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    Introduction 

 The need for new and useful compounds and biological processes to provide assistance 
and relief in all aspects of the human condition is ever growing. Drug resistance in 
bacteria, the appearance of life-threatening viruses, and a tremendous increase in the 
incidence of fungal and drug-resistant bacterial infections in the world’s population, 
each only underscores our inadequacy to cope with these medical problems. Added to 
this are enormous diffi culties in raising enough food on certain areas of the earth to 
support local human populations. Environmental degradation, loss of biodiversity, and 
spoilage of land and water also add to problems facing mankind. In addition, there is 
the need for bio-derived fuels to supplant the ever-growing demand for petroleum and 
petroleum products. 

 Endophytes, microorganisms that reside in the tissues of living plants, are relatively 
unstudied and potential sources of novel natural products and processes for exploita-
tion in medicine, agriculture, and industry. The genetic diversity of these organisms 
seems to parallel that of the diversity of host plants in which they reside. Thus, the 
areas of the earth having the greatest plant diversity are the wet/damp equatorial regions 
which have been designated as hot spots (Mittermeier et al.  1999  ) . Frequently, these 
areas in the developing world and scientists living and working there have an enor-
mous advantage in being close to the source of endophytic genetics and diversity. 

 It is worthy to note that of the nearly 300,000 plant species that exist on the earth, 
each individual plant is host to one or more endophytes. Less than a handful of these 
plants have ever been completely studied relative to their endophytic biology. 
Consequently, the opportunity to fi nd new and interesting endophytic microor-
ganisms among myriads of plants in different settings and ecosystems is great. 
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The processes involved in this hunt are relatively straightforward and can be quickly 
learned. In fact, a few American universities have a cadre of undergraduate students 
involved in isolating and testing endophytic microbes for their genetic and biologi-
cal potential (Strobel and Strobel  2007  ) . This approach represents an extremely 
useful and practical means for students to make fi rst-hand observations and discov-
eries on endophytes, which enhances their excitement and fascination in doing 
science. 

 The intent of this chapter is to provide insights into the presence of endophytes 
in nature, the products that they make, their genetic potential, and how some of 
these organisms are beginning to show some potential for human use. The majority 
of this chapter discusses the rationale, methods, and examples of a plethora of 
endophytes isolated and studied in the author’s lab over the course of many years 
(Strobel and Daisy  2003  ) . This chapter also includes some specifi c examples that 
illustrate the work of others in this emerging fi eld of  bioprospecting  the microbes 
of the world’s rainforests and studying their genetics, biology, and potential 
applications.  

   Needs for New Medicines, Agrochemical Agents, and Fuel 

 There is a general call for new antibiotics, chemotherapeutic agents, and agrochem-
icals that are highly effective, possess low toxicity, and will have minor environ-
mental impact. This search is driven by the development of resistance in infectious 
microorganisms (e.g.,  Staphylococcus ,  Mycobacterium ,  Streptococcus ) to existing 
compounds and by the menacing presence of naturally resistant organisms. The 
ingress to the human population of new diseases such as AIDS and SARS requires 
the discovery and development of new drugs to combat them. Not only do diseases 
such as AIDS require drugs that target them specifi cally, but so do new therapies for 
treating ancillary infections which are a consequence of a weakened immune sys-
tem. In addition, new drugs are needed to effi ciently treat parasitic protozoan and 
nematodal infections such as malaria, leishmaniasis, trypanosomiasis, and fi lariasis. 
Malaria alone is more effective in claiming lives each year than any other single 
infectious agent with the exception of the AIDS virus and  Mycobacterium tubercu-
losis  (NIH  2001  ) . In addition, because of safety and environmental problems, many 
synthetic agricultural agents have been and currently are being targeted for removal 
from the market, which creates a need to fi nd alternative ways to control farm pests 
and pathogens. Novel natural products and the organisms that make them offer 
opportunities for innovation in drug and agrochemical discovery. Finally, in the past 
few years, microbes have been discovered that produce fuel-related compounds 
upon fermentation (Strobel et al.  2008  ) . Thus, exciting possibilities exist for those 
who are willing to venture into the wild and unexplored territories of the world to 
experience the excitement and thrill of engaging in the discovery of endophytes, 
their biology and potential usefulness.  
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   Natural Products and Traditional Approaches in Medicine 

