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ABSTRACT 

 
 
History shows that from the beginning of the use  
of the term ‘endophytes’ and present time definition  
has changed. Where could this constant dynamic  
of endophyte concept definition take us and its 
implications are narrated in this review. Nowadays, 
endophytic fungi are subjected to a different approach 
than before the 90’s. The discovery of their potential as 
bio-factories to produce active molecules as drugs, 
pesticides and other industrial bioproducts, impulse 
research on these innocuous microorganisms. Having 
the advantage of living in symbiosis with plants, new 
lines of research in biological control of pest and 
diseases started. Interest in their distribution into plants 
and geographical regions became of need for both 
biodiversity studies and biological control. Further, the 
relation between fungal endophytes and microbiome 
give researchers answers about triggers and production 
of secondary metabolites as well as the mechanisms 
through which the metabolism can be influenced. 
Topics like physiological changes in host — endophyte 
interaction, molecules produced by both host and 
endophyte, horizontal gene transfer and importance  
of fungal endophytes in agriculture and medicine  
are disclosed.  
 
Key words: innocuous fungi, biopesticides, medicinal 
plants, microorganisms, biological control 
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1. Definition of endophytic fungi: background, 

present hypotheses and statements 
 

It was the general consensus in the 19th century 
that healthy plants are sterile (postulated by Pasteur 
cited by Compant et al. 2011). The first description of 
the endophytes was made by the German botanist 
Heinrich Friedrich Link in 1809 naming them as 
“entophytae” and defined as a distinct group of  
partly parasitic fungi living in plants. In 1866, de 
Bary describes endophytes as “plant fungal parasites 
which penetrate in the interior of the host through  
the germ tubes which once entered drives branches 
which develop into mycelial threads” (de Bary 1866). 
A distinction is made between those fungi which live 
wholly or partly in the interior of their host, as 
endophytes, and others, which inhabit only the surface 
of the host, as epiphyte parasites. De Bary also states 
that the spores germinate outside plants and germ  
tubes are penetrating the plant tissue, eliminating the 
assumption that the spores germinate inside plants.  
The first positive postulation for bacteria and fungi 
inhabiting plants was made in 1887 by Galippe (1887) 
which considered that the microorganisms inhabiting 
“plants derive from soil environment and migrate into 
the plant, where they might play a beneficial role for 
the host plant”. He was further supported by other 
studies of  Laurent (1889) cited by Compant et al. 
(2011) in a kind tribute to Galippe. 

Today, it is a known fact that plants are hosts  
for various types of endophytic microorganisms like 
bacteria, fungi, archaea, algae and amoebae (Müller & 
Döring 2009). Indeed, the origin of the term 
“endophyte” can be traced back to the 19th century but 
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its meaning nowadays has changed, therefore various 
definitions have been proposed (Large 1940; Carroll 
1986; Kado 1992; Wilson 1995; Di Fiore S & Gallo 
1995; Hallmann et al. 1997; Stone et al. 2000). These 
definitions mainly consider fungal endophytes, keeping 
other microorganisms apart, “which for all or part of 
their life cycle invade tissues of living plants without 
causing disease”. Although this meaning is generally 
accepted, some researchers dispute its application 
stating inconsistency (Petrini 1991; Wilson 1995; 
Saikkonen et al. 1998). Therefore, the definition was 
reduced to encompass only those fungi that colonize  
a plant without causing visible disease symptoms at 
any specific moment; the definition being further 
restricted to those that never result in visible disease 
symptoms (Mostert et al. 2000). Also, endophytes 
are “those which can be isolated from surface-
disinfested plant tissue or extracted from within the 
plant, and that do not visibly harm the plant” 
(Hallmann et al. 1997). However, despite the narrowed 
spectrum of application (i.e. cultivated endophytes), 
the question of adequate elimination of nucleic acids 
after disinfection of plant surfaces has been raised 
for the molecular detection techniques in endophytes 
research (Garbeva et al. 2001). Present definitions 
describe endophyte as fungi capable of inhabiting  
a plant tissue (inter- or intracellular, localised or 
systemic) and describe a transitory status. To these 
formulated definitions, researchers raised a series of 
questions to the stability of the endophyte description. 

On the other hand, the line between endophyte and 
pathogen is in fact approachable through cultivated 
endophyte techniques, as no phytopathogenicity assays 
are normally performed? (Hardoim et al. 2015). This 
argument is supported by the observations that different 
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microorganisms manifest latent pathogenicity and that 
a microorganism becomes pathogen due to specific 
conditions or different hosts. Moreover, pathogenic 
species of a specific plant host may even have 
growth promoting effects on other plants (Reiter et 
al. 2002; Coombs & Franco 2003). The distinction 
between pathogenicity and mutualism may depend  
on many factors including plant and microbial 
genotype, microbial numbers, and quorum sensing or 
environmental conditions. Thus, the authors propose 
the term “endophyte” be used in reference only to 
habitat, not function, thereby rendering it a more 
general term and including all microorganisms which, 
for all or part of their lifetime colonize internal plant 
tissues. This proposal gets us back to the initial 
definition. It is sustained by the confirmation of reports 
on fungal pathogens in latent state in their host before 
disease symptoms appear, such as Deightoniella 
torulosa (Syd.) M. B. Ellis in Musa acuminata Colla 
(Photita et al. 2004) or Botrytis cinerea Pers.Fr. and 
other lineages or cryptic species of Botrytis which 
appeared to occur in the asymptomatic form (Shaw et 
al. 2016). Further support is offered by the emergence 
of the concept of “plant microbiome” (i.e. the collective 
genomes of microorganisms living in association  
with plants) which drives new ideas on the evolution  
of plants. Balansiaceous endophytes might be a 
proper example to study host plant — endophytes  
co-evolution as they grow systemically, rarely 
epicuticularly, and intercellularly within all above-
ground plant organs of grasses, rushes and sedges, 
resulting in vertical transmission of the endophyte 
through the seeds (Bacon & White 2000). These fungi 
form a unique group of closely related fungi with 
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ecological requirements and adaptations distinct from 
those of other endophytes (Petrini 1996). They belong 
to the ascomycetous genera Epichloe and Balansia, 
and their anamorphs Neotyphodium and Ephelis. 
Genotypes of most of the asexual endophytes suggest 
that these are interspecific hybrids; hybridization 
presumably having occurred after the loss of sexual 
expression (Schardl et al. 2004). 

Additionally, it is a fact that certain pathogens 
have lost their virulence. Should these be considered 
endophytes or not? (van Overbeek et al. 2004; 
Kloepper et al. 2013; Hardoim et al. 2015). 
Commensalism, mutualism and antagonism are often 
tested on a genetically narrow group of plants and 
rarely over a taxonomically wide spectrum of plants 
species. Interactions between members of the 
endophytic community are rarely studied although 
some publications do demonstrate a shifting of whole 
populations inside plants due to taxonomically related 
microbial endophyte interactions (Andreote et al. 
2009). Studies on plant-endophyte interactions are 
commonly based on controlled conditions and only 
seldom on field-realistic conditions, thus effects 
assigned to endophytes in healthy plants might change 
when host plants live under less favourable conditions 
(Elasri et al. 2001).  

Other suggested approaches for the isolation of  
the endophyte imply revision of the methods currently 
in use for detecting and identifying fungi in plant 
tissue.  

1. Histological observation  
2. Surface sterilisation of the host tissue and 

isolation of the emerging fungi onto 
appropriate growth media 



 13

3. Detection by specific chemistry,  
(e.g. immunological methods or direct 
amplification of fungal DNA from colonized 
plant tissues) once having ascertained that there 
are no fungal residues on the plant surface  

For an improved process of detection, a series of 
optimization tools should be regarded. For instance, in 
the case of studies on diversity of endophytes, in order 
to detect all the fungi associated with photoautotrophic 
hosts it is necessary to: i) always optimise surface 
sterilisation and ii) not only use conventional methods 
of isolation onto culture media, but also to employ 
molecular methods (Schulz & Boyle 1998). 

The blurry aspect of the definition of “endophyte” 
is also touched on when questioning if the fungi 
isolated as endophytes from healthy plant tissue adapt 
to that particular biotope or niche. Fungi interaction 
with plants is diverse. They may appear as pathogens 
like in a “non – host” (Carroll 1999), quiescent or latent 
pathogens, saprophytes “hiding” or virulent pathogens 
in a latent phase, incidental opportunists or fungi 
apparently establishing a long term occupation of 
tissues of certain host plants without causing symptoms 
of disease, i.e. endophytes (Schulz et al. 1999; Guske  
et al. 2004). In addition, the difference between a 
virulent pathogen and an “endophytic role” was shown 
by inducing mutations in Colletotrichum magna 
Jenkins & Winstead and other Colletotrichum sp. 
(Freeman & Rodriguez 1993; Redman et al. 2001).  
The authors obtained several mutants that were no 
longer virulent towards hosts of the former pathogen, 
and that differed with only one gene each from  
the wild type. 
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In short, we cannot be sure that the present nest  
of studies upon endophytes, indeed treats “semper 
innocuous” fungi (or other microorganism) to its 
original host. We can neither assume the stability of 
functional traits defined by the user (either host plant  
or human applications) as long as mutations occur  
due to different ecological factors and as long as 
interactions between communities of microorganisms 
happen. Continuously changing the definition of the 
“inside plant living microorganisms” would imply an 
even blurrier landscape in terms of further reviews in 
the long-term, absorption and filtration of information, 
due to “renovations” on the definition of this group  
of microorganisms. In addition, the term used  
(i.e. endophyte) as we have seen above, cannot sustain 
a well-established concept different than for instance,  
a latent pathogen. Thus a revision of the role of the 
innocuous fungi in plants related to their proposed 
name could ease the understanding and communication 
between researchers. 

We suggest that until new reliable methods  
to detect long – term innocuous establishment of  
a fungal species in a host plant species can be 
provided, the generally available definition (i.e. fungi, 
or other microorganisms, which inhabit without disease 
symptoms at a certain moment, a certain plant) could 
be maintained in use. Likewise, the information can 
and will be easily collected and further processed.  
We suggest the addition of the strain isolation 
information as a pathogen or endophyte/innocuous 
strain when submitted to international gene/chemistry 
banks and in the public collections of microorganisms.  
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2. Transmission, colonization and distribution 
 
2.1. Transmission and colonization 

Microorganisms, “unlike other organisms, inhabit 
all living and non-living niches on earth, including  
the Arctic, Antarctic and alpine regions, deserts, deep 
rock sediments, marine environments, and even thermal 
vents” (Gunatilaka 2006). Vascular plants species 
(Arnold et al. 2000; Sturz et al. 2000), aquatic plants 
and algae (Smith et al. 1989; Stanley 1992; Staley 
1997), mosses and ferns (Petrini et al. 1992; Raviraja  
et al. 1996) “examined to date are found to be hosts  
for endophytic bacteria and/or fungi” (Nisa et al. 2015). 

“Endophytic microorganisms have been isolated 
from different parts of plant like scale primordia, 
meristem and resin ducts” (Pirttilä et al. 2000; Pirttilä  
et al. 2003), “leaf segments with midrib and roots, 
stem, bark, leaf blade, petiole” (Hata & Sone 2008), 
“buds and seeds” (Panaccione et al. 2014). 

Successful endophytic colonization depends on 
plant tissue type, plant genotype, the microbial taxon 
and strain type, and biotic and abiotic environmental 
conditions. There is a classification of fungal 
endophytes based on colonization characteristics: 

Class 1. Clavicipitaceous endophytes (Rodriguez 
et al. 2009)  

Class 2. Fungi colonizing above- and below-
ground plant tissues (Rodriguez et al. 
2009), i.e. the rhizosphere, endorhiza, 
and aerial tissues, and being horizontally 
and/or vertically transmitted (Redman et 
al. 2002) 
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Class 3. Contains mostly members of the 
Dikaryomycota (Ascomycota or 
Basidiomycota), which are particularly 
well studied in trees, but also in other 
plant taxa and in various ecosystems 
(Petrini 1996; Gamboa & Bayman  
2001; Higgins et al. 2007; Murali et al. 
2007; Davis & Shaw 2008). Members  
of this class are mostly restricted to 
aerial tissues of various hosts and are 
horizontally transmitted (Barengo et al. 
2000; Kumar & Hyde 2004)  

Class 4. Comprises dark, septate endophytes, 
(DSE) which, similar to mycorrhizal 
fungi, are restricted to roots, where they 
reside inter- and/or intracellularly in the 
cortical cell layers (O’Dell et al. 1993)  

This classification could be abridged to three 
classes with a fusion between Class 2 and Class 3. 

