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Abstract. The search for and exploitation of natural products and
their properties has been the mainstay of biotechnology research.
Natural product search and discovery from endophytes of medicinal
plants represents a challenge to the biotechnologist. All the available
evidence points to natural product discovery continuing strongly and
accelerating as a consequence of new search strategies and innovative
microbiology. In drug discovery, novel natural product chemotypes
with interesting structures and biological activities continue to be
reported. Without such discoveries, there would be a significant therapeutic deficit in several important clinical areas. The diverse range
of biosynthetic pathways in plants, fungi and bacteria has provided an
array of lead structures that have been used in drug development.
This review highlights the importance of endophytes with desirable
bioactivity, in a novel natural products screening programme.

Resumen. La búsqueda y la explotación de los productos naturales y
de sus propiedades han sido de interés continuo en la investigación
biotecnológica. El descubrimiento de nuevos productos naturales a
partir de endófitos de plantas medicinales representan un reto para el
biotecnólogo. Las evidencias disponibles indican que el descubrimiento de nuevos productos naturales se ha incrementado como consecuencia de la aplicación de nuevas estrategias de búsqueda y de
procesos microbiológicos innovadores. Sin el descubrimiento de nuevos agentes terapéuticos, habría un severo déficit en numerosas áreas
clinicas. La diversidad de rutas biosintéticas en plantas, hongos y bacterias ha proporcionado una amplia variedad de estructuras que se
usan en el desarrollo de drogas. La presente revisión enfatiza la
importancia de endófitos con bioactividad deseable, de utilidad práctica en el rastreo de nuevos productos naturales.
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Introduction

endophytes have been isolated from trees, but only a few
herbaceous plants and shrubs have been examined for the presence of endophytes [1]. Endophytic fungi are being increasingly recognized as an ecological assemblage of microorganisms
that may provide sources for new secondary metabolites with
useful biological activities. Theoretically, the likelihood of discovery of new groups of secondary metabolites will be higher
than with better-known groups of fungi, e.g. common genera
of soil fungi [10].
Endophytes are a poorly investigated group of microorganisms that represent an abundant and dependable source of
bioactive and chemically novel compounds with potential for
exploitation in a wide variety of medical, agricultural and
industrial arenas. The mechanisms through which endophytes
exist and respond to their surroundings must be better understood in order to be more predictive about which higher plants
to seek, study, and spend time isolating microfloral components. This may facilitate the product discovery processes.
Although work on the utilization of this vast resource of poorly understood microorganisms has been initiated, it has already
become obvious that an enormous potential for organism,
product, and utilitarian discovery in this field holds exciting
promise. This is witnessed by the discovery of a wide range of
products, and microorganisms (Table 1). There are other characteristics of endophytic fungi that also render them desirable
for manipulation in an industrial screening program. Most
screening has focused on soil dwelling fungi, little attention
has been directed toward endophytes. As a consequence, they
have not been subjected to intensive screening programs,
which suggest the vast majority largely remain undiscovered.