 Natural products are naturally derived metabolites and/or byproducts from microor-
ganisms, plants, or animals. These products have been exploited for human use for 
thousands of years, and plants have been the chief source of compounds used for 
medicine. In fact, the world’s best known and most universally used medicinal com-
pound is aspirin (salicylic acid) which has its natural origin from the glycoside 
salicin which is found in many species of the plant genera  Salix  and  Populus . Many 
native peoples realized early on that leaf, root, and stem concoctions had the poten-
tial to help them. These plant products, in general, enhanced the quality of life, 
reduced pain and suffering, and provided relief, even though an understanding of 
the chemical nature of bioactive compounds in these complex mixtures and how 
they functioned remained a mystery. 

 It was not until Pasteur discovered that fermentation is caused by living cells 
that people seriously began to investigate microbes as a source for bioactive natu-
ral products. Then, scientifi c serendipity and the power of observation provided 
the impetus to Fleming to usher in the antibiotic era via the discovery of penicil-
lin from the fungus— Penicillium notatum . Since then, people have been engaged 
in the discovery and application of microbial metabolites with activity against 
both plant and human pathogens. Furthermore, the discovery of a plethora of 
microbes for applications that span a broad spectrum of utility in medicine (e.g., 
anticancer and immunosuppressant functions), agriculture, and industry is now 
practical because of the development of novel and sophisticated screening 
processes in both medicine and agriculture. These processes use individual 
organisms, cells, enzymes, and site-directed techniques, many times in auto-
mated arrays, resulting in the rapid detection of promising leads for product 
development. 

 Even with untold centuries of human experience behind us and a movement into 
a modern era of chemistry and automation, it is still the case that natural product–
based compounds have had an immense impact on modern medicine since about 
40% of prescription drugs are based on them. Furthermore, 49% of the new chemi-
cal products registered by the FDA are natural products or derivatives thereof 
(Brewer  2000  ) . In fact, the world’s fi rst billion dollar anticancer drug, taxol, is a 
natural product derived from the yew tree (Wani et al.  1971  ) . Many other examples 
abound that illustrate the value and importance of natural products in modern 
civilizations. 

 The natural product often serves as a lead molecule whose activity can be 
enhanced by manipulation through combinatorial and synthetic chemistry. Natural 
products have been the traditional pathfi nder compounds with an untold diversity of 
chemical structures unparalleled by even the largest combinatorial databases.  There 
will always be a need for natural products to serve as platforms for new product 
development!   
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   Endophytes 

   Why Study Endophytes? 

 It may also be true that a reduction in interest in natural products for use in drug 
development has happened as a result of people growing weary of dealing with the 
traditional sources of bioactive compounds including plants of the temperate zones 
and microbes from a plethora of soil samples gathered in different parts of the world 
by armies of collectors. In other words, why do something different (working on endo-
phytic microbes) when robots, combinatorial chemistry, and molecular biology have 
arrived on the scene? Furthermore, the logic and rationale for time and effort spent on 
drug discovery using a target-site-directed approach has been overwhelming. 

 Currently, endophytes are viewed as an outstanding source of bioactive natural 
products because there are so many of them occupying literally millions of unique 
biological niches (higher plants) growing in so many unusual environments 
(Fig.  14.1 ). Thus, it would appear that these biotypical factors (the nature and loca-
tion of a host plant) can be important in plant selection since they may govern the 
novelty and biological activity of the products associated with endophytic microbes.  