Endophytic colonization has been observed as 
intracellular and limited to single cells (Stone 1987; 
Cabral et al. 1993); intercellular, discrete and 
localized (Boyle et al. 2001; Deckert et al. 2001); 
intercellular and systemic within the shoot and roots 
(Bacon & Hinton 1996; Schardl & Clay 1997), inter- 
and intracellular and extensive (Schulz et al. 1999; 
Sieber 2002 ). 

The colonization of endophytic fungi in which no 
visible symptoms are perceived raises the question: 
“How does the fungal endophyte manage to exist  
and often grow within its host without causing  
visible disease symptoms?” To answer this, a 
working hypothesis was proposed. Entitled “balanced 
equilibrium”, this hypothesis is based on observations 
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garnered from the studied interactions: “Endophytes 
and pathogens both possess many of the same virulence 
factors”. The endophytes produce the exoenzymes 
necessary to infect and colonize the host, even 
though only some of these are presumably latent 
pathogens. The majority can produce phytotoxic 
mycotoxins. The host can react with the same defense 
reactions as to a pathogen, i.e. with preformed and 
induced defence metabolites, mechanical defense 
responses, slow and fast defence responses (Schulz & 
Boyle 1998; Schulz et al. 1999).  

The fact that neither of the partners gains the 
upperhand in the interaction should not be seen as  
a defect or flaw of either of the partners, but rather  
as a “survival strategy, for example:  

i) Fungi that quiescently “await” host senescence 
in a single cell or locally between cells  
only subsequently continuing growth as a 
saprophyte — interpreted as “true endophytes”; 

ii) Dark septate endophytes (DSE) that systemically 
colonize the roots, often as mutualistic symbionts; 

iii) Latent weak pathogens, which slowly produce 
the critical biomass which enables virulence. 
Whereas some endophytes are specifically 
adapted to their respective hosts, others are 
incidental opportunists. Assemblages of the 
latter vary with the respective location, season, 
and vegetation surrounding the host. 

 
2.2. Geographical distribution 

In order to understand the microbial diversity  
and its functions and dynamics, researchers Staley & 
Gosink (1999) and Bull et al. (2000) plead for the 
knowledge of biogeography. The topic is considered  
a tool in: 
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1. Determining the extent of microbial diversity; 
2. Identifying threatened microbial taxa; 
3. Identifying the ecological function of a 

particular species; 
4. Assisting search and discovery (knowing 

where to look); 
5. Helping to resolve the dilemma of how to 

conserve microbial gene pools. 
One of the challenges is to define a certain 

microorganism as being cosmopolitan or endemic.  
For this no rigorous analytical methods are presently 
applied. It was questioned what genotypic level 
corresponds to a microorganism: “Is it the species as  
in the case of animals and plants, or the variety, or  
the DNA sequence? And what geographic scale 
corresponds to everywhere — a sand grain, soil 
aggregate, square meter, or catena?“ Additionally it 
was proposed that microbial biogeographic studies 
should be focused on the infra - species genotypic level 
due to the intimate relationship between environment 
and the speciation of microorganisms (Bull et al. 2000).  

When trying to establish if a fungus is endemic or 
cosmopolitan a problem arises with the application of 
the species definition. Three concepts are largely used 
and discussed: the concept of morphology, biology  
and phylogeny (Montes et al. 2003). The concept of 
morphology is centred in the structures of the sexual 
and asexual reproduction. This has been the most used 
method in the taxonomy of the fungi; it is not based  
on the parenthood relations between the individuals  
and depends on the subjectivity and the capacity of  
the observer to appreciate differences. For instance,  
in the genus Aspergillus this concept characterises  
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175 species, based on characteristics of conidiogenous 
cells, conidiophores and conidia. The biological concept 
emphasizes the genetic interchange. The individuals 
from the same species are capable or potentially 
capable of mating and producing fertile offspring. 
Difficulties appear when tests of mating between fungi 
are desired. Moreover, with some fungi the sexual form 
is still unknown and also in some cases where it is 
known, it is difficult to check if the product of this 
mating is fertile or not (i.e. having the case of a 
prolonged asexual phase). In addition, there are fungi 
which cannot be cultured in laboratory conditions  
(i.e. obligate parasites). The phylogenetic concept 
centres on the biological traits or characters which 
allow for reconstruction of the evolutionary history of 
the organisms. The molecular biology allowed us to 
observe the molecular characteristics of the organisms 
which are not cultivable or the ones which are 
morphologically indistinguishable, through methods  
of reconstruction of the phylogenetic relations (for 
instance Bayesian inference or maximum likelihood). 
With this method the individuals are grouped with high 
precision but have the difficulty of defining the limit  
of the species (when high polymorphic alleles are 
considered). The phylogenetic studies demonstrate  
two cases of interpretation of the morphological 
species: identification of various species as only one 
species (species complexes in Alternaria, Fusarium and 
Aspergillus) and identification of one morpho-species 
as various species as (for instance Aspergillus flavus 
Link). Thus, the application of these definitions inside 
the Kingdom of Fungi is complicated. 
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Evidence for the cosmopolitan distribution of 
thermophiles and hyperthermophiles, considered to  
be useful to test the endemic versus cosmopolitan 
hypothesis was supported (Stetter et al. 1993; Engle et 
al. 1996; Garcia-Pichel et al. 1996). However, evidence 
for endemism in this group was also displayed (Lauerer 
et al. 1986; Rainey et al. 1993; Saul et al. 1993). 

These different interpretations and considerations 
postulate the need to establish a framework determining 
whether or not a microorganism is endemic or 
cosmopolitan (Staley & Gosink 1999):  

i) at least four strains of the organism should be 
isolated from different samples of the ecosystem 
under consideration;  

ii) the strains must be demonstrably indigenous to 
the ecosystem or host;  

iii) at least four strains of a putatively identical 
organism must be recovered from one or more 
geographic locations from which the first strains 
were obtained; and  

iiii) two or more groups of strains from such 
separate geographic locations must be subjected 
to phylogenetic analyses by sequencing two or 
more appropriate genes. If the strains show  
no evidence of forming clades, they can be 
considered cosmopolitan; otherwise, they can  
be designated endemics or geovars.  

The framework proposed could also be refined  
by the inclusion of studies on the minimum number of 
required strains needed for statistical viability and also 
to clearly differentiate between “different samples” in 
terms of duration of time, seasons and/or space distance 
in the biologically different repetitions. In addition,  
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the “appropriate” gene sequencing to generate such 
expectations may be challenging. Such framework 
could be efficient if biological specificity of the 
microorganisms would be considered. 

Another consequence of the unrevealed extent of 
microbial diversity is the uncertainty of what to 
conserve and the total estimated unknown species  
(i.e. global species richness). Various researchers 
have questioned the working figures of 1.5 million 
unknown fungal species and made estimations (May 
1994; Arnold et al. 2001; Hawksworth 2001) while 
others expressed the fruitfulness of estimations without 
a better understanding and application of biogeography. 

Various studies suggest that fungal diversity is 
greater in the tropics than in the temperate regions 
(Fröhlich & Hyde 1999; Arnold et al. 2000; 
Hawksworth 2001). An appropiate example are the 418 
endophytic morphospecies (estimated 347 genetically 
distinct taxa) isolated from 83 healthy leaves of 
Heisteria concinna Standl and Ouratea lucens (Kunth) 
Engl in a lowland tropical forest of central Panama, 
leading to the proposal that tropical endophytes 
themselves could be hyperdiverse with regards to  
host preference and spatial heterogeneity (Arnold  
et al. 2000). Various species of endophytic fungi as 
Cladosporium cladosporioides (Silva et al. 2006), 
Phoma spp., Phomopsis spp., Xylaria spp. have been 
reported in four types of tropical forests: dry thorn 
forest, dry deciduous forest, moist deciduous forest and 
semi-evergreen forest (Suryanarayanan et al. 2002). 

Fifty-two isolates of endophytic fungi with  
35 strains belonging to 13 genera and 17 unidentified 
“were collected from the bark of Cephalotaxus mannii 
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Hook.F. (plum-yew) trees located in the north of 
Thailand and the south of China” by Saithong and  
his collaborators (Saithong et al. 2010). Record of 35 
isolates (67.3%) belonging to 13 genera were obtained, 
Cladosporium sp., Acremonium sp., Trichoderma sp., 
Monilia sp., Fusarium sp., Spicaria sp., Humicola  
sp., Rhizoctonia sp., Cephalosporium sp., Botrytis sp., 
Penicillium sp., Chalaropsis sp. and Geotrichum  
sp., while 17 strains (32.7%) were unidentified.  
The dominant genera found both in northern Thailand 
and southern China were Acremonium sp., Monilia sp. 
and Fusarium sp.; Cladosporium sp. and Trichoderma 
sp. were found only in southern China, whereas 
Spicaria sp., Humicula sp., Rhizoctonia sp., Botrytis 
sp., Penicillium sp., Geotrichum sp., Chalaropsis sp. 
and Cephalosporium sp. were found only in northern 
Thailand. 

The suggested high diversity in tropical forests 
was under the observation of several authors (Arnold  
et al. 2000; Suryanarayanan et al. 2002; Arnold 2007; 
Murali et al. 2007). Issues on temporal sampling (like 
wet and dry season), different concentrations of the 
distribution of the endophytic fungi in organs and 
importance of the employed indices (for instance  
the estimation of non-sampled individuals) were  
raised. In addition, the dominant species which easily 
translocate from one host to another may influence  
in the value of the species richness. It is possible that 
the suggested high diversity to be a reflection of flora 
diversity and the consequences of factors like rain, 
temperature and animal grazing on the vegetation. 

Hence one might expect that areas with endemic 
plants also harbor specific endophytes which may have 
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evolved along with their hosts (Strobel & Daisy 2003). 
The wide distribution of endophytic fungi in different 
geographical areas might be related to the interactions 
established with their hosts, which are controlled by  
a complex genetic system. The coevolution of both 
organisms (endophyte-host plant) and the mutual 
adaptation influenced by biotic and abiotic factors is 
present in the genome of both co-habitants (Herre  
et al. 1999; Moricca & Ragazzi 2008). 

The density is closely related to host genotypes, 
developmental stage and environmental conditions 
(Dudeja et al. 2012). The growing season length was 
correlated with both endophyte diversity and number of 
conifers ― as these are perennials and the fungal biota 
inhabits the same host (Petrini & Carroll 1981; U’Ren 
et al. 2012). Cluster analysis inferred distribution and 
abundance of endophytic fungal species from different 
geographical locations as a function of temperature  
in mycobiota of Ocimum sanctum L. (Chowdhary & 
Kaushik 2015).  

 
2.3. Organ specificity 

The issue which regards the specificity of 
endophytes for certain organs of plants may be 
approached from two points of view:  

a) Which organ has a higher abundance of 
endophytes?  

b) Do endophytes show preference for organs? 
Answering to these questions is not an easy 

task. Different studies show results obtained with 
different isolation and identification techniques and 
using distinctly different sample sizes, making 
comparison difficult. Highly different results are 
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observed throughout these studies, which could be due 
either to the aforementioned aspects or to the features 
of the organs and plant species taken into study. Yet, a 
single study (or more using the same methodology)  
on one or more plant hosts can make observations 
relating to these questions and assign specificity or 
relative abundance of the endophytes.  

In various studies, the stem results in a high 
relative abundance of cultivable fungal endophytes.  
643 segments (202 leaf, 391 stem and 50 root samples) 
from 20 different plants of Withania somnifera (L.) 
Dunal were screened for their endophytic communities. 
Thirty-three fungal strains of 24 species were isolated, 
four of which belonged to the phylum Ascomycetes 
and 20 to Deuteromycetes. The highest species 
richness as well as the highest colonization frequency 
was derived from stem results; with the exception  
of Aspergillus niger van Tieghem, Aspergillus terreus 
Thom and Alternaria alternata (Fr.) Keissl. all the 
other fungi were found to be organ-specific and  
the most dominant endophyte in this study was found to 
be Alternaria alternata (Khan et al. 2010). In a study 
on medicinal plant Gymnema sylvestre R. Br. 56% of 
the fungal endophytes were isolated from stem tissue, 
28% from leaf tissue and 16% from root tissue.  