Drug resistance in bacteria, the appearance of life threatening
viruses, breakdown of Severe Acute Respiratory Syndrome
(SARS) and bird flu, recurring health problems in patients
with organ transplants, and tremendous increase in the incidence of fungal infections in world’s population only underscore our inadequacy to cope with these medical problems.
Mankind is also facing difficulties in raising enough food on
certain areas of the world to support local human populations.
Environmental degradation, loss of biodiversity, and spoilage
of land and water, also add to problems facing mankind.
Endophytes, the microorganisms that reside in the tissues of
living plants, are relatively unstudied and offer potential
sources of novel natural products for exploitation in medicine,
agriculture and the pharmaceutical industry [1]. Fungal endophytes have been found in healthy tissues of all the plants taxa
studied to date [2-8] and it is their chemical diversity and not
their biological diversity, that is largely responsible for the
interest in these organisms. About 30% of the worldwide sales
of drugs are based on natural products. In United States alone
about 25% of prescribed drugs contain at least one active
ingredient derived from plant material. Numerous examples
from medicine demonstrate the innovative potential of natural
compounds and their impact on progress in drug discovery and
development.
Endophytes are microbes (fungi, bacteria and yeasts) that
live within the plant tissue without causing any noticeable
symptoms of disease. Endophytes have been found in all parts
of plants including xylem and phloem [9]. The majority of the
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Further, endophytic fungi colonize very specialized habitats, which means they have evolved special mechanisms for
survival. This provides a likely explanation for the reason they
represent a source of new secondary metabolites in biotechnology [10]. Random screening of chemically diverse molecules against a specific disease target discovers new pharmaceuticals. These molecules can either be extracted from living
organisms (mainly plants and microbes) or produced synthetically. Nature provides an enormous variation of extremely
complex molecules, infinitely more sophisticated than any
molecule from any other source like synthetic and combinatorial chemistry [11]. It is very likely, given the extensive metabolic capabilities of microbes that fungal endophytes are the
source of these drugs and that the plant is simply providing the
proper environment for endophyte growth. This has been
shown to be the case in the association between the Pacific
yew and the endophytic fungus Pestalotiopsis microspora [12].
Endophytic microbes as a source of bioactive
metabolites
An array of natural products has been characterized from
endophytes, which includes anti-cancerous, anti-oxidants,
anti-fungal, anti-bacterial, anti-viral, anti-insecticidal and
immunosuppressants (Table I.). It is more common to find
natural products with restricted taxonomic distributions in
plants. For example, Taxol® appears to be restricted to yews
(viz., eleven species of the genus Taxus) but, interestingly, it
has also been found in a number of different genera of fungal
endophytes associated with yews and with endophytes from
non-yew sources viz., Taxodium distichum [13], Torreya
grandifolia [14], Wollemia nobilis [15]. The genetic origin of
fungal Taxol® production has been speculated to have arisen
by horizontal gene transfer from Taxus spp. to its endophytes
[16]. If this is the case and the acquisition of the ability to produce certain metabolites by some microorganisms is by horizontal gene transfer from plant to microbial endophyte, the
conservation of plant hosts and their indigenous microbial
flora is of vital importance in the future search for new drugs.
Anti-oxidant activity has been detected in Isopestacin and
Pestacin isolated from Pestalotiopsis microspora, the endophytic fungus of Terminalia morobensis [16, 17]. The endophytic fungus, Fusarium subglutinans produces immunosuppressive compounds Subglutinols A & B. This was isolated
from Tripterygium willfordii [18]. Anti-insecticidal compounds like Nodulisporic acids were isolated from
Nodulisporium species, an endophyte of Bontia daphnoides
[19]. Another insect repellent compound, Napthalene was isolated from Muscodor vitigenus colonizing a liana, Paullina
paullinioides [11, 21]. A wide range of volatile antimicrobials
produced by the endophytic fungi Muscodor albus and
Muscodor roseus were isolated from Cinnamomum zeylanicum [22], Erythophelum chlorostachys [23] and Grevillea
pteridifolia [24]. A number of antimicrobial compounds have
been isolated to date from various endophytes, which include
Colletotrichum species [25], C. gloeosporioites [26],
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Fusarium spp. [27], Acremonium spp. [28], Phoma spp. [29],
P. microspora [16, 17], Cryptosporiopsis quercina [30], P.
jesteri [31]. It can be concluded from Table 1, that a great deal
of variation exists in the endophytic genera and the compounds isolated from indigenous plant species inhabiting the
major rainforests of the world representing an undisturbed
ecological niche.
Developing a productive microbial source for anti-cancerous, immunosupressants and anti-microbials not only would
lower the cost of this effective anticancer agent but it also
would help to make it more widely available. From 19831994, over 60% of all approved and pre-NDA stage cancer
drugs were of natural origin as were 78% of all newly
approved antibacterial agents [32]. The endophytic organism
in culture can produce secondary metabolites in relatively
high yield, particularly when subjected to strain improvement
program [33]. It is feasible to isolate mutants that are more
readily cultivated or generate additional product, or even a
modified product with a higher therapeutic index [34].
Moreover, the metabolites they produce are largely generated
by enzymatic pathways that have the potential to biosynthetically link existing structures to chemical adjuncts in a reproducible manner at yields that are acceptable for industrial use
[35]. In this sense, natural products generated as microbial
secondary metabolites exhibit a number of properties that
make them excellent candidates for industrial processes.