 Bacon and White give an inclusive and widely accepted defi nition of endo-
phytes—“Microbes that colonize living, internal tissues of plants without causing 
any immediate, overt negative effects” (Bacon and White  2000  ) . While the symp-
tomless nature of endophyte occupation in plant tissue has prompted focus on sym-
biotic or mutualistic relationships between endophytes and their hosts, the observed 
biodiversity of endophytes suggests they can also be aggressive saprophytes or 
opportunistic pathogens. Both fungi and bacteria are the most common microbes 
existing as endophytes. It would seem that other microbial forms most certainly 
exist in plants as endophytes, but no evidence for them has yet been presented, e.g., 
mycoplasmas and archaebacteria. The most frequently isolated endophytes are the 
fungi. It turns out that the vast majority of plants have not been studied for their 
endophytes. Thus, enormous opportunities exist for the recovery of novel fungal 
forms, taxa, and biotypes. It is estimated that there may be as many as one million 
different fungal species, yet only about 400,000 have been described (Hawksworth 
and Rossman  1987  ) . As more evidence accumulates, estimates keep rising as to the 
actual number of fungal species. For instance, Dreyfuss and Chappela  (  1994  )  esti-
mate there may be at least one million species of endophytic fungi alone. However, 
it has been demonstrated through genetic sampling (ITS rDNA sequence informa-
tion) of over 100 endophytes of Amazonian plants that there were over 10% whose 
sequence data did not match any known fungi within a respectable level (Smith 
et al.  2008  ) . This suggests that the one million species estimate may even be low 
since an ever so diminishingly small sample of the rainforest was studied. It seems 
obvious that endophytes are a rich and reliable source of  genetic diversity  and novel, 
undescribed species.  Finally, in our experience, novel microbes usually have asso-
ciated with them novel natural products.  This fact alone helps eliminate the prob-
lems of dereplication in compound discovery.  
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   Rationale for Plant Selection 

 It is important to understand the methods and rationale used to provide the best 
opportunities to isolate novel endophytic microorganisms as well as ones making 
novel bioactive products. Thus, since the number of plant species in the world is so 
great, creative and imaginative strategies must be used to quickly narrow the search 
for endophytes displaying bioactivity. 

 A specifi c rationale for the collection of each plant for endophyte isolation and 
natural product discovery is used. Several reasonable hypotheses govern this plant 
selection strategy, and these are as follows:

    (a)    Plants from unique environmental settings, especially those with an unusual 
biology and possessing novel strategies for survival.  

    (b)    Plants that have an ethnobotanical history (used by indigenous peoples) that are 
related to the specifi c uses or applications of interest are selected for study. 
Ultimately, it may be the healing powers of the botanical source, in fact, that 
may have nothing to do with the natural products of the plant, but of the endo-
phyte (inhabiting the plant).  

    (c)    Plants that are endemic, having an unusual longevity, or that have occupied a 
certain ancient land mass, such as Gondwanaland, are also more likely to lodge 
endophytes with active natural products than other plants.  

    (d)    Plants growing in areas of great biodiversity also have the prospect of housing 
endophytes with great biodiversity.     

 Plants with ethnobotanical history, as mentioned above, also are likely candi-
dates for study since the medical uses to which the plant may have been selected 

  Fig. 14.1    Some endophytic fungi isolated from various tree species in Madagascar. The genetic 
diversity of these fungi is truly astonishing. The products made by endophytic microbes have 
promise in many aspects of human endeavor       
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relate more to its population of endophytes than to the plant biochemistry itself. 
It is reasonable to assume that the healing processes, as discovered by indigenous 
peoples, might be facilitated by compounds produced by one or more specifi c plant-
associated endophytes as well as by the plant themselves. 

 In addition, it is worthy to note that some plants generating bioactive natural 
products have associated endophytes that produce the same natural products. Such 
is the case with taxol, a highly functionalized diterpenoid and famed anticancer 
agent that is found in each of the world’s yew tree species ( Taxus  spp.) (Suffness 
 1995  ) ; a novel taxol-producing fungus,  Taxomyces andreanae , from the yew,  Taxus 
brevifolia , was isolated and characterized (Stierle et al.  1993  ) .  

   Endophytes and Biodiversity 

 Of the myriad of ecosystems on earth, those having the greatest biodiversity also 
seem to be the ones also having endophytes with the greatest number and the most 
diverse microorganisms. Tropical and temperate rainforests are the most biologi-
cally diverse terrestrial ecosystems on earth. As such, scientists in countries in and 
bordering these regions on earth have ready access to this enormous diversity. The 
most threatened of these spots cover only 1.44% of the land’s surface, yet they 
harbor over 60% of the world’s terrestrial biodiversity (Mittermeier et al.  1999  ) . 
As such, one would expect that areas having high plant endemism also possess 
specifi c endophytes that may have evolved with the endemic plant species. 