There are also studies, which differentiate between 
whole stem or bark, young branches or lignified 
branches, showing different endophytic abundance.  
A higher number of isolates was recovered from  
the bark of plants than from twigs in two endemic 
medicinal plants Artocarpus hirsutus Lam. and Vateria 
indica Li. of Western Ghats (Ruma et al. 2011). 
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Other studies show higher endophytic abundance 
in leaves. 30 trees of Boswellia sacra Flueck were 
surveyed for fungal endophytes. Analysis of 120 stem 
and 185 leaf samples resulted in the isolation of  
77 isolates. The colonization rate for the leaf was 
4.08%, while that of the stem was 2.03%. Similarly,  
the isolation rate was significantly higher in leaves 
(5.33%) compared to stems (0.262%). The results 
showed that more than 50% of the fungi were  
from leaves, 38% were from stems. Fungal strains  
were identified as species of Chaetomium sp., 
Preussia sp., Penicillium citrinum Thom, Thielavia 
arenaria Mouch., Phoma sp., Aureobasidium sp., 
Fusarium proliferatum (Matsush.) Nirenberg ex 
Gerlach & Nirenberg and Dothideomycetes sp. and 
Sordariomycetes sp. (Khan et al. 2016). Similarly,  
a study on milk thistle (i.e. Silybum marianum L. 
Gaertn.), reveals leaves as richer in endophytes. From 
605 tissue samples, 41 isolates of endophytic fungi 
were isolated. The highest percentage of isolates was 
recovered from leaf tissue (16.5%) followed by roots 
(3.6%), stems (1.9%) and seeds (1.4%). The majority 
of the milk thistle endophytic isolates (35%) showed 
associations with the Sordariomycetes and were nested 
in diverse orders, including Diaporthales, Hypocreales, 
Microascales, Sordariales and Xylariales as Alternaria 
sp., Cladosporium sp., Penicillium sp., Aspergillus sp., 
Trichophaea sp., Nemania sp., Diaporthe sp. (Raja et 
al. 2015). Similar genera were also isolated from 
achenes in Centaurea stoebe (Shipunov et al. 2008). 

In another study, a high abundance in endophytes 
was observed in stems but none were isolated from 
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leaves. Avicennia marina (Forssk.) Vierh, a dominant 
mangrovespecies in Karankadu, Tamil Nadu in India was 
investigated for endophytic mycoflora. 473 segments 
from seven plants of Avicennia marina were 
processed to search for the presence of endophytic 
fungi. Ten fungal species were isolated: Aspergillus 
flavus, Aspergillus niger, Aspergillus sp., Penicillium 
sublateritium Biourge, Phoma chrysanthemicola 
Hollós, Phoma hedericola (Durieu & Mont.) Boerema, 
Phoma sp. and Candida albicans (C.P. Robin) 
Berkhout. Among the endophytic flora, Phoma was  
the most abundant genus. Interestingly, not a single 
endophyte was isolated from the 110 leaf samples 
tested (Bharathidasan & Panneerselvam 2011). 

Several studies show similar results on endophytic 
abundance in both leaves and stems. A study on  
the mangrove tree, Kandelia candel (L.) Druce, found  
a similar endophyte community in bark and stem but  
a different one in leaves (Aly et al. 2011). Also, fungal 
isolation from Cupressus arizonica Greene revealed 
only 3 common species encountered both in twigs  
and foliage, while 15 taxa were encountered in each 
one of them (Arnold 2007; Aly et al. 2011). 

Seeds seem to be a source of major issues in 
determining the richness of fungal endophytes. 
Although Raja et al. (2015) screened 140 surface-
sterilized milk thistle seeds, they only isolated 2 taxa 
(Alternaria sp. and Diaporthe sp.). Ganley & 
Newcombe (2006) found that only 2% of endophytes 
were recovered from 750 surface-sterilized seeds of 
Pinus monticola Douglas ex D.Don. Similarly, Arnold 
et al. (2003) were unsuccessful in obtaining endophytes 
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from seeds of Theobroma cacao, L., while they found 
diverse endophytes associated with the foliage of the 
same species. Conversely, Gallery et al. (2007) were 
able to recover ascomycetous endophytes from surface-
sterilized seeds of a tropical tree (Cecropia insignis 
Liebm.) using culture-independent methods, but 
failed to isolate fungi from seeds using culture-based 
methods.  

On the other hand, there are studies where seeds 
have the highest value of abundance. Insights into the 
diversity of culturable endophytic fungi in Dongxiang 
wild rice (Oryza rufipogon Griff.) from China showed 
that seeds exhibited the highest number of strains of 
endophytic fungi, presumably different. Also, the 
authors observed a tissue specificity of several genera 
like Cladosporium, Alternaria, Leptosphaerulina, 
Dendryphiella and Phoma exclusively colonised  
the seeds whereas Bipolaris, Paraphaeosphaeria, 
Aspergillus and Chaetomium colonised the leaves.  
The seeds also showed higher colonization and isolation 
rates than the other tissues and even than the  
whole plant. Isolates belong to Aspergillus, Alternaria, 
Bionectria, Bipolaris, Cladosporium, Chaetomium, 
Dendryphiella, Fusarium, Gaeumannomyces, 
Leptosphaerulina, Paraphaeosphaeria, Penicillium, 
Phoma, Monographella, Sarocladium, Trichoderma, 
Dothideomycetes sp. and Pleosporales sp. (Wang et  
al. 2015b). Nevertheless, other organs can precede  
the highest value of endophytic abundance in seeds.  
“A sequence-based approach was used for investigating 
the transmission of diverse fungal endophytes in seed 
and needles of Pinus monticola, western white pine” 
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(Ganley & Newcombe 2006). The authors isolated 
2003 fungal endophytes from 750 surface-sterilized 
needles. Only 16 endophytic isolates were obtained 
from 800 surface-sterilized seeds.  

From Musa acuminata 31 endophytic fungal 
strains were isolated from 80 root fragments. The most 
common fungal isolates were species of the genus 
Fusarium, which were identified as Fusarium 
proliferatum, Fusarium sp., Fusarium solani (Mart.) 
Sacc. species complex, and Fusarium oxysporum 
Schltdl. Other isolated endophytic fungi included 
Curvularia lunata (Wakker) Boedijn, Trichoderma 
atroviride P. Karst., Calonectria gracilis Crous,  
M.J. Wingf. & Alfenas, Rhizoctonia solani J.G. Kühn, 
Bionectria ochroleuca (Schwein.) Schroers & Samuels 
and Stromatoneurospora phoenix (Kunze) S.C. Jong  
& E.E. Davis, Xylariceae (Zakaria et al. 2016). 
Conversely, out of 55 root fragments of milk thistle 
only two isolates were obtained, Penicillium sp. and 
Chaetomium sp. (Raja et al. 2015). 

Huang and his collaborators (Huang et al. 2009) 
investigated the taxonomic identities and phylogenetic 
relationships of fungal endophytes isolated from three 
plant species: Artemisia capillaris Thunb, Azadirachta 
indica A. Juss. and Artemisia lactiflora Wall. ex  
DC., using combined morphological and molecular 
approaches of Alternaria, Colletotrichum, Phomopsis, 
and Xylaria species were the dominant fungal 
endophytes in the Artemisia hosts, and several of these 
endophytes exhibited host and tissue specificity. 
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3. Endophyte – host interactions: mutualism, 

symbiosis, antagonism, pathogenicity shift, 
influence of biotic and abiotic factors in 
establishing the relation plant – endophyte 

 

3.1. Mutualism, symbiosis, antagonism, 
pathogenicity shift 
Plants and their associated microorganisms have 

the skill to form long-term, intimate and diverse 
relationships with each other, which is currently 
recognized as a common ecological phenomenon 
(Gunatilaka 2006). 

Various authors (Schulz & Boyle 1998; 
Gunatilaka 2006) agree that symbiosis should be 
defined in the broad sense as “the living together of 
dissimilarly named organisms” (de Bary 1866). It may 
be expressed as “an association between two or more 
organisms of different species” (Schulz et al. 1998).  
Or “symbiosis, as a general term, which does not 
imply detriment or benefit, but rather that the outcome 
(net effect) of species interaction exists within  
a symbiotic continuum or “species interaction grid”  
that includes agonism (predation and disease) and 
mutualism (benefits for both species)” (Siegel & 
Bush 1996).  

Arguments in favour of this concept include  
the dynamic changes of roles an endophyte may have 
on the stage of its host, at one stage colonizing 
asymptomatically and at another stage shifting for a 
pathogen (Schulz & Boyle 1998) for instance, the case 
of Fusarium verticilloides (Sacc.) Nirenberg which has 
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a dual role in maize (Bacon et al. 2008). More, 
unknown physiological interactions between the two 
symbionts (Schulz & Boyle 1998) may result in the 
ecological fitness of the host like the genus Epichloë 
and some grass species of Poaceae (Clay 1990; Bush 
et al. 1997); protection of the host against disease 
and herbivores (Clay 1990; Rodriguez Estrada et al. 
2012); commensalism and/or neutral effect (Hardoim  
et al. 2015). 

If one were to draw the sketch of effects the 
endophyte may have towards its host, one may see it  
as a commensal (i.e. as living on the expense of 
metabolites produced by the host) or as an opportune 
(i.e. as the benefactor). As long as the symbionts grow 
under normal conditions (i.e. proper for the balanced 
interaction), these styles of the endophyte are to be 
considered neutral.  

However, the trigger of the imbalance is still 
veiled. Some fungi are able to regulate host defense and 
specific recognition might be involved (Chapela et al. 
1991). Various suggestions on modified mechanisms  
of host plant defence were proposed: 

i) Hyphae are able to escape recognition, e.g.  
by developing very thin hyphae or altering 
composition of the cell wall (Schulz & Boyle 
1998);  

ii) Produce herbicidal mycotoxins which inhibit 
photosynthesis or increase membrane 
permeability to improve apoplastic uptake  
of sugars (Schulz & Boyle 1998);  

iii) Mutate and thus transform from a pathogen 
into an endophyte (Freeman & Rodriguez 
1993; Redman et al. 1999). 
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On the other hand, suboptimal or stress 
environmental conditions (Schulz et al. 1998; Guske  
et al. 2004) may imbalance the host and thus weaken  
its defence status, resulting in disease. Conversely, 
colonization of host plants by endophytic fungi is 
believed to contribute to the host plant adaptation to 
biotic and abiotic stress factors. Host plant tolerance  
to biotic stress has been correlated with fungal natural 
products (Saikkonen et al. 1998; Tan & Zou 2001; 
Zhang et al. 2006). 

Whether the interaction is balanced or imbalanced 
depends on the virulence of the fungus and defense of 
the host, both virulence and defense being variable and 
influenced by environmental factors and developmental 
stages of the partners (Schulz & Boyle 1998).  

 
3.2. Relation fungal endophytes – microbiome 

It is evident nowadays that chemical communication 
between microorganisms is a necessary factor for the 
production of certain chemical compounds. Kusari et 
al. (2013) showed that endophytic fungi can influence 
their metabolism in a complicated crosstalk if more 
than one is present in a given host plant. Ludwig-
Muller (2015) observed that fungi, which can degrade 
the toxic compounds, can lead the way for colonization 
by other, less tolerant endophytes. Combes et al. (2012) 
proved that Paraconiothyrium variabile Riccioni, 
Damm, Verkley & Crous, a fungal endophyte is an 
antagonist of the phytopathogen Fusarium oxysporum; 
yet the extracts of pure culture had no activity.  
Only dual cultures of both microorganisms induced 
metabolite production (oxypilins), presumably due  
to competition. In addition, their production was 
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associated with decreased mycotoxin production by  
the pathogen. Antibiotics or hydrolytic enzymes can  
be released by endophytes to prevent colonisation  
of microbial plant pathogens (Strobel 2003; Berg & 
Hallman 2006). Simultaneous inoculation of symbiotic 
fungi (AM or endophytes) and epiphytic rhizobacteria 
have synergistic effects on plant growth, content of 
bioactive secondary metabolites and host defense 
capacities (Meena et al. 2010; Pineda et al. 2010; 
Awasthi et al. 2011; Singh et al. 2013). 

However, the combined effects of beneficial 
endosymbionts on hosts are not always additive.  
For example, the combined application of endophytic 
Fusarium oxysporum and Rhizobium etli Storbd  
did not result in additive biocontrol against aphids 
(Martinuz et al. 2012). Wang et al. (2015a) also showed 
that the combined effects of the co-inoculation of  
two dominant foliar endophytes, Acremonium strictum 
W. Gams and Acinetobacter sp. resulted in low 
defense control of the host plantlets and a suppressed 
fungal colonization. Changes of vine metabolites and 
grapevine physio-chemical status and alteration of 
endogenous endophytic communities were observed 
when exogenous fungal endophytes were inoculated 
(Yang et al. 2016). Plant-related microbial communities 
are supposed to develop intimate physical associations 
and communicate with each other during symbiosis 
(Lucero et al. 2008; Tarkka et al. 2009; Frey-Klett  
et al. 2011). 

