pro-
moting bacterial endophytes. Appl Soil Ecol 61: 217-224.

Ravensberg WJ (2015) Commercialisation of microbes: Present situation and future prospects.
In: Lugtenberg B (eds) Principles of Plant-Microbe Interactions. Springer, Cham, pp 309—
317.

Reinhold-Hurek B, Hurek T (2011) Living inside plants: bacterial endophytes. Curr Opin Plant
Biol 14(4):435-443,

Reininger V, Sieber TN (2013) Mitigation of antagonistic effects on plant growth due to root co-
colonization by dark septate endophytes (DSE) and ectomycorrhiza (ECM). Environ Micro-
biol Rep 5:892-898

Ren JH, Li H, Wang YF, Ye JR, Yan AQ, Wu XQ (2013) Biocontrol potential of an endophytic
Bacillus pumilus JK-SX001 against poplar canker. Biol Control 67(3):421-430.

Richardson SN, Walker AK, Nsiama TK, McFarlane J, Sumarah MW, lbrahim A, Miller JD
(2014) Griseofulvin-producing Xylaria endophytes of Pinus strobus and Vaccinium angusti-
folium: evidence for a conifer-understory species endophyte ecology. Fungal Ecol 11:107—
113.

Richardson SN, Nsiama T K, Walker AK, McMullin DR, Miller JD (2015) Antimicrobial dihy-
drobenzofurans and xanthenes from a foliar endophyte of Pinus strobus. Phytochemistry
117:436-443.

Ridout M, Newcombe G (2015) The frequency of modification of Dothistroma pine needle
blight severity by fungi withion the native range. Fort Ecol Manage 337:153-160.

Robert-Seilaniantz A, Grant M, Jones JD (2011) Hormone crosstalk in plant disease and defense:
more than just jasmonate-salicylate antagonism. Annu Rev Phytopathol 49:317-343.



30

Roderick GK, Navajas M (2003) Genes in new environments: Genetics and evolution in biologi-
cal control. Nat Rev Genet 4(11):889-899.

Rodriguez RJ, Henson J, Van Volkenburgh E, Hoy M, Wright L, Beckwith F, Kim Y, Redman
RS (2008) Stress tolerance in plants via habitat-adapted symbiosis. ISME J 2:404-416.

Rodriguez RJ, White JF Jr., Arnold AE, Redman RS (2009) Fungal endophytes: diversity and
functional roles. New Phytol 182:314-330.

Rosenblueth M, Martinez-Romero E (2006) Bacterial endophytes and their interactions with
hosts. Mol Plant Microbe Interact 19(8):827-837.

Rotem Y, Yarden O, Sztejnberg A (1999) The mycoparasite Ampelomyces quisqualis expresses
exgA encoding an exo-beta-1,3-glucanase in culture and during mycoparasitism. Phyto-
pathology 89(8):631-638.

Rubini MR, Silva-Ribeiro RT, Pomella AWV, Maki CS, Arau” jo WL, Santos DR, Azevedo JL
(2005) Diversity of endophytic fungal community of cacao (Theobroma cacao L.) and bio-
logical control of Crinipellis perniciosa, causal agent of witches” broom disease. Int J Biol Sci
1:24e33.

Ruocco M, Woo S, Vinale F, Lanzuise S, Lorito M (2011) Identified difficulties and conditions
for field success of biocontrol. 2. Technical aspects: factors of efficacy. In: Nicot PC (eds)
International Classical and augmentative biological control against diseases and pests: critical
status analysis and review of factors influencing their success. Organization for Biological
and Integrated Control of Noxious Animals and Plants, West Palaearctic Regional Section
(IOBC/WPRS), pp. 45-57.

Ryan RP, Germaine K, Franks A, Ryan DJ, Dowling DN (2008) Bacterial endophytes: recent de-
velopments and applications. FEMS Microbiol Lett 278(1):1-9.