 Ultimately, biological diversity implies chemical diversity because of the con-
stant chemical innovation that exists in ecosystems where the evolutionary race to 
survive is most active. Tropical rainforests are a remarkable example of this type of 
environment. Competition is great, resources are limited, and selection pressure is 
at its peak. This gives rise to a high probability that rainforests are a source of novel 
molecular structures and biologically active compounds (Redell and Gordon  2000  ) . 
There is a metabolic distinction between tropical and temperate endophytes through 
statistical data which compares the number of bioactive natural products isolated 
from endophytes of tropical regions to the number of those isolated from endo-
phytes of temperate origin (Bills et al.  2002  ) . Not only did they fi nd that tropical 
endophytes provide more active natural products than temperate endophytes, but 
they also noted that a signifi cantly higher number of tropical endophytes produced 
a larger number of active secondary metabolites than did fungi from other tropical 
substrata. This observation suggests the importance of the host plant in infl uencing 
the general metabolism of endophytic microbes.  

   Collection, Isolation, and Storage Techniques of Endophytes 

 After a plant is selected for study, it is identifi ed, and its location is plotted using a 
global positioning device. Small stem pieces are cut from the plant and placed in 
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sealed plastic bags after excess moisture is removed. Every attempt is made to store 
the materials at 4°C until isolation procedures can begin. 

 In the laboratory, plant materials are thoroughly surface treated with 70% etha-
nol, sometimes fl amed, and ultimately they are air dried under a laminar fl ow hood. 
This is done in order to eliminate surface contaminating microbes. Then, with a 
sterile knife blade, outer tissues are removed from the samples, and the inner tissues 
carefully excised and placed on water agar plates. After several days of incubation, 
hyphal tips of the fungi are removed and transferred to potato dextrose agar. Bacterial 
forms also emerge from the plant tissues including, on rare occasions, certain 
 Streptomyces  spp. The endophytes are encouraged to sporulate on specifi c plant 
materials and are eventually identifi ed via standard morphological and molecular 
biological techniques and methods. Eventually, when an endophyte is acquired in 
pure culture, it is tested for its ability to be grown in shake or still culture using vari-
ous media and growth conditions. It is also immediately placed in storage under 
various conditions including 15% glycerol at −70°C. One of the most effective 
methods for storage of these organisms is by growing them on sterile barley seed 
and then placing the infested seed directly at −70°C.  

   Growing Endophytes 

 Most commonly, standard commercially available media can be used to culture 
endophytes with potato dextrose broth being one of the most frequently used media. 
Other media include oatmeal, lima bean, or other infusions of various plant seeds, 
stems, or roots. This is not to exclude the prospects of actually making an infusion 
of the host plant itself for use as a cocktail for endophyte fermentation. Ideally, if 
working on natural product isolation, a medium that is well defi ned is desirable to 
use since media substances that would otherwise interfere with the purifi cation pro-
cesses are not present. 

 Ultimately, once appropriate growth conditions are found, the microbe is fer-
mented, extracted, and the bioactive compounds are isolated and characterized. 
Virtually all of the common and advanced procedures for product isolation and 
characterization are utilized in order to acquire the product(s) of interest. Central to 
the processes of isolation is the establishment of one or more bioassays that will 
guide the compound purifi cation processes.  One cannot put too much emphasis on 
this point since the ultimate success of any natural product isolation activity is 
directly related to the development or selection of appropriate bioassay procedures . 
These can involve target organisms, enzymes, tissues, human sniff tests, or model 
chemical systems that relate to the purpose for which the new compound is needed. 
Once a set of endophytes is obtained from natural sources, all avenues of product 
discovery should be open, and this includes a target for organisms performing novel 
and interesting activities such as the manufacture of fuel-like substances or volatile 
antibiotics.   
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   Endophyte Identifi cation with Microscopy 
and Molecular Genetics 

   Identifying Endophytes with Microscopic and Other Techniques 

 The pathway in the production of a product of one’s research on endophytes is to 
know the identity of the organism under investigation. This activity is central to any 
publication or patent that is desired from the scientifi c effort. Initially, after isolation 
and obtaining some indication of the activity of the organism, work is on microbe 
identity. This is initiated observing the cultural characteristics of the microbe includ-
ing form, color, pattern development, and the appearance of fruiting bodies on vari-
ous media. Experience of the investigator can be extremely helpful in making initial 
guesses on microbe identity. Then microscopic observations are made on spores, 
mycelia, and other fruiting structures. The best images are generally those obtained 
from scanning electron microscopy (SEM) which provides unique and important 
details of the endophyte (Fig.  14.2 ). Even more interesting maybe the images 
obtained by environmental SEM (ESEM) which reveals the actual unaltered struc-
tural features of the organism since no fi xatives are used in this process.   