Besides plant pathogenic fungi (Partida-Martinez 
& Hertweck 2005), fungal endophytes are also hosts for 
endofungal bacteria of unknown importance (Hoffman 
& Arnold 2010) and endofungal viruses can increase 



 33

the fungal host tolerance to high temperatures and 
subsequently those of the host plant to temperatures  
as high as 65°C (Redman et al. 2002; Marquez  
et al. 2007; Rodriguez et al. 2008). Interactions of 
endophytic microorganisms with phages (Marquez et 
al. 2007; Herrero et al. 2009; Bao & Roossinck 2013; 
Koskella 2013) and arbuscular mycorrhizal fungus 
(AMF) (Eschen et al. 2010; Reininger & Sieber 2013) 
can modulate the endophytic communities.  

Whether is competition or antagonism between the 
symbiotic microorganisms (i.e. AMF and endophytes) 
remains uncertain (Wearn et al. 2012), but several 
studies suggest that “AMF colonization of grasses  
may be altered by the production of alkaloids or 
other allelophatic compounds produced by fungal 
endophytes” (Chu-Chou et al. 1992; Antunes et al. 
2008; Mack & Rudgers 2008). Yet, various studies 
show specific beneficial relations between AMF and 
endophytic species. Glomus mossae (T.H. Nicolson & 
Gerd.) Gerd. & Trappe “enhanced endophyte growth 
through increased tiller production, and in return,  
G. mossae showed higher colonization levels”; 
howbeit, colonization with another AMF species, 
Glomus claroideum N.C. Schenck & G.S. Sm. 
“declined in endophyte-infected plants” (Larimer  
et al. 2012). “In Pinus sylvestris L., the interaction 
between a bacterial endophyte and an ectomycorrhizal 
fungus was shown to be species dependent, as 
endophytic Methylobacterium extorquens enhanced the 
growth of pine seedlings with one fungal species but 
decreased the growth when co-inoculated with another 
ectomycorrhizal fungus” (Pohjanen et al. 2014).  
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Endophyte – pathogen interactions may be 
classified observing the claims and consequences  
of acting: 

A. Direct interaction: 
- “Competition of ecological niche and nutrition 

thereby exhausting the limited available 
substrates so that none would be available  
for pathogens to grow” (Pal & Mc Spadden 
Gardener 2006);  

- Hyperparasitism and predation, where 
endophytes suppress plant pathogens and 
protect the host plant. The pathogen is directly 
attacked by a specific endophyte that kills it  
or its propagules, e.g., Trichoderma spp. are 
able to parasitize hyphae of plant pathogen 
Rhizoctonia solani (Grosch et al. 2006; Tripathi 
et al. 2008);  

- Antagonism producing inhibitory metabolites 
(Rasmussen et al. 2007; Mack & Rudgers 
2008) dependent or independent of the  
co-culture, through the reduction in the density 
of the pathogen, where present. Just like 
pathogens, endophytes secrete complex 
chemical compounds such as enzymes, toxins, 
growth regulators and polysaccharides. These 
compounds interfere with the natural metabolic 
processes of the counterpart.  

B. Indirect interaction: 
- The ability of fungal endophytes to induce  

the host into producing phytoalexins and 
biocidal compounds, e.g. Spilanthes calva DC 
inoculated with the spores of Piriformospora 
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indica, which subsequently produces antifungal 
compounds that inhibit the growth of soil-
borne pathogens Trichophyton mentagrophytes 
(C.P. Robin) R. Blanch. and Fusarium 
oxysporum (Rai et al. 2004). 

 
3.3. Molecular interaction between fungal 

endophytes and host plant 
The relationship between endophytic fungi and 

host plants is an intimate one, its effects seen within the 
tissue in which the endophyte has installed but also 
within the reactions which the endophytes can induce 
in their host. The capacity to induce the expression of 
different features in the plant as well as the ability to 
avoid the defensive response of the host might be 
mediated by a fine tuned equilibrium at the molecular 
level of interactions. This interaction can be produced 
at different levels (Ludwig-Muller 2015):  

1. The endophyte induces host metabolism 
2. The host induces endophyte metabolism 
3. Host and endophyte share parts of a specific 

pathway and contribute partially 
4. The host can metabolize secondary metabolites 

from the endophyte and vice versa 
The latter mechanism may employ one, several 

or all enzymatic steps in biochemical transformation. 
 

3.3.1. Systemic acquired resistance and induced 
systemic resistance  
Plants may acquire protection against pathogens 

through constitutive and induced resistance (Bultman & 
Murphy 2000). Systemic acquired resistance (SAR)  
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and induced systemic resistance (ISR) are two forms  
of induced resistance wherein plant defences are 
preconditioned by prior infection or treatment that 
results in resistance (tolerance) against subsequent 
challenge by a pathogen or parasite (Vallad & 
Goodman 2004; Kiraly et al. 2007; Tripathi et al. 
2008; Choudhary et al. 2011). 

The endophytic fungi most studied in terms of 
providing host resistance are Neotypodium spp. 
However, fungal endophyte ― mediated plant 
resistances to pathogens have also been studied in 
agricultural crops (Kavroulakis et al. 2007; Mendoza & 
Sikora 2009); grass systems (Terry & Joyce 2004), 
cereals (Waller et al. 2005; Serfling et al. 2007), 
Arabidopsis thaliana, (L.) Heynh. (Molitor & Kogel 
2009), medicinal plants (Yong et al. 2009) and forest 
trees (Ganley et al. 2004).  

The mechanism underlying this consequence  
(i.e. resistance/tolerance) is still under research. Studies 
include secondary metabolites (Schulz et al. 1998; 
Strobel et al. 2002), which alter plant biochemistry, thus 
enhancing the host plant’s nutrient uptake ability and 
increasing competition for host photosynthates (Wang 
et al. 2007); elicitors such as lipopolysaccharides, 
polysaccharides and glycoprotein which stimulate plant 
defense and plant secondary metabolite production, 
thereby suppressing the ability of the pathogens to 
attack efficiently (Gao et al. 2010). However it is 
unclear how the fungal endophytes can survive in 
high concentrations of secondary metabolites in host 
plant (Gao et al. 2010), or how mutualists escape  
the host defense triggered as an immune response to 
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the interaction, thereby allowing them to successfully 
colonize plants (Zamioudis & Pieterse 2012). In both 
cases, a potential detrimental effect is assumed, which 
as seen previously (Sections 3.1. and 3.2.) might  
not be the proper hypothesis to work with as the 
dynamic of interaction has high rates and cross talk  
is rather specific.  

 
3.3.2. Physiological changes in host-endophyte 

interaction 
Fungal endophytes aid plants to withstand and 

tolerate unfavourable environmental conditions such as 
drought (Swarthout et al. 2009), high temperatures and 
salts (Malinowski & Belesky 2000), unsuitable soil 
conditions (Belesky & Fedders 1995; Malinowski et 
al. 2004) and also promote plant growth (Barka et al. 
2000; Wang et al. 2015a); presumably in an attempt  
to outcompete cell apoptosis induced by infecting 
pathogens (Berg & Hallman 2006 ).  

Plant growth stimulation might be attributed to 
phytohormone effect produced by the endophytic 
fungi (Lu et al. 2000; Dai et al. 2008; Yong et al. 
2009). Endophytic fungal growth stimulation in the 
host-interactions studied by Peters et al. (1998)  
was postulated to be chemotaxic signalling with  
non-volatile substances (cited and supported by 
Schulz & Boyle 1998). The positive growth response 
of endo- and arbuscular mycorrhizae fungi to their 
hosts where the fungi recognize various flavonols, CO2 
or vaporous substances of the host is similar (Gemma 
& Koske 1988; Becard et al. 1992; Martin et al. 2001). 
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Using dual cultures of plant calli and endophytes, 
Peters et al. (1998) found that during interactions of 
endophytes with their own hosts, metabolites secreted 
by the host calli into the growth media resulted in 
growth towards the callus or increased biomass. In dual 
culture with the callus of a non-host, the effect 
dissapeared, suggesting that the endophytes responded 
to specific stimuli produced by their respective hosts. 
Similarly, growth of an endophyte, Cryptodiaporthe 
hystrix (Tode) Petr. (Sieber et al. 1990) and of an EM 
fungus (Sirrenberg et al. 1995) was greater in dual 
culture with callus of the host than it was with that of  
a non-host. The same effect was found with the grass 
endophyte Aktinsonella sp., and suggested that growth 
of fungi correlates positively with host compatibility 
(Lu & Clay 1994).  

Tolerance to drought and high temperatures was 
correlated with increasing anti-oxidative capacity due 
to activation of glutathione ascorbate cycle in plants 
(Chadha et al. 2015). Under drought condition, 
colonized host plants with Piriformospora indica  
Sav. Verma, Aj. Varma, Rexer, G. Kost & P. Franken 
raised their chlorophyll content and photosynthetic 
efficiency (Strasser et al. 2007; Sherameti et al. 2008). 
Same endophytic fungus triggered higher yield, early 
flowering and seed production and increased fresh 
weight (Waller et al. 2005; Varma et al. 2014); 
tolerance to abiotic stress was induced in Arabidopsis 
thaliana (Sherameti et al. 2008; Vadassery et al. 2009), 
barley (Waller et al. 2005) and Chinese cabbage (Sun et 
al. 2010). This fungal endophytic species is one of the 
“iconic” examples, which give “hope” to the researchers 
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who try to find, beyond translations of the cross-talk 
inside host plant, useful microorganisms. The strains 
should be plastic enough to be manipulated in different 
plant hosts but less flexible considering possible 
perturbations by the plant responses in the mechanisms 
through which they achieve the goal (i.e. tolerance/ 
resistance and growth promotion of the host plant).  

 
3.3.3. Chemical compounds producing endophyte 

and host 
Fungal endophytes can produce the same or 

similar secondary metabolites as their host. Secondary 
metabolites are low molecular weight compounds not 
required for growth in pure culture and are produced as 
an adaptation for specific functions in nature. They play 
vital roles in vivo, e.g., metabolic interactions between 
fungi and their plant hosts, such as signalling, “defense 
and regulation of the symbiosis” (Schulz & Boyle 
1998). The biosynthetic mechanism through which 
these compounds are simultaneous produced may have 
evolved independently in plants and their microbial 
residents, as in the case of gibberellin (Bömke & 
Tudzynski 2009) or presumably via horizontal gene 
transfer (van den Berg et al. 2008; Richards et al. 
2009); further discussed in Section 3.3.4.  

Some examples of compounds produced both  
by the endophyte and the host plant are the 
naphthodianthrones such as hypericin, constituents  
of Hypericum perforatum L. (Kusari et al. 2008); 
piperine produced by Colletotrichum gloeosporioides 
(Penz.) Penz. & Sacc. isolated from Piper nigrum L. 
(Chithra et al. 2014); anticancer drugs camptothecin 
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(Puri et al. 2005), podophyllotoxin (Puri et al. 2006), 
taxol (Strobel 2003), torreyanic acid (Lee et al. 1995), 
ohitukine, a precursor for another anticancer drug 
(Mohana Kumara Patel et al. 2012), hypericin and the 
putative biosynthetic precursor emodin (Kusari et al. 
2008), an acethylcholinesterase inhibitor huperzine A 
(Shu et al. 2014), or the insecticide azadirachtin (Kusari 
et al. 2012). Huperzine A, produced by Paecilomyces 
tenuis Y.F. Han & Z.Q. Liang (Su & Yang 2015)  
and Colletotrichum gloeosporioides (Shu et al. 2014) 
isolated from Huperzia serrata Thunb. Ex Murray 
Trevis.; vincristine and vinblastine produced by 
Alternaria sp. (Guo et al. 1998) and Fusarium 
oxysporum (Kumar et al. 2013) from Catharanthus 
roseus (L.) G.Don; Cryptocin (Li et al. 2000) and 
cryptocandin (Strobel et al. 1999) produced by 
Cryptosporiopsis cf. quercina; pestacin (Harper et al. 
2003) and isopestacin (Strobel et al. 2002) produced by 
Pestalotiopsis microspora Speg. G.C. Zhao & N. Li 
isolated from Terminalia morobensis Coode; vincamine 
alkaloids produced by Geomyces sp. isolated from 
Nerium indicum L.; cytonic acid A and B produced  
by Cytonaema sp. isolated from Quercus sp. (Guo  
et al. 2000) and nodulisporic acid A produced by 
Nodulisporium sp. isolated from a woody plant 
(Ondeyka et al. 1997). 