Ryberg M, Kristansson E, Sjokvist E, Nilsson RH (2009) An outlook on the fungal internal tran-
scribed spacer sequences in GenBank and the introduction of a web-based tool for the explo-
ration of fungal diversity. New Phytol 181:471-477.

Saikkonen K, Faeth SH, Helander M, Sullivan TJ (1998) Fungal endophytes: a continuum of in-
teractions with host plants. Annu Rev Ecol Syst 29:319-343.

Saikkonen K, Gundel PE, Helander M (2013) Chemical ecology mediated by fungal endophytes
in grasses. J Chem Ecol 39:962-968

Saikkonen K, Wali P, Helander M, Faeth SH (2004) Evolution of endophyte-plant symbioses.
Trends Plant Sci 9:275-280.

Schardl CL, Leuchtmann A, Spiering MJ (2004) Symbioses of grasses with seedborne fungal en-
dophytes.Annu Rev Plant Biol 55:315-340.

Schirmbock M, Lorito M, Wang YL, Hayes CK, Arisanatac I, Scala F, Harman GE, Kubicek CP
(1994) Parallel formation and synergism of hydrolytic enzymes and peptaibol antibiotics, mo-
lecular mechanisms involved in the antagonistic action of Trichoderma-Harzianum against
phytopathogenic fungi. App Environ Microbiol 60(12):4364—4370.

Schlaeppi K, Bulgarelli D (2015) The Plant Microbiome at Work. Mol Plant-Microbe Interact
28(3):212-217.

Schmid J, Day R, Zhang N, Dupont P-Y, Cox MP, Schardl CL, Minards N, Truglio M, Moore N,
Harris DR, Zhou Y (2017) Host tissue environment directs activities of an Epichloé endo-
phyte, while it induces systemic hormone and defense responses in its native perennial
ryegrass host. Mol Plant-Microbe Interact 30(2):138-149.

Schulz BJE, Boyle CJC (2005) The endophytic continuum. Mycol Res 109:661-686.

Schulz BJE, Boyle CJC, Draeger S, RRommrt AK, Krohn K (2002) Endophytic fungi: a source
of novel biologically active secondary metabolites. Mycol Res 106:996—1004.

Schulz BJE, Guske S, Dammann U, Boyle C (1998) Endophyte-host interactions Il. Defining
symbiosis of the endophyte-host interaction. Symbiosis 25:213-227.

Schulz BJE, Haas S, Junker C, Andree N, Schobert M (2015) Fungal endophytes are involved in
multiple balanced antagonisms. Curr Sci 109:39-45.

Schulz BJE, Rémmert A-K, Dammann U, Aust H-J, Strack D (1999) The endophyte-host inter-
action: a balanced antagonism. Mycol Res 103:1275-1283.



31

Schulz BJE, Sucker J, Aust HJ, Krohn K, Ludewig K, Jones PG, Doring D (1995) Biologically
active secondary metabolites of endophytic Pezicula species. Mycol Res 99:1007-1015

Schulz BJE, Wanke U, Draeger S, Aust H-J (1993) Endophytes from herbaceous plants and
shrubs: effectiveness of surface sterilization methods. Mycol Res 97(12):1447-1450.

Shoresh M, Harman GE, Mastouri F (2010) Induced systemic resistance and plant responses to
fungal biocontrol agents. Annu Rev Phytopathol 48:21-43.

Sieber TN (2007) Endophytic fungi of forest trees: are they mutualists? Fungal Biol Rev 21:75—
89.

Sieber TN, Griinig CR (2013) Fungal root endophytes. In: Eshel A, Beeckman T (eds) Plant
Roots - The Hidden Half, 4th edition. Boca Raton, FL, USA, CRC Press, Taylor and Francis
Group, pp 38-49.

Sieber TN, Rys J, Holdenrieder O (1999) Mycobiota in symptomless needles of Pinus mugo ssp.
Uncinata. Mycol Res 103:306-310.

Siegel MR, Bush LP (1996) Defensive chemicals in grass—fungal endophyte associations. Rec
Adv Phytochem 30:81-118.