   Molecular Genetics of Endophytes 

 While getting microscopic data on an organism is important, it is also valuable to 
acquire genetic data. In fact, some scientifi c journals and patent offi ces are now 
requiring such information before things can proceed. This is because in more recent 
times, the advent of the enormous reservoir of genetic information in GenBank has 
allowed for immediate molecular comparisons of any unknown organism with 
molecular genetic data on deposit, and this is true for endophytic microbes. The 
most common gene sequences entered for most organisms at the present time are 
selected ribosomal encoded regions of the organismal DNA. In particular, the ITS 
regions are conserved genetically, and as such the sequences obtained are most 
likely to be unique to the organism being studied. The procedures for acquiring 
these genetic data are very straightforward and generally involve the use of already 
commercially available kits and local, regional, national, or commercially available 
sequencing facilities. An example of a statement on the molecular identifi cation of 
a fungal endophyte is shown below: 

 Once limited genomic data are obtained and comparisons are made with GenBank 
entries, the results of the genetic analyses are compared with the fi ndings of the light 
and SEM observations. As for the genetic analytical data, it is generally the case that 
greater than a 95% level of nucleotide matching is needed to consider an organism 
close or identical to an already established genus. However, less than 95% identity 
is enough different to call in taxonomic uncertainty. Ideally, both the visual data and 
the genomic data sets will be in agreement. However, as frequently occurs with 
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endophytes, all of the data are unique, and thus one has the opportunity to name a 
new fungal genus and/or species or both. An example of how this is done is pro-
vided in (   Mitchell et al.  2010 ). 

 Total genomic sequencing has been done on many organisms with a bacterium 
being the fi rst followed by completion of the complete human genome. To date, 
only a few endophytes have been totally sequenced and annotated. Probably the 
best work is that of Strobel’s group at Yale who have completely sequenced and 

  Fig. 14.2    Scanning electron micrographs of various  Streptomycete  spp. from Patagonian plants 
(a,  upper left ) C-1 (from  Nothofagus pumilio ) showing early spore formation, (b,  upper right ) C-2 
(from  Chiliotrichum diffi sum ) showing early spore formation and young hyphal cells, (c,  center 
left ) C-3 (from  Nothofagus betuloides ) showing distinct segmentation of hyphal cells into spores, 
(d,  center right ) C-4 (from  Misodendrum punctulatum ) showing young hyphae, (e,  lower left ) C-5 
(from  Nothofagus betuloides ) showing ropy strands of hyphae, ( lower right ) C-6 (from 
 Nothofagus betuloides ) showing ropy net-like hyphae. Compare C-2 with the images in C-4       

 



258 G. Strobel

annotated  Ascocoryne sarcoides , an endophyte that makes fuel-related compounds 
(Strobel et al. 2011, unpublished). Such efforts are costly, time consuming, and 
require a working group. In the future, fungal genomics will be done more effi -
ciently, and the results will undoubtedly show the way toward manipulation of 
microbial products and processes.   

   Natural Products from Endophytic Microbes 

 The following section shows a few examples of natural products obtained from 
endophytic microbes and their potential in the pharmaceutical and agrochemical 
arenas. 

   Endophytic Microbial Products as Antibiotics 

 Antibiotics are defi ned as low-molecular-weight organic natural products made by 
microorganisms that are active at low concentration against other microorganisms 
(Demain  1981  ) . Often, endophytes are a source of these antibiotics. Natural prod-
ucts from endophytic microbes have been observed to inhibit or kill a wide variety 
of harmful disease-causing agents including, but not limited to, phytopathogens, as 
well as bacteria, fungi, viruses, and protozoans that affect humans and animals. 