Secondary metabolism of both partners can  
be modeled by the counterpart in the interaction.  
For instance, induction of phenolic compounds in 
endophyte-infected grasses (Qawasmeh et al.  
2012), increment of terpenoids content in Euphorbia 
pekinensis Rupr., endophyte-infected plants (Yong 
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et al. 2009) and leaf-cutting ants repellence in 
symbiotic fungi infected–leaves was detected (Estrada 
et al. 2013). Increment (1.8 fold) of paclitaxel 
production was observed in laboratory experiments 
when fungal endophyte culture supernatant was added 
to suspension cultures of Taxus cuspidata Siebold  
& Zucc (Li et al. 2009).  

Conversely, two pine-infecting pathogenic species 
of Heterobasidium were found to exclusively produce 
the phytotoxic benzohydrofuran fomannoxin when 
compared to other non-pathogenic species. However, 
one of the non-pine infecting species has been 
previously shown to produce fomannoxin; this was, 
therefore, thought to occur due to differential gene 
regulation (Hansson et al. 2014). 

An interesting case is that of Paraconiothyrium 
variabile which is able to metabolize its host plant 
metabolome (Tian et al. 2014). Changes in the 
metabolome were monitored and the compounds, 
where the main changes were observed, were tested  
for beneficial effects on the fungus. A specific 
biotransformation of glycosylated flavonoids by  
the endophyte was observed. The deglycosylated 
flavonoids had significant beneficial effects on the 
hyphal growth of germinated spores (Tian et al. 2014). 
Deglycosylation and other detoxifying mechanisms  
of fungal endophytes like acylation, oxidation, 
reduction, hydrolysis and nitration (Zikmundova  
et al. 2002) could be used in plant colonization, either 
for its own sake (i.e. endophytic fungus), or opening  
a window for other microorganisms and organisms.  
For instance, maize produces benzoxazinoids for its 
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defense against various pests. The toxic compounds are 
present in a glycosylated form, while deglycosylation 
leads to a non-toxic metabolite (Saunders & Kohn 2008). 

 
3.3.4. Horizontal gene transfer 

Species often require evolutionary innovation  
to respond to dynamic ecological pressures, such  
as nutrient availability or biological interactions. 
Horizontal gene transfer (HGT) is “the transfer of 
genetic material from one organism to another through  
a process other than reproduction, being a source  
of innovation that can result in the rapid acquisition of 
genes which contribute to ecologically important traits” 
(Gogarten & Townsend 2005). Fungi with their well-
known plasticity also resulted in broadening their 
metabolic capacities (for instance metabolic gene 
clusters which most often code for metabolic pathways 
which are not required to sustain cellular life but 
instead to confer accessory traits that allow organisms 
to better respond to ecological pressures), as a result  
of HGT (Richards et al. 2011), leading to changes  
in fungal genome between 0.1–2.8% of genes 
(Marcet-Houben & Gabaldon 2010; Wisecaver et al. 
2014). Yet, “fungal biology may limit the opportunity 
of DNA exchange as various species of filamentous 
fungi grow through branching and fusion of hyphae, 
evolved mechanisms of incompatibility which limit 
cell fusion with genetically different individuals” 
(Glass et al. 2000). Surveys on HGT show that genes 
“involved in replication, translation and transcription 
are transferred less often than genes participating  
in cellular metabolism” (Nakamura et al. 2004). 
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Arguments favouring this statement were brought by, 
stating that genes “whose products form many complex 
interactions are less likely to undergo successful 
HGT because they are less likely to be successfully 
integrated into a foreign system. In contrast, genes 
whose products function alone, without interacting with 
other proteins, are susceptible to HGT” (Moran et al. 
2012). “A study on sixty fungal genomes detected 
hundreds of genes horizontally acquired from bacteria” 
(Marcet-Houben & Gabaldon 2010).  

The bacteria-acquired genes have different 
functions in fungi as vitamin biosynthesis in yeast (Hall 
& Dietrich 2007), production of secondary metabolites 
in filamentous fungi (van den Berg et al. 2008; Schmitt 
& Lumbsch 2009; Lawrence et al. 2011) use of unusual 
carbon sources (Wenzl et al. 2005), host adaptation in 
fungal pathogens (Hall et al. 2005; Hu et al. 2014) and 
adaptation to environment in Saccharomyces cerevisiae 
Meyen ex E.C.Hansen (Gojkovic et al. 2004; Hall et  
al. 2005). Fungi have been found to receive genetic 
material also from plants (Richards et al. 2009), 
microbial eukaryotes (Slot & Hibbett 2007; Tiburcio et 
al. 2010) and other fungi (Novo et al. 2009; Wisecaver 
et al. 2014).  

Conversely, fungi were detected to be donors for 
other organisms as well, as in the case of in pea aphids 
where “two genes required for carotenoid biosynthesis 
were horizontally transferred in a single event from 
fungi and are responsible for a red-green color 
polymorphism in these insects that influences their 
susceptibility to predators” (Moran & Jarvik 2010). 
Similar fungal metabolic gene clusters were found in 
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plants (Qi et al. 2004; Field & Osbourn 2008; Chu  
et al. 2011; Yu et al. 2016). 

Several studies show that certain fungal metabolic 
gene clusters were acquired via horizontal gene transfer 
(HGT), and are employed for nutrient acquisition (Slot 
& Hibbett 2007; Slot & Rokas 2010), for degrading 
defensive secondary metabolites produced by plant 
hosts (Greene et al. 2014) or for production of 
secondary metabolites like sterigmatocystin (Slot & 
Rokas 2011), bikaverin (Campbell et al. 2012), 
fumonisin (Khaldi & Wolfe 2011) and gliotoxin 
(Patron et al. 2007). Functions of metabolic gene 
clusters are predisposed to alterations when alienated 
and acquired by a different organism, therefore their 
traceability is limited; for an extensive review see 
Wisecaver & Rokas 2015. Still, debates are ongoing 
regarding the effect of HGT derived from plants in 
fungi on the synthesis of plant compounds (Heinig  
et al. 2013; Kusari et al. 2013). 
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4. Importance, application and troubleshooting 

of fungal endophytes in agriculture and 
medicine 

 

4.1. Importance  
“The oldest known fossils of terrestrial fungi with 

properties similar to those of arbuscular mycorrhizal 
fungus (AMF) were collected from dolomite rocks in 
Wisconsin and are estimated to be 460 million years 
old” (Redman et al. 2001). “Therefore it was assumed 
that terrestrial AMF already existed at the time when 
bryophyte (i.e. lower plants) plants covered the land” 
(Brundrett 2002). The interaction between “AMF  
and plants evolved as a symbiosis, facilitating the 
adaptation of plants to the terrestrial environment” 
(Schubler 2002). 

Evolutionary biology has long sustained the idea 
that fungal life is intricately linked with that of 
plants. Initially, circumstantial evidence suggested 
that symbiosis of fungi and plants existed in the 
original invasion of plants into the severe terrestrial 
environment (Pirozynski & Malloch 1975). Although 
recent advances in fungal systematics have rendered 
some of the evolutionary suppositions obsolete, the 
basic premise that symbiotic relationships between 
AMF and the roots of higher plants were essential in 
the migration of plants to land continues to be accepted 
(Blackwell 2000).  

The symbiosis between plants and fungi was 
ascertained by proving the existence of fungal 
endophytes which inhabit and feed on plants, and 
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disseminate to the next generation of host (in the case 
of vertically transmission fungal endophytes) while 
“giving back” bioactive compounds (plant growth 
regulatory and resistance) to enhance the growth and 
competitiveness of the host in nature (Carroll 1988).  

“The intimate association between endophytes and 
their plant host leads to a production of a greater 
number and diversity of biological molecules compared 
to epiphytes or soil – related microbes” (Strobel 2003). 
“The symbiotic nature of this relationship indicates that 
endophytic bioactive compounds are likely to possess 
reduced cell toxicity, as these chemicals do not kill the 
eukaryotic host system” (Alvin et al. 2014). The output 
is of significance to medicine, as potential drugs may 
not adversely affect human cells. As a consequence, 
researchers have shifted for bioprospecting endophytes 
against plant pest (Schulz et al. 2002), human pathogens 
(Alvin et al. 2014) and sources of novel drugs.  

Fungi continuously demonstrate their candidature 
for “fine-tuned biotechnological machines”. Examples 
of this are laced throughout modern history from the 
first clinical data on penicillin in 1942 (Williams 1999) 
to the world’s first billion-dollar anticancer drug, 
paclitaxel (Taxol) (Stierle et al. 1993; Strobel et al. 
1997; Li et al. 1998). In the middle we could add the 
“most costly accidental discovery” (i.e. “tall fescue 
toxicosis”) in 1993 (Hoveland 1993) which led to 
peramine, an insecticide produced by endophytes 
(Rowan et al. 1986) and to fungal loline alkaloids 
which serve, amongst other functions, as anti-aphid 
agents (Belesky et al. 1987; Wilkinson et al. 2000).  

It seems only natural that after such impacts, 
interest in natural products produced by endophytic 
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fungi and other microorganisms would grow. Over  
20 natural product-derived drugs have been launched 
onto the worldwide market from 2001 to 2005 and 
approximately 140 others have undergone various 
stages of clinical development in all major therapeutic 
areas (Butler 2005). Extraordinary reviews of natural 
products (Gunatilaka 2006; Newman & Cragg 2012a) 
challenge the perspective of the readers and incentivise 
an interest in, as yet unknown, natural possibilities. 

Following the path in the search of new 
endophyte-derived immunosuppressants resulted in  
the isolation of subglutinol A and B. These diterpene 
pyrones from Fusarium subglutinans (Wollenw. & 
Reinking) P.E. Nelson, Toussoun & Marasas, harbored 
by the perennial twining vine Tripterygium wilfordii 
Hook. F., showed substantial immunosuppressive 
activity while causing none of the detrimental 
cytotoxic effects characteristic of cyclosporine A  
(Lee et al. 1995).  

Crop grass species infected with systemic 
endophytes show highly toxic and noxious effects on 
vertebrate and invertebrate herbivores (Clay et al. 1993; 
Breen 1994) and pathogens (Gwinn & Gavin 1992) by 
virtue of alkaloids produced by the fungi (Powell & 
Petroski 1992; Leuchtmann et al. 2000). Same 
endophytic fungi also increase host grass competitive 
abilities, by stimulating germination, resistance to 
drought and water stress and resistance to seed 
predators (Madej & Clay 1991; Clay et al. 1993; 
Knoch et al. 1993). 

Various new bioactive molecules were discovered 
in the early 2000s such as kakadumycins (wide-
spectrum antibiotics), isolated from an endophytic 
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streptomycete associated with the fern leafed grevillea 
(Grevillea pteridifolia J. Knight) (Castillo et al. 2003), 
ambuic acid (an antifungal agent), which has been 
obtained from several isolates of Pestalotiopsis 
microspora (Li et al. 2001), the coronamycins (peptide 
antibiotics), from a Streptomyces species associated 
with an epiphytic vine (Monastera species) (Newman 
& Cragg 2012b) and aspochalasins I, J, and K isolated 
from endophytes of plants from the southwestern desert 
regions of the United States (Zhou et al. 2004). 

Besides being the largest organism on Earth, 
Fungi “demonstrate their exquisite role in human life 
competing with tenacity” along with three other 
Kingdoms: Bacteria, Plants and Animals, for their role 
in biotechnology — providing us with unique and 
innovative molecules. Although we have discovered 
their fine-tuned symbiotic relationships with plants 
only recently, these discoveries have unveiled 
incredible bio factories which humans can greatly 
benefit from. Further research is necessary to wholly 
understand and fully harness the inherent capability  
of the “fungal metabolic diamond”, thereby allowing  
us to minimize the energy currently wasted on 
essential foods and drugs. 

 
4.2. Application 

Presently, endophytic fungi serve many functions. 
These include being exploited as bio-producers of 
certain compounds of interest, serving as biocatalysts 
for in vitro transformations of plant metabolites to 
valuable products, in bioremediation when increased 
plant uptake of toxic compounds is desired, in the 
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degradation of plastic materials and as biological 
controls in agriculture. 

 
4.2.1. Biofactories 

The use of fungal endophytes as bio factories in 
order to obtain compounds with biological activity  
has raised great interest.  