Results and Discussion
Approaches for selection of endophytes
Herbal medicine is one of the oldest forms of health care
known. Every plant on earth is known to harbor at least one
endophytic microbe. When selecting medicinal plants for
studying their unique mycoflora and the bioactives produced
by them it is important to take into account the following:
1. Plant species already known to produce one or more
notable drugs or that are of ethnobotanical or importance in
traditional medicine.
2. Plants located in ecological settings that suggest microorganisms playing a role in protection against other microorganisms.
3. Plants growing in extreme conditions, e.g., high or low temperatures, aquatic environments, or high exposure to radiation or salt concentrations [36].
Once a biotechnological target has been identified, two
questions follow: first, what might be the best organism or
group of organisms to investigate? Second, what screening
procedures should be used in order to detect the desired activity? The following approaches can be used for organism selection: (i) play the percentage game, e.g., endophytic fungi and
actinomycetes for biopharmaceutins; (ii) make reference to
taxa-chemistry and taxon-property databases of known
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metabolites; (iii) focus on novel and neglected taxa; (iv) highlight isolates from unusual or little-explored ecosystems; (v)
match the target with members of previously unscreened but
known taxa.
Endophytes are known to reside in many plant species
[37]. Very few medicinal plants have been studied for their
endophytic fungi. Therefore, an attempt to isolate endophytic
fungi of medicinal plants was undertaken with an ultimate
objective of getting bioactive molecules of pharmaceutical
and agricultural importance by our group. So far 310 endophytic fungal isolates were recorded from bark and twig segments of four medicinal plants namely viz., Terminalia arjuna W. & A., Crataeva magna (Lour.) DC., Azadirachta indica A. Juss., and Holarrhena antidysenterica (L.) Wall. ex.
DC. These plants were selected based on their ethnopharmacological properties with special reference to target endothelin receptor antagonists. Among the endophytes, Mitosporic
fungi represented a major group (82%) followed by
Ascomycetes (15%) and Zygomycetes (3%). Some of the
important endophytes isolated from the medicinal plants are
shown in Fig.1.
The dominant fungi include Pestalotiopsis, Myrothecium
and Trichoderma spp. Some of the endophytes isolated in
our study are reported as potential sources of useful metabolites with immense value in agriculture, industry and therapeutics. These include Fusarium subglutinans, Pestalotiopsis
spp., Tubercularia spp. and Acremonium spp. [18, 13, 50,
51].
Ethnopharmacological relevance and significance
of endophytic fungi as new therapeutic agents
The number of plants with medicinal properties far exceeds
the number of plants used as food source. For instance,
Chinese herbalists have identified more than 5,000 medicinally important indigenous plants and the Amazon, the Golden