  Cryptosporiopsis cf. quercina  is the imperfect stage of  Pezicula cinnamomea , a 
fungus commonly associated with hardwood species in Europe. It was isolated as 
an endophyte from  Tripterygeum wilfordii , a medicinal plant native to Eurasia 
(Strobel et al.  1999  ) . On Petri plates,  C. quercina  demonstrated excellent antifungal 
activity against some important human fungal pathogens— Candida albicans  and 
 Trichophyton  spp. A unique peptide antimycotic, termed cryptocandin, was isolated 
and characterized from  C. quercina  (Strobel et al.  1999  ) . This compound contains a 
number of peculiar hydoxylated amino acids and a novel amino acid—3-hydroxy-
4-hydroxy methyl proline. The bioactive compound is related to the known antimy-
cotics, the echinocandins and the pneumocandins (Walsh  1992  ) . As is generally 
true, not one but several bioactive and related compounds are produced by a microbe. 
Thus, other antifungal agents related to cryptocandin are also produced by  C. cf. 
quercina.  Cryptocandin is also active against a number of plant pathogenic fungi 
including  Sclerotinia sclerotiorum  and  Botrytis cinerea.  Cryptocandin and its related 
compounds are currently being considered for use against a number of fungi-
 causing diseases of skin and nails. 

 Cryptocin, a unique tetramic acid, is also produced by  C. quercina  (see above) 
(Li et al.  2000  )  (Fig.  14.1 ). This unusual compound possesses potent activity against 
 Pyricularia oryzae  as well as a number of other plant pathogenic fungi (Li et al. 
 2000  ) . The compound was generally ineffective against a general array of human 
pathogenic fungi. Nevertheless, with minimum inhibitory concentrations against 
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 P. oryzae  at 0.39  m g/mL, this compound is being examined as a natural chemical 
control agent for rice blast and is being used as a base model to synthesize other 
antifungal compounds. Its structure was deduced by x-ray crystallography which 
should be an ultimate goal of any natural product research effort since the structural 
result is probably not refutable (Fig.     14.3 ).  

 As mentioned earlier,  Pestalotiopsis microspora  is a common rainforest endo-
phyte (Strobel  2002  ) . It turns out that enormous genetic diversity exists in this endo-
phytic fungus, and as such there seems to be many secondary metabolites produced 
by a myriad of strains of this widely dispersed and common rainforest fungus. One 
such secondary metabolite is ambuic acid, an antifungal agent, which has been 
recently described from several isolates of  P. microspora  found as representative 
isolates in many of the world’s rainforests (Li et al.  2001  )  (Fig.  14.2 ). In fact, this 
compound has been used as a model to develop new solid-state NMR tensor meth-
ods to assist in the characterization of molecular stereochemistry of organic mole-
cules (Harper et al.  2001  ) . Recently, and quite surprisingly, ambuic acid has been 
shown as an effective agent in precluding the quorum sensing response in certain 
bacteria, and a whole new fi eld of microbiology has been born (Nakayama et al. 
 2009  )  (Fig.  14.4 ).   

   Other Products and Processes from Endophytes 

 Over the past 15 years, there has been a concerted worldwide effort to fi nd, describe, 
and study the secondary products of endophytes. Many of these organisms have 
come from both temperate and tropical rainforests. The products range from antibi-
otics, antioxidants, antiviral agents, anticancer agents, to antibacterial agents and 
now—mycodiesel. In addition, there is an interesting fungal group making volatile 
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biologically active products—the Muscodors. These products and processes are 
included in a number of review articles (Strobel  2002 ; Strobel  2006 ; Verma et al. 
 2009  ) . It is to be noted that isolation and characterization of natural products does 
require some expensive sophisticated equipment and people who know and under-
stand how to gather and interpret data sets in order to make meaningful conclusions. 
In order to do this, the investigator needs to make alliances with those who have 
these skills. Ultimately, publication or the patent process will mean that there are 
multiple contributors. This is evident on the majority of papers in this fi eld of 
study.   

   Conclusions 

 The enormous fi eld of endophyte biology and genetics is a relatively untapped 
resource for fi nding novel compounds that may be useful to humankind. On top of 
this is the prospect that those in countries (hot spots) with these genetic resources do 
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have immediate access to this genetic potential. Because the endophyte does not 
cause any harm to its plant host, there arises a plethora of questions about the rela-
tionship of the microbe to its host. There are also numerous questions about the 
environmental, genetic, and host factors controlling the relationship of host and 
endophyte. For the most part, investigators have concentrated on isolating and iden-
tifying the various endophytes of a few of the world’s higher plants. Yet, the same 
questions can be asked of lower plant types including aquatic and marine plants, 
ferns, and mosses. It appears that this fi eld is open for all to inquire and make impor-
tant observations and discoveries. 