Siegel MR, Latch GCM, Bush LP, Fannin FF, Rowan DD, Tapper BA, Bacon CW, Johnson MC
(1990) Fungal endophyte infected grasses: alkaloid accumulation and aphid response. J Chem
Ecol 16:3301-3314.

Solis MJL, dela Cruz TE, Schnittler M, Unterseher M (2016) The diverse community of leaf-
inhabiting fungal endophytes from Philippine natural forests reflects phylogenetic patterns of
their host plant species Ficus benjamina, F. elastica and F. religiosa. Mycoscience 57(2):96—
106.

Stadler M (2011) Importance of secondary metabolites in the Xylariaceae as parameters for as-
sessment of their taxonomy, phylogeny, and functional biodiversity. Curr Res Environ Appl
Mycol 1:75-133.

Stadler M, Hellwig V (2005) Chemotaxonomy of the Xylariaceae and remarkable bioactive com-
pounds from Xylariales and their associated asexual stages. Recent Res Dev Phytochem
9:41-93.

Steenackers J, Steenackers M, Steenackers V, Stevens M (1996) Poplar diseases, consequences
on growth and wood quality. Biomass Bioenergy 10:267-274.

Stone JK, Polishook JD, White JRJ (2004) Endophytic fungi. In: Mueller G, Bills GF, Foster MS
(eds) Biodiversity of fungi: Inventory and monitoring methods. Burlington, Elsevier, pp.
241-270.

Strobel GA (2003) Endophytes as sources of bioactive products. Microbes Infect 5: 535-544.

Sturz AV, Christie BR, Matheson BG (1998) Associations of bacterial endophyte populations
from red clover and potato crops with potential for beneficial allelopathy. Can J Microbiol
44:162-167.

Sturz AV, Christie BR, Matheson BG, Nowak J (1997) Biodiversity of endophytic bacteria
which colonize red clover nodules, roots, stems and foliage and their influence on host
growth. Biol Fertil Soils 25(1):13-19.

Sumarah MW, Walker AK, Seifert KA, Todorov A, Miller JD (2015) Screening of fungal endo-
phytes isolated from eastern white pine needles. Recent Adv Phytochem 45:195-206.

Sumarah MW, Puniani E, Blackwell BA, Miller JD (2008a) Characterization of polyketide me-
tabolites from foliar endophytes of Picea glauca. J Nat Prod 71:1393-1398.

Sumarah MW, Adams GW, Bergout J, Slack GJ, Wilson AM, Miller JD (2008b) Spread and per-
sistence of a rugulosin-producing endophyte in white spruce seedlings. Mycol Res112:731—
736.

Sumarah MW, Puniani E, Sgrensen D, Blackwell BA, Miller JD (2010) Secondary metabolites
from anti-insect extracts of endophytic fungi isolated from Picea rubens. Phytochemistry
71:760-765.

Sumarah MW, Kesting JR, Sgrensen D, Miller JD (2011) Antifungal metabolites from fungal en-
dophytes of Pinus strobus. Phytochemistry 72:14-15.



32

Sun H, Korhonen K, Hantula J, Asiegbu FO, Kasanen R (2009) Use of a breeding approach for
improving biocontrol efficacy of Phlebiopsis gigantea strains against Heterobasidion infec-
tion of Norway spruce stumps. FEMS Microbiol Ecol 69(2): 266 - 273

Sun H, Terhonen E, Koskinen K, Paulin L, Kasanen R, Asiegbu FO (2013) The impacts of treat-
ment with biocontrol fungus (Phlebiopsis gigantea) on bacterial diversity in Norway spruce
stumps. Biol Control 64(3):238-246.

Surette MA, Sturz AV, Lada RR, Nowak J (2003) Bacterial endophytes in processing carrots
(Daucus carota L. var. sativus): their localization, population density, biodiversity and their
effects on plant growth. Plant Soil 253:381-390.

Swinton J, Gilligan CA (1999) Selecting hyperparasites for biocontrol of Dutch elm disease.
Proc R Soc Lond B Biol Sci 266(1418):437—445.