Two factors hold importance here. First, it is 
necessary to have various microorganisms producing 
the same compound like Huperzine A (Shu et al. 
2014; Su & Yang 2015), in order to obtain a higher 
production of the compound with less input. Second, it 
is also necessary to have various microorganisms 
producing various compounds which target the same 
microorganism (Alvin et al. 2014), in case it turns 
resistant to one of them. 

Direct production of active molecules is presently 
raising questions on yield constancy and improvement. 
Despite the fact that a small number of strains/species 
can produce certain compounds, their yield varies as 
well. This issue is reflected in several studies. Caruso et 
al (2000) found that 15 of 50 fungal endophytic isolates 
and 10 of 71 actinomycetes, were apparently able to 
produce taxol, while Somjaipeng et al. (2015) found 
only two from 242 fungal endophytes. Also, differences 
in yield were shown in the active strains of Epicoccum 
comparing both studies 20-50 ng ml-1 (Caruso et al. 
2000) and 1320 ng ml-1 (Somjaipeng et al. 2015). 
Strains from three dominant genera isolated from Taxus 
media gave positive hits by molecular marker screening 
and further were validated by high-performance liquid 
chromatography-mass spectrometry (HPLC-MS) for 
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their taxol production. Guignardia mangiferae A.J. Roy 
strain HAA11 produced the highest yield (720 ng l-1) 
followed by Fusarium proliferatum (Matsush.) 
Nirenberg ex Gerlach & Nirenberg HBA29 (240 ng l-1) 
and Colletotrichum gloeosporioides TA67 (120 ng l-1) 
(Xiong et al. 2013). Other different species were 
reported to produce taxol isolated both from Taxus spp. 
such as Tubercularia sp. strain TF5 (Wang et al., 
2000), and from Rhizophora annamalayana Kathiresan, 
a mangrove plant, such as Fusarium oxysporum 
(Elavarasi et al. 2012) isolated a strain of Geomyces sp. 
from Nerium indicum Mill which produces more 
vincamine alkaloids compared to a previous study 
(Yin & Sun 2011). Similarly, Shentu et al. (2014) 
isolated a strain of Trichoderma brevicompactum  
G.F. Kraus, C.P. Kubicek & W. Gams from garlic  
and obtained a yield of the anti-fungal compound 
trichodermin of 86 mg l-1 compared to Bertagnolli et al. 
(1998) who reported a strain yielding only 92.67 µg l-1.  

A meaningful effort is ongoing to determine the 
optimal conditions for obtaining major production of 
the molecules of interest. Somjaipeng et al. (2015) 
studied the effects of stress factors on taxol production 
by the fungal endophyte Paraconiothyrium variabile 
isolated from the yew tree. The authors showed that 
taxol production by Paraconiothyrium variabile is 
significantly influenced by solute type, the water stress 
level imposed and temperature. Other studies optimized 
water activity conditions for squalestatins production 
(i.e. inhibitors of cholesterol production) in Phoma sp. 
(Baxter et al. 1998; Aldred et al. 1999), medium 
components for lysozyme production in Aspergillus 
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niger Tiegh. (Gheshlaghi et al. 2005) and also 
compared mycotoxins production in relation to water, 
temperature and incubation time in Fusarium spp. 
(Hope et al. 2005). 

Other studies on the optimization of molecule 
production in fungal endophytes show that addition of 
stress elicitors such as jasmonic acid increase caffeic 
acid (Nitzsche et al. 2004), elicitor molecules from 
pathogens as glucans, flagellin, harpins or systemin 
(Zhao et al. 2005), coronatine — a bacterial toxin 
induces the biosynthesis of taxol (Katsir et al. 2008) 
and pholoroglucinol and gallic acid increase E 2.2  
(an anti-cancer patented compound) production by 
Colletotrichum gloeosporioides (Gasong & Tjandrawinata 
2016). In a survey on secondary metabolic compounds 
detected from endophytic fungi we found a series of 
heterogeneous molecules with distinct applications 
such as biological activities against microorganisms 
and insects, herbicides, natural food colorants and 
bioremediation. This plethora will be glanced at further 
on and we note that we consider several in extenso —
reviews on endophyte-derived compounds as being 
extremely useful (Gunatilaka 2006; Gao et al. 2010; 
Gutierrez et al. 2012; Radic & Strukelj 2012; Alvin  
et al. 2014; Nisa et al. 2015). 

Fungal endophytes from medicinal and other wild 
plants, were screened genetically for the presence of 
polyketide synthase — PKS (Sauer et al. 2002; Wang 
et al. 2015b). Endophytic fungi were also pursued for 
their potential in the biosynthesis of different PKS 
compounds such as the novel anti-cancer compound 
aspergiolide A (Tao et al. 2009), antimycobacterial 
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compound javanicin (Alvin et al. 2016), two new 
cytotoxic metabolites aspyridone A and B (Bergmann 
et al. 2007). 

A screening of endophytic microorganisms for 
antibacterial, antifungal and cytotoxicity traits resulted 
in 12% of bacterial endophytes and 58% of fungal 
endophytes possessing PKS machinery, while 13% of 
bacterial endophytes and 17% of fungal endophtyes  
had at least non-ribosomal peptide synthetases (NRPS) 
gene cluster (Alvin et al. 2014).  

In a different approach, endophytes (i.e. Curvularia 
sp. and Choanephora infundibulifera (Curr.) Sacc) 
were examined for their effects on primary metabolism 
of plant and vindoline content in Catharanthus roseus 
(L.) G. Don (Pandey et al. 2016). The vindoline content 
in the Catharanthus roseus plant was substantially 
enhanced, in inoculated plants, and no effect on the 
photosynthetic efficiency of the host plant, (measured 
in terms of chlorophyll content and fluorescence, net 
carbon dioxide assimilation, stomatal conductance  
and transpiration rate) was observed. In an earlier 
study, both endophytes were shown to upregulate  
the expression of vacuolar localized Catharanthus 
roseus class III peroxidase, which dimerizes the 
monomeric TIA (i.e. terpenoid indole alkaloids) 
precursors (vindoline and catharanthine) to form 
bisindole alkaloids (Costa et al. 2008).  

Several isolated compounds known for their 
cytotoxic activity, produced by endophytic fungi were 
studied for their pharmacological interest. Two new 
compounds named asperfumoid and asperfumin were 
detected in Aspergillus fumigatus Fresen strain CY018 
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isolated from Cynodon dactylon L. (Liu et al.  
2004). A first report of azaphilones isolated from 
Diaporthe sp., revealed three new azaphilone compounds 
isochromophilones X-XII, together with two known 
ones sclerotioramine and isochromophilone VI (Zang  
et al. 2012). Four new natural products biscognin A, 
biscognin B, monascuskaoliaone B and epi-pestalamide 
A were obtained from endophytic fungi isolated from 
milk thistle (Raja et al. 2015). The authors report  
that among the 62 secondary metabolites obtained, 
beauvericin was the most cytotoxic against human 
prostate carcinoma (PC-3) cell line, exhibiting 3% cell 
viability at 25 μM concentration. Three steroids and one 
nordammarane triterpenoid were isolated for the first 
time from the endophytic fungus Pichia guilliermondii, 
Wick. strain Ppf9 isolated from the medicinal plant 
Paris polyphylla var. yunnanensis (Franchet) 
Handel-Mazzetti. Steroid, 5a, 8a-epidioxyergosta-6, 
22-dien-3b-ol exhibited relatively strong antimicrobial 
activity (Zhao et al. 2010). 

Two new tricyclic sesterterpenes, fusaprolifins A 
and B were found to be produced by Fusarium 
proliferatum when isolated from marine mangrove 
plant Bruguiera sexangula (Lour.) Poir. (Liu et al. 
2013). A new phthalide, 5-hydroxy-7-methoxy-4-
methylphthalide was detected along with mycophenolic 
acid from cultures of Penicillium crustosum Thom, 
isolated from seeds of coffee beans (Valente et  
al. 2013).  

Altersetin, a new alkaloid isolated from 
endophytic Alternaria sp. showed antibacterial activity 
against several pathogenic gram positive bacteria 
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(Hellwig et al. 2002). Various studies revealed bioactive 
molecules produced by different strains of Alternaria 
alternata like altenuene derivatives, isocoumarin and 
other metabolites — host plant Camellia sinensis  
(L.) Kuntze (Wang et al. 2014); diketopiperazines 
effectively inhibiting Plasmopara viticola — host plant 
grapevine (Musetti et al. 2007). Also, nine new 
biologically active molecules alternariol, alternariol 
monomethyl ether, 5-epialtenuene, altenuene, uridine, 
adenosine, ACTG toxin-E, ergosta-4,6,8,22-tetraen-3-
one and ergosta-7,24(28)-dien-3-ol- from same fungal 
species within host plant Maytenus hookeri Loes. 
(Ma et al. 2010). 

Five cadinane sesquiterpenes derivatives were 
isolated from Phomopsis cassia (Sacc.) Ratiani, 
isolated from Cassia spectabilis (DC.) Irwin & 
Barneby with one (i.e. 3,11,12-trihydroxycadalene) 
resulted as the most antifungal compound against 
Cladosporium sphaerospermum Penz. and Cladosporium 
cladosporioides. Trichodermin was produced in high 
yield by a strain of Trichoderma brevicompactum 
isolated from garlic. The compound was tested against 
growth of Rhizoctonia solani, Fusarium oxysporum, 
Colletotrichum lindemuthianum (Sacc. & Magnus) 
Briosi & Cavara, Colletotrichum ampelinum Cavara 
and Botrytis cinerea Pers. and revealed important 
inhibitory activity (0.25 μg ml-1) on growth of 
Rhizoctonia solani (Shentu et al. 2014).  

A phytotoxic compound named ascotoxin was 
detected from Paraconiothyrium sp. as having 100% 
inhibitory effects on the germination of Echinochloa 
crus-galli (L.) P. Beauv. seeds (Khan et al. 2012).  
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Promising bioactive metabolites with antimicrobial 
and cytotoxic activities produced by a strain of 
Aspergillus fumigatus were obtained. Molecules were 
identified as linoleic acid, R(_)-glycerol monolinoleate, 
bisdethio-(bis-methyl-thio)-gliotoxin, fumiquinazoline-F, 
fumiquinazoline-D, (Z,Z)-N,N0-[1-[(4-Hydroxy-phenyl)- 
methylene]-2-[(4-methoxy-phenyl)-methylene]-1,2-
ethanediyl]-bisformamide, pyrazoline-3-one trimer, 
tricho-9-ene- 2a,3a,11a,16-tetraol, 20-deoxy-thymidine, 
and cerebroside A (Shaaban et al. 2013). Pestalotiopsis sp. 
strain BAB-5510 isolated from Cupressus torulosa D. 
Don produces antimicrobial and cytotoxic compounds. 
The compounds were identified as nonadecane, 1,2,3-
propanetriol, 1-acetate, bis(2-ethylhexyl) phthalate and 
4H-pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl- 
and 5-hydroxymethylfurfural (Sharma et al. 2016).  

Pigments were also detected from endophytic 
fungi such as a quercetin glycoside produced by 
Penicillium purpurogenum Stoll isolated from Ginkgo 
biloba (Qiu et al. 2010; Liu J et al. 2008) and an 
antibacterial pigment more effective than streptomycin 
produced by Monodictys castaneae (Wallr.) S. Hughes 
(Visalakchi and Muthumary, 2009). 

Siderophores are biologically active compounds 
which function as chelators of iron ions in living 
organisms. Siderophore production is another feature 
that promotes plant growth by binding to the available 
iron form (Fe3

+) in the rhizosphere making iron 
unavailable to the phytopathogens (Passari et al. 2015). 
Siderophores display considerable structural variability 
and affinity for iron that determines the growth of  
a microbe under competitive conditions when iron 



 56 

availability itself is a limiting factor (Zaki 2006).  
For instance, five different strains of Phialocephala 
fortinii C.J.K. Wang & H.E. Wilcox, dark septate fungus 
(DSF) excrete three siderophores namely, ferricrocin, 
ferrirubin and ferrichrome C (Pirttilä et al. 2000).  

The concern of losing the efficacy of various 
antibiotics due to multi resistant bacterial strains led to 
an intense research of new active molecules in the 
treatment against these pathogens. The endophytes have 
also been subjected to screening for new antibiotics.  