 This chapter briefl y discussed some of the approaches needed to isolate and char-
acterize an endophyte. Underlying natural products made by these organisms is the 
larger prospect of examining the entire genome of the endophyte and learning how 
important products are made and if improvements in production can be achieved. 
To this end, this fi eld is in its infancy since so little has been performed to date, but 
the prospects of fi nding new products and processes seem unlimited. Fungal genom-
ics is an important part of endophyte isolation and discovery, and with time, com-
plete endophyte genomes will provide a better understanding of the biology of these 
organisms.      

  Acknowledgments   The author appreciates the multiple US and State of Montana government 
agencies that have supported work on endophyte biology in his lab over many years. The author 
also greatly appreciates the myriad of students, post docs, and sabbatical people who have worked 
tirelessly on various interesting projects involving these organisms.  

      References 

    Bacon CW, White JF (2000) Microbial endophytes. Marcel Dekker, New York  
    Bills G, Dombrowski A, Pelaez F, Polishook J, An Z (2002) Recent and future discoveries of phar-

macologically active metabolites from tropical fungi. In: Watling R, Frankland JC, Ainsworth 
AM, Issac S, Robinson CH (eds) Tropical mycology: micromycetes, vol 2. CABI Publishing, 
New York, pp 165–194  

    Brewer S (2000) The relationship between natural products and synthetic chemistry in the discovery 
process. In: Wrigley SK, Hayes MA, Thomas R, Chrystal EJT, Nicholson N (eds) Biodiversity: 
new leads for pharmaceutical and agrochemical industries. The Royal Society of Chemistry, 
Cambridge, UK, pp 59–65  

    Demain AL (1981) Industrial microbiology. Science 214:987–994  
    Dreyfuss MM, Chapela IH (1994) Potential of fungi in the discovery of novel, low-molecular 

weight pharmaceuticals. In: Gullo VP (ed) The discovery of natural products with therapeutic 
potential. Butterworth- Heinemann, London, pp 49–80  

    Ezra D, Hess W, Strobel G (2004) Unique wild type endophytic isolates of  Muscodor albus , a vola-
tile antibiotic producing fungus. Microbiology 150:4023–4031  

    Harper J, Mulgrew AE, Li JY, Barich DH, Strobel GA, Grant DM (2001) Characterization of 
stereochemistry and molecular confi rmation using solid state NMR tensors. J Am Chem Soc 
123:9837–9842  

    Hawksworth DC, Rossman AY (1987) Where are the undescribed fungi? Phytopathology 87:
888–891  



262 G. Strobel

    Li JY, Harper JK, Grant DM, Tombe BO, Bashyal B, Hess WM, Strobel GA (2001) Ambuic acid, 
a highly functionalized cyclohexenone with antifungal activity from  Pestalotiopsis  spp. and 
 Monochaeti a sp. Phytochemistry 56:463–468  

    Li JY, Strobel G, Harper JK, Lobkovsky E, Clardy J (2000) Cryptocin, a potent tetramic acid anti-
mycotic from the endophytic fungus  Cryptosporiopsis cf. quercina . Org Lett 2:767–770  

    Mitchell AM, Strobel GA, Hess WM, Vargas PN, Ezra D (2008)  Muscodor crispans , a novel 
endophyte from  Ananas ananassoides  in the Bolivian Amazon. Fungal Divers 31:37–43  

    Mitchell AM, Strobel GA, Moore E, Robison R, Sears J (2010) Volatile antimicrobials from 
 Muscodor crispans . Microbiology 156:270–277  

    Mittermeier RA, Meyers N, Gil P, Mittermeier C (1999) Hotspots: earth’s biologically richest and 
most endangered ecoregions. Toppan, Japan  

    Nakayama J, Uemura Y, Nishhiguchi K, Yoshimura N, Igarashi Y, Sonomoto K (2009) Ambuic 
acid inhibits the biosynthesis of cyclic peptide quormones in Gram positive bacteria. Antimicrob 
Agents Chemother 53:580–586  