Fig. 1. Dominant endophytic fungal cultures isolated from the medicinal plants and their spores. a. Pestalotiopsis spp. b. Myrothecium
verrucaria. c. Trichoderma spp.
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triangle region of northern Thailand, the tropics of the
Venezuela-Guyana border, and the teeming forests of central
Africa, all have native human populations using indigenous
plant resources for healing purposes. However, despite the
huge biological potential of epiphytes and endophytes associated with these higher plants, these microorganisms have
received little attention.
Taxol®, also known in the literature as Paclitaxel, is a
novel diterpene (Fig. 2) that was isolated from the bark of the
northwest Pacific Yew, Taxus brevifolia Nutt. in 1971 [38].
This product demonstrated moderate in vivo activity against P388, P-1534 and l-1210 murine leukemia, the Walker 256 carcinosarcoma, Sarcoma 180, and Lewis lung tumor test system
[39]. Despite its promise, there is a problem with Taxol®. This
highly functionalized diterpene is isolated primarily from the
inner bark of the relatively rare and slow growing pacific yew
tree, T. brevifolia, and a few related species, in extremely
small quantities (< 0.02% dry wt.). The emergence of Taxol®
as an effective anticancer agent created a difficulty- there were
simply not enough trees to supply the growing demands [38].
A mature pacific yew (100 years old) yields approximately 10
pounds of dry bark, so each collection required the sacrifice of
500 to 1500 trees [40]. Advanced preclinical and phase I clinical development of Taxol® required several collections ranging in size from 5,000 to 15,000 pounds of dry bark. Even
with this estimate, however, it was clear that additional
sources of Taxol ® would be necessary. Several research
groups have addressed the supply problem in a variety of
ways. Although several strategies have been devised the most
successful methods to date have been the use of plant tissue
culture for reported yields with commercialization [41].
Stierle et al. [42] made an attempt at easing the supply dilemma focused on the discovery of a new biological source of the
drug; an endophytic microbe colonizing the yew tree. They
have isolated more than 300 fungi from the bark and needles
of yews grown in Montana, USA. Out of the 300 fungi examined, Taxomyces andreanae was capable of producing 24 to
50 ng of Taxol® per litre.
From a practical view point, microbial fermentation as a
means of producing bioactive substances has several advantages: (i) industrial production of a bioactive substances (like
pharmaceuticals drugs) requires reproducible, dependable pro-

Fig. 2. Molecular Structure of Taxol.
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ductivity. If the microbe is the source organism, it can be
grown in tank fermentors as needed, producing a virtually
inexhaustible supply; (ii) microorganisms typically respond
favorably to routine culture techniques and tissue culture or
growing plants requires either specialized techniques or
months of growth before harvesting is feasible; (iii) product
escalation is relatively easy in microorganisms. Directed
changes in culture conditions can be explored indefinitely as a
method of optimizing various biosynthetic pathways, which
may lead to even more effective derivatives of lead compounds.
Microbes as sources of drug molecules
Considering the large and rapidly increasing awareness of
economic potential of microbes, not only in the pharmaceutical and biotechnology industries, but also in relation to
ecosystem function and maintenance, there is a pressing need
to enhance our knowledge about them. The role of fungi was
established early in history. Yeasts have been used in the making of bread and alcohol since the beginning of civilization
and the discovery of Penicillin hit the press headlines in 1942
marking the beginning of a new approach to human health.
Microbial metabolites have also contributed to fundamental
biological science and fungi are involved in the industrial processing of more than 10 of the 20 most profitable products at
the beginning of this century, e.g., three anti-cholesterol
Statins, the antibiotic Penicillin and the immunosuppressant
Cyclosporin A, have each a turn over in excess of $1 billion
annually.

Fig. 3. The endophytes from ethnophamaceutically used plants as a
source for new therapeutic leads.

Background and significance of endophytes
Medicinally important herbs and ethnopharmacologically
used plants are wide spread in the Indian subcontinent and
explain how people derive medicines from plants or other
naturally occurring resources. The “discovery” that indigenous knowledge about medicinal plants may hold clues for
curing diseases. Important monumental Ayurvedic works
like Charakasamhita and Sushrutasamhita list nearly 700
plant drugs used in Ayurveda, Homeopathy, Siddha and
Unani systems of medicine [43]. The list includes herbal
remedies curing several diseases such as asthma, cardiovascular problems, diabetes, microbial infections and bronchitis.
However, few plant species have been systematically studied
for their endophytic microbes. All documented plant species
should be evaluated from the point of their distribution and
taxonomy and also for their chemical or microbial profile
(Fig. 3).
Intelligent and efficient industrial screening of microorganism requires that a high diversity of organisms be maintained, while simultaneously minimizing redundancy among
the taxa screened. This can only be achieved through an
understanding of the floristic composition and pattern of colonization of the microorganisms within the particular ecologi-