28 novel antimycobacterial compounds  
(i.e. polyketides or polyketide-derived and small 
peptides) were isolated from endophytic microorganisms 
between 2008 and 2012 (Alvin et al. 2014). For instance, 
vermelhotin, a natural tetramic acid highly active 
against clinical strains of MDR-TB (Ganihigama et al. 
2014), two new benzopyranones, diaportheone A and B, 
produced by Diaporthe sp. P133 isolated from Pandanus 
maryllifolius leaves active against Mycobacterium 
tuberculosis Zopf H37Rv (Bungihan et al. 2011). 
Antibacterial compounds were obtained from 
Ampelomyces sp. isolated from the medicinal plant 
Urospermum picroides (L.) Scop. Ex F.W. Schmidt.  
3-O-methylalaternin and altersolanol A displayed 
antimicrobial activity against the Gram-positive 
pathogens like Staphylococcus epidermidis (Winslow 
& Winslow 1908) Evans, Staphylococcus aureus 
Rosenbach, Enterococcus faecalis (Andrewes and 
Horder,) Schleifer & Kilpper-Bälz (Aly et al. 2008). 
Several soil microorganisms are used as biofactories  
for various commercially important enzymes and 
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endophytic fungi are also making their way towards 
this application. 

The industrial field has also added the screening  
of endophytic microorganisms on the list of tasks. 
Several endophytic fungi species belonging to 
Acremonium, Aspergillus, Cladosporium, Fusarium, 
Monodictys, Nigrospora, Penicillium, Pestalotiopsis, 
Phoma, Phomopsis, Tetraploa and Xylaria as well as 
other unidentified species, all isolated from Opuntia 
ficus-indica L., indicating potential candidates for 
biotechnological processes involving production of 
pectinases, cellulases, xylanases and proteases (Bezerra 
et al. 2012). In addition, a strain of Acremonium zeae 
W. Gams & D.R. Sumner isolated from maize produce 
hemicellulase extracellularly, potentially applied in  
the bioconversion of lingo cellulosic biomass into 
fermentable sugars (Bischoff et al. 2009). 

Although it is still uncertain if fungal endophytes 
can be used as “individual bio factories” in the long 
term, researchers and the commercial world are making 
great efforts in pursuing this highway (further discussed 
in Section 5). 
 
4.2.2. Biocatalists 

Presently, endophytic fungi are exploited as 
biocatalysts for two purposes: as bio – producers of 
certain compounds of interest and as biocatalysts in  
in vitro transformations of plant metabolites to valuable 
products. The latter purpose opened the door to a new 
perspective of using these microorganisms independent 
of their produced metabolites direct bioactivity. 
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Borges et al. (2008) showed that complicated 
purification steps of chemically-synthesized 
enantiomers can be reduced with endophytes that add 
stereo specificity to bioprocesses. Prado et al. (2013) 
employed the endophytic fungus Paraconiothyrium 
variabile for a one-step enantioselective synthesis of 
(4S)-isosclerone from the natural precursor juglone. 
Oxidation and hydroxylation are simple enzymatic 
reactions to modify a structure. Deacetylation, 
hydroxylation and epoxidation were described for  
the biotransformation of taxoids by endophytic fungi 
isolated originally from the inner bark of Taxus 
yunnanensis (Zhang et al. 1998).  

The endophytic fungus Diaporthe sp. was observed 
to transform the stereo selective bio-oxidation at  
C4-flavans, specifically of catechin and epicatechin 
into dihydroflavan derivatives (Shibuya et al. 2005; 
Agusta et al. 2014). Agusta et al. (2014) reported the 
conversion of the alkaloid berberine into its 7-N-oxide 
by cultures of the endophytic fungus Coelomycetes sp. 
Fungal endophytes which produce bioactive molecules 
are presently investigated for their potential analyzing 
NRPS gene cluster and presence of polyketide synthase 
(PKS). Non-ribosomal peptide synthetases (NRPS) 
are multimodular enzyme complexes which synthesize 
oligopeptides known for their important antibiotic 
effects and their outstanding safety profile for human 
use — beta-lactams such as the penicillins and the 
cephalosporins (Paradkar et al. 1997; Danziger & 
Neuhauser 2011). Polyketides (similar to the small 
peptides) are natural products synthesised by 
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polyketide synthases (PKS) which are also large 
multimodular enzyme complexes that function similarly 
to a fatty acid synthase (Fischbach & Walsh 2006). 
PKS produce a vast array of biomedically important 
secondary metabolites, such as antibiotic erythromycin, 
tetracycline, rifamycin, the immunosuppressant FK506, 
and antiparasitic avermectin derivatives (Piel et al. 
2004a; Piel et al. 2004b). 
 
4.2.3. Bioremediation 

Screening of fungal endophytes for bioremediation 
and biodegradation is one of the newest targets inside 
this microbial diversity. Inoculation with endophytes 
may alter the regular physiology of the host plants, 
improving considerably their capacity to assimilate 
certain compounds from the soil in higher 
concentrations. Mastretta et al. (2010) studied the role of 
endophytes in bioremediation in Nicotiana tabacum L. 
and revealed improved biomass production under 
cadmium stress and higher Cd concentration in the 
inoculated plants. Therefore, these microorganisms 
could be used as potential traps for metal toxicity and 
accumulation in the environment.  

The ability of several endophytic fungi to degrade 
plastic materials opens a promising field of application. 
Two Pestalotiopsis microspora strains were able to 
grow on synthetic polymer polyester polyurethane  
as the only carbon source under both aerobic and 
anaerobic conditions, apparently producing an enzyme 
serine hydrolase which is responsible for degradation 
(Russell et al. 2011). 
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4.3. New technologies and troubleshooting 

Techniques for isolating and preserving the 
endogenous cell-to-cell communication have recently 
improved. Zengler et al. (2002) developed an 
encapsulation technique of single cells in gel micro-
droplets for massive parallel microbial cultivation 
under low nutrient flux conditions, followed by flow 
cytometric sorting of micro-droplets containing micro-
colonies of microorganisms. Later, Zengler et al. 
(2005) assured that the method may provide more than 
10.000 bacterial and fungal isolates per environmental 
sample. Yet, microbiologists and natural product-
seekers need pure cultures of the microorganisms for 
screening. Ingham et al. (2007) developed a Petri dish 
divided into millions of compartments (i.e. Micro Dish 
Culture Chip), in which nutrients (including natural 
media from where the microorganisms are isolated, like 
water, soil and food samples) are supplied through  
a porous membrane. The developers encourage it is 
possible to cultivate and screen millions of strains and 
that it is an efficient method to surpass the effects  
of intercellular competition while allowing growth of 
microorganisms often inhibited by opportunistic fast — 
growing strains. However, the application of this 
micro-engineering method remains restricted to targeted 
strains (for eg. a certain phenotype like beta-
galactosidae activity or uptake and conversion of  
the organophosphate dye FDP (Ingham et al. 2007) 
where “the recovery can be conducted effectively 
with only minimal secondary purification”, as the 
developers assure. 
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Nevertheless, the phenotypic characteristics are 
the ones which “make up the desired outcome of any 
selection process and are the key to understanding 
the biological processes” (Houle et al. 2010; Cabrera-
Bosquet et al. 2012). Modern strategies for high 
throughput phenotyping of organisms (i.e. Phenomics) 
include applications of computer vision, imaging of 
cell traits using different lengths of light and reporter 
gene expression (Houle et al. 2010). Yet, effective 
application of these methods for functional traits of 
endophytes is still complex and complicated. 

Phenotype MicroArray (PM) technique is “an 
emerging method that seems to have a realistic 
potential to provide, at high throughput, information 
about the phenotypes of microorganisms. This technique 
relies on microtiter-plate-based substrate utilization 
assays” (Bochner & Savageau 1977; Bochner  
et al. 2001). “PM technique provides (semi-) high 
throughput assays for characterization and monitoring 
the cellular phenotypes of pure cultures or communities 
in an environmental sample” (Borglin et al. 2012). 
“The cellular responses, i.e., respiration or growth, can 
be monitored over a period of time, which makes it 
possible to capture some of the metabolic dynamics  
of the target cells” (Bochner et al. 2001).  

“The method thus allows construction of specific 
metabolic fingerprints that can be used for identification 
of microbes with desired traits, e.g., for industrial 
applications” (Greetham 2014). Druzhinina (2015) 
linked genotypes to phenotypes of Trichoderma spp. 
using PM as the carbon source and compared the 
utilization of carbohydrates to the corresponding 
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polyols as well as comparing amino sugars and sugar 
acids. Shubin et al. (2016) proposed an algorithm, 
which “decomposes Phenotype Microarray data into 
potentially biologically meaningful components, i.e. 
components that could be interpreted directly as 
bacterial metabolic cycles and/or population changes. 
Identification of these components could be useful  
for further investigations, such as identifying sub-
populations within bacterial cultures. Different signals 
(metabolic cycles) may arise after the initial death or 
growth stasis of a subpopulation of bacteria followed 
by growth of a second sub-population. In addition, 
metabolites generated during growth on the initial 
substrate might result in a second decomposition signal 
in a later phase of the experiment”. The authors 
consider it a meaningful tool for analysing the growth 
of different bacteria in a manner of high resolution, in 
contrast to methods which only analyze the respiration 
kinetics data as endpoint assays. Macaya-Sanz et al. 
2014 (cited by Blumenstein et al. 2015) successfully 
applied PM to characterize the capabilities of 
degradation of the main fungal taxa encountered during 
the first stages of eucalypt wood decay. The authors 
found OTUs (operational taxonomic units) varied in 
time and some of them were able to degrade lignin-
like substances while others prevailed at the end and 
were favoured by the presence of lignin degradation 
by-products. 

However, the technical challenges of the PM 
method are various and the interpretation of PM data  
is not straightforward. Extensive validation is required 
by carefully standardize pre-conditions for the fungal 
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culture whether the studies use preconfigured or  
in-house designed PM plates. The artificial growth 
environment in PM plate wells and the individual 
culture of the isolate may bias the interpretations, as the 
dynamics of the fungal community depends both on  
the metabolism of the plant as well as on the other 
endophytic communities. Blumenstein et al. (2015) 
underlines that “the PM technique may significantly 
help to bridge the genotype–phenotype gaps for the 
culturable fraction of endophytic fungi. Despite  
the above-mentioned challenges, PM analyses can 
provide unique knowledge about functional properties 
of individual strains and species, and thereby contribute 
to the knowledge pool”. 

Until recently, isolating bioactive natural products 
was not a desirable way to achieve drug discovery. 
However, we are now living in the genomics era  
of “the re-emergence of natural products for drug 
discovery” (Harvey et al. 2015). New technology 
applications like ultra- and high performance liquid 
chromatography (U-HPLC), mass spectrometry (MS), 
higher magnetic field-strength nuclear magnetic 
resonance (NMR) instruments, X–RAY and robotic 
technology have improved the rate of bioassay-
guided fractionation (Salim et al. 2008; Nielsen & 
Larsen 2015). Compounds in low concentrations in 
their organisms of origin are now detectable with the 
introduction of capillary NMR  spectroscopy (Martin 
2005), and massively identified (i.e. Metabolomics) 
using hybrid instruments such as quadrupole-time of 
flight-mass spectrometry (Q-Tof-MS) (Zhang et al. 
2014a) while the development of high-throughput 
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screening techniques have replaced regular bioassays 
(Walters & Namchuk 2003; Barkal et al. 2016). 
Software packages used to process MS metabolomics 
data like Phyton PyMs (O’Callaghan et al. 2012)  
and Progenesis QI (nonlinear Dynamics, n.d.) and 
bioinformatics tools (i.e. used to identify gene clusters 
encoding known biosynthetic routes with high 
precision) come more and more handy with “user-
friendly” interfaces and presently are catalogued in a 
“secondary metabolite bioinformatics portal” (Weber & 
Kim 2016).  

The approach involving isolation of DNA directly 
from soil/water/plant (environmental DNA, eDNA), 
makes cosmid libraries of eDNA (for instance in 
Escherichia coli (Migula) Castellani and Chalmers) and 
“screening these libraries for clones with the ability to 
biosynthesize bioactive natural products” (Brady et al. 
2001) is a significant advance towards characterizing 
metabolites produced by “difficult-to-culture” and 
“unculturable” microorganisms. It is worth noting 
that considerable progress toward cultivation of 
unculturable bacteria has started to be achieved (Pham 
& Kim 2012; Stewart 2012; Vartoukian et al. 2016). 
The modified cultivation methods attempt to simulate the 
natural environment, and include community culturing, 
and the use of high-throughput microbioreactors and 
laser microdissection (Pham & Kim 2012).  