Taghavi S, Barac T, Greenberg B, Borremans B, Vangronsveld J, van der Lelie D (2005) Hori-
zontal gene transfer to endogenous endophytic bacteria from poplar improves phytoremedia-
tion of toluene. App Environ Microbiol 71(12):8500-8505.

Tan RX, Zou WX (2001) Endophytes: a rich source of functional metabolites. Nat Prod Rep
18:448-459.

Tanney JB, McMullin DR, Green BD, Miller JD, Seifert KA (2016) Production of antifungal and
antiinsectan metabolites by the Picea endophyte Diaporthe maritima sp. nov. Fungal Biol.
120:1448-1457.

Tao G, Liu ZY, Hyde KD, Lui XZ, Yu ZN (2008) Whole rDNA analysis reveals novel and endo-
phytic fungi in Bletilla ochracea (Orchidaceae). Fungal Divers 33(1):101-12

Tellenbach C, Sieber TN (2012) Do colonization by dark septate endophytes and elevated tem-
perature affect pathogenicity of oomycetes? FEMS Microbiol Ecol 82:157-168.

Tellenbach C, Sumarah MW, Griinig CR, Miller DJ (2012) Inhibition of Phytophthora species by
secondary metabolites produced by the dark septate endophyte Phialocephala europaea.
Fungal Ecol 6:12-18.

Terhonen E (2008) Juurten endofyyttisienten vaikutus hybridihaavan versojen juurtumiseen in
vitro. (DS-endophytes in roots of hybrid aspen and their effects on hybrid aspen shoots in
vitro.) M.Sc. thesis, University of Helsinki, Department of Applied Biology (In Finnish)

Terhonen E, Kerid S, Sun H, Asiegbu FO (2013b) Endophytic fungi of Norway spruce roots in
boreal pristine mire, drained peatland and mineral soil and their inhibitory effect on Hetero-
basidion parviporum in vitro. Fungal Ecol 9:17-26

Terhonen E, Sipari S, Asiegbu FO (2016) Inhibition of phytopathogens by fungal root endo-
phytes of Norway spruce. Biol Control 99:53-63.

Terhonen E, Sun S, Buee M, Kasanen R, Paulin L, Asiegbu FO (2013a) Effects of the use of bio-
control agent (Phlebiopsis gigantea) on fungal communities on the surface of Picea abies
stumps. Forest Ecol Manage 310:428-433.

Tjamos EC, Tjamos SE, Antoniou PP (2010) Biological management of plant diseases: high-
lights on research and application. J Plant Pathol 92(4): S17-S21.

Tondje PR, Roberts DP, Bon MC, Widmer T, Samuels GJ, Ismaiel A, Begoude AD, Tchana T,
Nyemb-Tshomb E, Ndoumbe-Nkeng M, Bateman R, Fontem D, Hebbar KP (2007) Isolation
and identification of mycoparasitic isolates of Trichoderma asperellum with potential for sup-
pression of black pod disease of cacao in Cameroon. Biol Control 43:202-212.

Ulrich K, Ulrich A, Ewald D (2008) Diversity of endophytic bacterial communities in poplar
grown under field conditions. FEMS Microbiol Ecol 63(2):169-180.

Unterseher M, Schnittler M (2009) Dilution-to-extinction cultivation of leaf-inhabiting endo-
phytic fungi in beech (Fagus sylvatica L.) — Different cultivation techniques influence fungal
biodiversity assessment. Mycol Res 113:645-654.

van der Heijden MG, Hartmann M (2016) Networking in the plant microbiome. PLoS Biol
14(2):21002378.

van Lenteren JC, Bolckmans K, Kéhl J, Ravensberg WJ, Urbaneja A (2017) Biological control
using invertebrates and microorganims: plenty of new opportunities. BioControl:1-21.



33

Van Driesche RG, Bellows TS (1996) Biological control. Dordrecht, Kluwer Academic Publish-
ers, 539 pp.