cal niche being sampled, i.e., What species are likely to inhabit the particular endophytic host and what is their relative
abundance? How many species are likely to be found by sampling a single plant or individual trees? Does species richness
and floristic composition vary among samples throughout a
landscape? Does the isolation media or sampling of a particular plant organ influence the species recovered?
Endophytes are constantly exposed to intergeneric-genetic exchange with the host. This type of exchange would probably require an intimate association between the cells of the
plant and its microbial associates. The recent example of the
isolation of a potent anticancer agent, Taxol® producing fungus from its host plant, the yew tree [44,] and the classical
example of the phytohormone producing fungus (Gibberella
fujikuroi) from rice plant, suggests that a search for important
chemical producing microorganisms should commence in the
plant tissues. Most of the plants resist invading plant
pathogens in part through the production of antimicrobial
compounds; in some cases these compounds may be the product of the plant’s associated microflora. Screening such plants
for endophytic isolation may yield novel and interesting
microbes. This provides a lead-directed approach in addition
to random approach to screening.
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Experimental
Isolation of endophytes from different parts
of the plant
Most procedures for isolating endophytes are relatively simple
and routine for anyone skilled in basic microbiological techniques. One of the critical needs for isolating endophytic fungi
is obtaining fresh plant material. The need for preventing desiccation must be balanced against the need for adequate aeration; the former slows tissue death, whereas the later minimizes the growth of secondary contaminating fungi and bacteria. Prolonged transport in sealed plastic bags should be avoided if possible. Sturdy paper bags, wax paper bags, or ziplocked, perforated bags designed for vegetable storage work
well for transport and temporary storage of most types of plant
tissues. If plants are to be stored for long periods of time,
especially in frost-free refrigerators, tissue desiccation will
occur. However, it is possible to isolate a surprising number of
fungal species even from desiccated woody tissues after freezer storage for more than a year [45].
A standard method utilizes dipping the plant material in
both EtOH and NaOCl (bleach) for few minutes. The EtOH
acts as a surfactant and the NaOCl is the actual sterilizing
agent. The dilutions and immersion times in NaOCl vary
with the type of tissue and host [46, 47, 48]. In general,
woody tissues and leaves with thick cuticles are subjected to
more stringent sterilization than more fragile ones. Tests
have demonstrated that the series of EtOH-NaOCl-EtOH
effectively kill thick-walled spores occurring in many common contaminant fungi. After the plant materials are surface
sterilized, they are dissected to obtain epidermis, cambium,
xylem, and phloem and plated on enriched and nutritiondepleted media to isolate different microbes; the plates are
then incubated in a light chamber for three to four weeks
[10, 49]. Chloramphenicol and Gentamycin are employed to
inhibit bacterial contamination and the plates are monitored
for the growth of the hyphal tips that can be isolated in pure
form by growing them in mycological media. Several
enriched media such as cornmeal or Brainheart infusion
ensure the growth of thermally dimorphic fungi, while moderately enriched media such as Potato dextrose or Sabouraud
dextrose, and nutritionally depleted media such as dextrin
and other complex carbohydrate based media can be used to
isolate interesting endophytes [10]. Cycloheximide or rose
bengal are incorporated into the media to inhibit the rapidly
growing saprophytic fungi, which can overgrow slow-growing fungi.

Conclusion
The microbial advantage in drug discovery is profound, offering several distinct advantages. The first is the negligible
impact to the environment incurred in the collection process.
Each microbe can produce metabolites with desirable bioac-
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tivity. If a microbial metabolite is considered as a drug candidate, the necessary additional material can be obtained by
larger scale fermentation and by media manipulation to
improve yields. In recent times, focus on plant research has
increased all over the world and a large body of evidence has
collected to show immense potential of medicinal plants used
in various traditional systems. The secondary metabolites produced by endophytes associated with medicinal plants can be
exploited for curing diseases. The development of drugs from
endophytes with high potency and reasonable duration of
action will offer much needed new remedies for acute and
chronic human diseases. The naturally derived product will be
nontoxic and inexpensive in the prevention of diseases.
Microbes associated with plants, and other substrats merit a
higher profile in future research programs related to the understanding, management, and sustainable use of biodiversity at a
level appropriate both to their numbers and to their economic
and environmental importance. The search for novel habitats
from which isolates for screening may be derived is becoming
a significant concern for the pharmaceutical and agricultural
industries.
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