The power of genomics reveals insights in  
the bioprocess control of a certain microorganism  
by monitoring gene expression for research and 
development and for optimization and control of  
a given compound production. Switches in metabolism 
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are reflected by networks of signaling and response 
genes so that incomplete and qualitative coverage of 
the gene response of these organisms would still enable 
their identification and interpretation (Bull et al. 2000). 
There are two primary methods used to infer gene 
networks: Bayesian networks (Langseth & Portinale 
2007; Pearl 2010) and gene coexpression networks 
(Zhang & Horvath 2005). Bayesian networks are 
created by finding all of the causal relationships among 
gene expression levels, whereas coexpression networks 
assume all genes are connected and their strength  
of connection is quantified by the correlation between 
expression profiles of gene pairs. Transcriptome analysis 
techniques have shifted the leading antimicrobial 
screening programs towards target-based strategies.  

Lately various methods were developed to look 
into in-depth at transcriptome shift (Fasoli et al. 
2012; Schenk et al. 2012). Genomics approaches 
offer complementary access to natural products by 
identifying secondary metabolite biosynthetic gene 
clusters (BGCs). Therefore, it is possible to assess  
the genetic potential of producer strains and to identify 
more effectively previously unknown metabolites. 
Although the diversity of natural product chemical 
platforms is vast, the biosynthetic principles are highly 
conserved for many secondary metabolites (Weber & 
Kim 2016). Mousa & Raizada (2015) focused their 
efforts in reviewing the antimicrobial pathways from 
endophytes. These authors underline that despite  
the apparent progress in understanding the genetic 
mechanisms underlying the diversity of anti-microbial 
compounds produced by endophytes, there remains  
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a lack of detailed genetic analysis across microbes 
(endophytic and non-endophytic) and a lack of 
information to connect allelic diversity with compound 
analysis.  

Current measurements like substrate nutrients and 
physicochemical measurements (pH, dissolved O2, 
carbon dioxide evolution rate, and oxygen uptake rate) 
would need to be supplemented with multivariate 
spectroscopy measurements. These measurements are 
sensitive to biological state such as Fourier transform 
infrared (FTIR) spectral microscopy which enables 
real-time acquisition of broadband information on the 
cellular chemistry (Gilbert et al. 1999; Holman et al. 
2010; Chan & Kazarian 2013). 
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5. Endophytes for plant protection: biological 

control and biological agricultural chemicals 
 

While conceptual aspects are still in discussion 
when it comes to definining the relationship between 
fungal endophytes and host plants (see Section 1), 
the effects of these microbial-dwellers on plant 
protection are apparent. Whether the resistance of  
the host plant to pathogens, phytophagous insects, 
nematodes or stressful environmental conditions is 
induced or produced directly, fungal endophytes do act 
as benefactors in defending their “territory”. In most 
cases there are different types of metabolites involved 
(Gonzalez Coloma et al. 2016). A literature survey 
revealed that the number of novel chemical structures 
produced by fungal endophytes (51%) is higher than 
those produced by the soil fungi (38%) (Schulz & 
Boyle 1998). To underline the ascendant ramp of 
research on these microorganisms, between 1987 and 
2000 approximately 140 new natural products were 
isolated from endophytic fungi (Tan & Zou 2001) and  
a similar number was subsequently characterised between 
2000 and 2006 (Zhang et al. 2006). The benefits 
offered by the secondary metabolites of the fungal 
endophytes may be exploited in agriculture and plant 
pest and diseases control (Saikkonen et al. 1998; Kaul 
et al. 2012; Latz et al. 2018; Collinge et al. 2019). 

 
5.1. Plant pest control 

Endophytic fungi have been described as playing 
“an important role in controlling insect herbivory” 
(Zhang et al. 2012) not only in grasses (Clay 1988) but 
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also in conifers. Endophytes were found to have a 
protective role for their hosts against sucking-
chewing and leaf mining-insect pests (Bing & 
Lewis 1993; Cherry et al. 2004; Jallow et al. 2008; 
Vega 2008), reducing the offspring number of plant 
pests (Jaber & Vidal 2009). Thakur et al. (2014) 
demonstrated morphological changes in hemocytes, 
intensive vacuolization and necrosis in hemocyte of 
Spodoptera litura larvae fed on cauliflower plants 
infected with endophytic fungi Nigrospora oryzae, 
(Berk. & Broome) Petch and Cladosporium uredinicola, 
Spegazzini. In addition, Kaur et al. (2015) indicates 
suppression of immune response of Spodoptera litura, 
(Fabricius) due to metabolites of endophytic Alternaria 
alternata. Beauveria bassiana (Balsamo-Crivelli) 
Vuillemin an endophytic fungus “known as an 
entomopathogen was found to control the borer insects 
in coffee seedlings” (Posada & Vega 2006) and 
sorghum (Tefera & Vidal 2009). In conifers, the 
endophyte Phialocephala scopiformis T. Kowalski & 
Kehr (host plant Picea glauca Moench Voss.) produces 
the toxin rugulosin which has an antifeeding activity 
against the spruce budworm Choristoneura fumiferana 
Clemens (Larkin et al. 2012). 

A non-pathogenic Fusarium oxysporum isolate 
inoculated to the rhizosphere of squash or melon and 
pepper seedlings significantly reduced the reproductive 
rate of Aphis gossypii Glover and Myzus persicae 
(Sulzer) (Akello & Sikora 2012). Presence of alkaloids 
in plants has effects against phytophagous insects. 
Aphid reproduction rate was observed to decrease when 
fed on tall fescue plants inoculated with high ergot 
alkaloid producing-endophytes (Bultman & Bell 



 69

2003; Bultman et al. 2004; Akello & Sikora 2012). 
Lolium perenne L. pasture infected with Acremonium 
lolii Latch, M.J. Christensen & Samuels in New 
Zealand is more resistant to the curculionid Listronotus 
bonariensi (Kuschel), than the endophyte-free plants. 
Lolium perenne cultivars infected with a peramine 
producing Neothypodium lolii strain without toxicity  
to grazing animals are now commercially available 
(Shiba & Sugawara 2005).  

Secondary metabolites produced by the fungal 
endophyte, Neotyphodium spp., are able to inactivate 
and kill the plant-parasitic nematode Meloidogyne 
incognita (Kofoid and White) Chitwood (Hallmann & 
Sikora 1996). Populations of some phytopathogenic 
nematodes are reduced in the rhizosphere of endophyte-
infected tall fescue (Elmi et al. 2000; Kunkel et al. 2004) 
due to the increased levels of chitinases secreted by 
endophytes (Roberts et al., 1992). Fusarium oxysporum 
endophytic isolates secrete metabolites toxic to 
Radopholus similis (Cobb.) Thorne, Meloidogyne 
incognita and Pratylenchus zeae Graham (Pocasangre 
et al. 2006 ). In banana plantations the toxic endophytic 
secondary metabolites used to reduce the nematode 
population (Coombs et al. 2004) minimize the pathogen 
transmission of Fusarium oxysporum f.sp. cubense 
(E.F. Smith) W.C. Snyder & H.N. Hansen, responsible 
for “Panama disease”, whose transmission is associated 
to injuries in roots caused by nematode infestation. 
Fungal endophyte Pochonia sp. parasitizes eggs of 
nematodes thus decreasing spread and root infection. 
Epidermal cells colonized by Arthrobotrys oligospora 
Fresen have developed structures to trap newly hatched 
juveniles escaping the roots (Moosavi et al. 2010). 
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5.2. Plant diseases control 

Biocontrol using fungal endophytes against fungal 
diseases has also captured the attention of plant 
protectionists. An endophytic fungus strain Acremonium 
alternatum Link when inoculated in model plant 
Arabidopsis thaliana reduces clubroot disease caused 
by Plasmodiophora brassicae Woronin (Jaschke et  
al. 2010). To test the hypothesis that Heteroconium 
chaetospira (Grove) M.B. Ellis could inhibit growth  
of Plasmodiophora brassicae and Verticillium dahlia 
Kleb. in Chinese cabagge, soil surrounding Chinese 
cabagge was inoculated with a Heteroconium chaetospira 
strain isolated from the same plant species (Narisawa et 
al. 2000). Both diseases were supressed significantly in 
host plants. More, authors demonstrated the flexibility 
of this strain for the host by inoculating it into 19 plant 
species belonging to eight families, and recovering  
the strain from all except one (i.e. Allium cepa L.). 

The bioactivity of various endophytes was attributed 
to the production of toxins. For instance, cryptocin  
(i.e. a tetramic acid) isolated from the endohytic fungus 
Cryptosporiopsis quercina Petrak posseses potent 
activity against the Pyricularia oryzae Cavara and other 
plant pathogenic fungi (Li et al. 2000); VOCs detected 
in endophytes like Hypoxylon sp. (Tomsheck et al. 
2010), Phomopsis sp. (Singh et al. 2011) and the fungal 
strain HLP27 isolated from Artemisia thuscula Cav. 
(Cosoveanu et al. 2016a) display antifungal activity 
against a plethora of phytopathogens like Botrytis 
cinerea, Phytophthora cinnamomi Rands, Cercospora 
beticola Sacc., Sclerotinia sclerotiorum (Lib.) de Bary 
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and Pythium, Rhizoctonia, Fusarium, Verticillium, 
Colletotrichum, Alternaria spp. and Cladosporium sp.  

Wang et al. (2015b) screened for potential 
antibacterial — Xanthomonas oryzae, (Ishiyama 1922) 
and antifungal — Thanatephorus cucumeris  
(A.B. Frank) Donk activity of 24 fungal endophytes 
from Oryza sativa L. of which 13 strains were found 
active. Similarly, Cosoveanu et al. (2016b) tested  
12 strains of different endophytic species in banana for 
their antifungal activity and four isolates — three 
strains of Penicillium and one of Aspergillus versicolor 
(Vuill.) Tirab. were detected as strong antagonists  
of phytopathogens like Fusarium oxysporum f.sp. 
lycopersici (Sacc.) W.C. Snyder & H.N. Hansen, 
Fusarium moniliforme, Fusarium oxysporum f.sp. 
cubense and Alternaria alternata.  

In short, scientific literature of plant protectionists 
is brimming with screening reports of the antifungal 
and antibacterial activity of the secondary metabolites 
of endophytic fungi. Although researchers focus on 
medicinal plants like Ginkgo biloba L., Artemisia spp. 
(Cosoveanu et al. 2016a; Cosoveanu et al. 2016b, 
Cosoveanu et al. 2018), Stevia rebaudiana (Bertoni) 
Bertoni (Verma et al. 2014), Ocimum basilicum L. 
(Chowdhary & Kaushik 2015) ), crop plants such as 
garlic (Shentu et al. 2014), Jatropha curcas L.  
— a biofuel plant (Kumar & Kaushik 2013), banana 
(Cosoveanu et al. 2016c) and trees like Camptotheca 
acuminata Decne. are also investigated as potential 
hosts for active endophytes (Ding et al. 2010).  

It is generally accepted that the concept of 
antagonism involves hyperparasitism, antibiosis and 
competition. Hyper parasitism (Tripathi et al. 2008) 
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is another strategy fungal endophytes use to protect 
their host as a direct or indirect scope. Several 
Cladosporium spp. such as Cladosporium aecidiicola 
Thüm., Cladosporium sphaerospermum and 
Cladosporium uredinicola have been reported to 
parasitize fungi of the order Pucciniales (Srivastava et 
al. 1985; Vandermeer et al. 2009; Zhang et al. 2014b). 
Trichoderma strains are able to parasitize hyphae of plant 
pathogen Rhizoctonia solani and these observations are 
linked with biocontrol (Grosch et al. 2006). In contrast 
to hyper parasitism, microbial predation is a more 
general way to suppress plant pathogens. Some 
endophytes show predatory behaviour under nutrient-
limited conditions. For example, Trichoderma spp. 
produce a range of enzymes that are directly used 
against cell walls of fungi (Harman 2006). 

The “rich-monarch-like” endophytes have the 
capacity to produce a diversified collection of plant 
associated secondary metabolites which have attracted 
attention among microbiologists, ecologists, agronomists 
and chemists in search of agrochemicals to cope with 
environmental problems facing humankind.  

 
The last three decades we observed a trend in the 

study on endophytic fungi which most probable was 
due to their potential use as biofactories, biocatalists 
and bioremediators. This suggests another important 
level in the history of fungi, similar to the one of the 
late 1800 when medical men and mycologists joint and 
highly contributed to systematics and life histories of 
fungi. This time, also joining, chemists, geneticists, 
ecologists, phytopathologists, biologists and more. 
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