Verma SC, Singh A, Chowdhury SP, Tripathi AK (2004) Endophytic colonization ability of two
deep-water rice endophytes, Pantoea sp. and Ochrobactrum sp. using green fluorescent pro-
tein reporter. Biotechnol Lett 26(5):425-429.

Vinale F, Sivasithamparam K, Ghisalberti EL, Marra R, Woo SL, Lorito M (2008) Trichoderma-
plant-pathogen interactions. Soil Biol Biochem 40(1):1-10.

Vincent JG, Vincent HW (1944) Filter paper disc modification of the oxford cup penicillin deter-
mination. Proc Soc Exp Biol Med 55:162-164.

Wagner RG, Flynn J, Gregory R, Mertz CK, Slovic P (1998) Acceptable practices in Ontario's
forests: Differences between the public and forestry professionals. New For 16(2):139-154.

Wang J, Jia H (2016) Metagenome-wide association studies: fine-mining the microbiome. Nat
Rev Microbiol 14(8):508-522.

Yamaji K, Watanabe Y, Masuya H, Shigeto A, Yui H, Haruma T (2016) Root fungal endophytes
enhance heavy-metal stress tolerance of Clethra barbinervis growing naturally at mining sites
via growth enhancement, promotion of nutrient uptake and decrease of heavy-metal concen-
tration. PLoS ONE 11(12):e0169089.

Zhang H, Tang M, Chen H, Wang Y, Ban Y (2010) Arbuscularmycorrhizas and dark septate en-
dophytes colonization status in medicinal plant Lycium barbarum L. in arid Northwestern
China. AfrJ Microbiol Res 4: 1914-1920.

Zhao JH, Zhang YL, Wang LW, Wang JY, Zhang CL (2012) Bioactive secondary metabolites
from Nigrospora sp. LLGLMO003, an endophytic fungus of the medicinal plant Moringa oleif-
era Lam. World J Microbiol Biotechnol 28:2107-211



34

o T - 2 AN 3 — . P o]
Figure 3.1 A) Hybrid aspen (Populus tremula x tremuloides) cuttings inoculated
with root endophyte Cadophora sp.; B) Hybrid aspen cuttings growing without
root endophyte; C) after inoculation with root endophyte, microsclerotia could
be observed in the roots. Modified from Terhonen 2008.
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Figure 3.2 A) Growth of Heterobasidion parviporum after 11 days in co-culture
with the root endophyte Cryptosporiopsis sp. 513. B) Growth of Cryphonectria
parasitica after 11 days in co-culture with the root endophyte Cryptosporiopsis
sp. 513. C) Growth of Botrytis cinerea after 8 days in co-culture with Cryptos-

poriopsis sp. 513 (Terhonen et al. 2016, modified from Fig 3). D) Growth of B.
cinerea after 5 days. The root endophytic strain Cryptosporiopsis sp. 513 was
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previously isolated by Terhonen et al. (2013b, 2016) and Fig. 3.2C is from Ter-
honen et al. (2016).
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Figure 3.3. A) The hyphae of B. cinerea growing towards metabolites extracted
from Phialocephala sp. 222; B) Control hyphae from the same plate; C) The
hyphae of C. parasitica in the presence of metabolites extracted from Phialo-
cephala sp. 222 D) Control hyphae from the same plate. All pictures were
taken 6 days post inoculation. The root endophyte Phialocephala sp. 222 was
previously isolated from by Terhonen et al. (2013b).
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Figure 4A) The set up of the inhibition screening between pathogenic fungi and
endophyte; agar plugs (= 5 mm) containing hyphae of endophytic and patho-
genic fungi are placed on 2% MEA plate at a distance of 6 cm from each other.
B) Hyphae of fungal pathogen (= 5 mm) was placed in the middle of 2% MEA
plate and two filter papers exposed and evaporated from ethyl acetate (= 6 mm)
with and without broth extracts of endophytes. Modified from earlier published
figure by Terhonen et al. (2016).
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