    NIH (2001) NIAID global health research plan for HIV/AIDS, malaria and tuberculosis. US 
Department of Health and Human Services, Bethesda  

    Redell P, Gordon V (2000) Lessons from nature: can ecology provide new leads in the search for 
novel bioactive chemicals from rainforests? In: Wrigley SK, Hayes MA, Thomas R, Chrystal 
EJT, Nicholson N (eds) Biodiversity: new leads for pharmaceutical and agrochemical indus-
tries. The Royal Society of Chemistry, Cambridge, UK, pp 205–212  

       Smith SA, Tank DC, Boulanger LA, Bascom-Slack CA, Eisenman K, Babbs B, Fenn K, Greene 
JS, Hann BD, Keehner J, Kelley-Swift EG, Kembaiyan V, Lee SJ, Li P, Light DY, Lin EH, Ma 
C, Moore E, Schorn MA, Vekhter D, Nunez PN, Strobel G, Donoghue MJ, Strobel SA (2008) 
Bioactive endophytes support intensifi ed exploration and conservation. PLoS Biol 3(8):e3052, 
Published on –line August 25, 2008  

    Stierle A, Strobel GA, Stierle D (1993) Taxol and taxane production by  Taxomyces andreanae . 
Science 260:214–216  

    Strobel GA (2002) Microbial gifts from rain forests. Can J Plant Pathol 24:14–20  
    Strobel GA (2006) Harnessing endophytes for industrial microbiology. Curr Opin Microbiol 

9:240–244  
    Strobel GA, Daisy B (2003) Bioprospecting for microbial endophytes and their natural products. 

Microbiol Mol Biol Rev 67:491–502  
    Strobel GA, Dirksie E, Sears J, Markworth C (2001) Volatile antimicrobials from  Muscodor albus , 

a novel endophytic fungus. Microbiology 147:2943–2950  
    Strobel GA, Miller RV, Miller C, Condron M, Teplow DB, Hess WM (1999) Cryptocandin, a 

potent antimycotic from the endophytic fungus  Cryptosporiopsis cf. quercina . Microbiology 
145:1919–1926  

    Strobel G, Knighton B, Kluck K, Ren Y, Livinghouse T, Griffen M, Spakowicz D, Sears J (2008) 
The production of myco-diesel hydrocarbons and their derivatives by the endophytic fungus 
 Gliocladium roseum . Microbiology 154:3319–3328  

    Strobel SA, Strobel GA (2007) Plant endophytes as a platform for discovery-based undergraduate 
science education. Nat Chem Biol 3:356–359  

    Suffness M (1995) Taxol, science and applications. CRC press, Boca Raton  
    Verma VC, Kharwar RN, Strobel GA (2009) Chemical and functional diversity of natural products 

from plant associated endophytic fungi. Nat Prod Commun 4:1511–1532  
    Walsh TA (1992) Inhibitors of  b -glucan synthesis. In: Sutcliffe JA, Georgopapadakou NH (eds) 

Emerging targets in antibacterial and antifungal chemotherapy. Chapman & Hall, London, 
pp 349–373  

    Wani MC, Taylor HL, Wall ME, Goggon P, McPhail AT (1971) Plant antitumor agents, VI The 
isolation and structure of taxol, a novel antileukemic and antitumor agent from Taxus brevifo-
lia. J Am Chem Soc 93:2325–2327      


	Chapter 14: Genetic Diversity of Microbial Endophytes and Their Biotechnical Applications
	Introduction
	Needs for New Medicines, Agrochemical Agents, and Fuel
	Natural Products and Traditional Approaches in Medicine
	Endophytes
	Why Study Endophytes?
	Rationale for Plant Selection
	Endophytes and Biodiversity
	Collection, Isolation, and Storage Techniques of Endophytes
	Growing Endophytes

	Endophyte Identification with Microscopy and Molecular Genetics
	Identifying Endophytes with Microscopic and Other Techniques
	Molecular Genetics of Endophytes

	Natural Products from Endophytic Microbes
	Endophytic Microbial Products as Antibiotics
	Other Products and Processes from Endophytes

	Conclusions
	References


