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Molecular Approaches to Screen
Bioactive Compounds from
Endophytic Fungi

M. Vasundhara, Anil Kumar and M. Sudhakara Reddy *

Department of Biotechnology, Thapar University, Patialandia

Endophytic fungi are capable of producing plant associatethetabolites and their analogs
with therapeutic value. In order to identify the potential mdophytic isolates producing
bioactive compounds, one need to screen all isolated endopytes, which may run into
hundreds. Isolation of endophytic fungi is relatively a sipte process; but screening
of the isolated fungi for required metabolite production isa cumbersome process.
Endophytic fungi producing plant associated metabolites ray contain genes involved in
the entire biosynthetic pathway(s). Therefore, ascertadimg the presence of key enzymes
of a particular biosynthetic pathway could serve as a moledar marker for screening of
these endophytes to produce that metabolite. In absence of ptire biosynthetic pathways
in endophytic fungi, plant genes associated with that metablic pathway could serve
as markers. This review focuses on the impact of molecular gpoaches to screen
the endophytic fungi for the production of bioactive compomds. An attempt has been
made on screening of anticancer compounds like taxol (padixel), podophyllotoxin, and
camptothecin using molecular markers. The advantages of mecular approaches over
conventional methods to screen endophytic fungi and also ienti cation of endophytic
fungi are discussed.

Keywords: endophytic fungi, secondary metabolites, bioacti ve compounds, paclitaxel, podophyllotoxin,

camptothecin, molecular markers

INTRODUCTION

Endophytic fungi live in the tissues of plants without causamy symptoms of diseasBgcon and
White, 2000 and the majority of these endophytes are furfgirbel and Daisy, 20D Endophytic
fungi are associated with the host plants, protect the hostfpathogens, and at times may become
opportunistic pathogens. Majority of endophytic fungi possessynthetic capabilities more than
the associated host because of their long co-evolution a@mktic recombination. Endophytic
fungi have been considered as a source for novel naturakctiveacompounds with potential
application in medicine, agriculture, and food industiyt(obel et al., 1993; Suryanarayanan et al.,
2009; Kharwar et al., 20).IMany endophytic fungi are capable of synthesizing varidoadiive
compounds that are used as therapeutic agents against numdiseasesS(iryanarayanan et al.,
2009; Deshmukh et al., 20115

The production of novel metabolites by fungal endophytes saigeestions about the acquisition
of the capacity to produce such complex metabolites by thesenisrga. The plant-endophyte
co-evolution hypothesis suggests that it might be possiblerficiophytic fungi to assist the plant
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in chemical defense by producing these secondary metabolitprocessed through various stages such as testing for thegixal
(Ji et al., 2009 The possibility of acquisition of the capacity activity using various activity speci c bioassays, puriicat of
to produce these metabolites by endophytes from the host imiolecules responsible for the tested biological activiijiefle
supported by the fact that these endophytes harbor similaet al., 1993; Zhou et al., 2007; Bedair and Sumner, 2008; Aly
biosynthetic pathway and genes encoding enzymes catalyziag al., 2010; Garyali et al., 2013; Roopa et al., )20lkese
various steps as that of the hostt{andra, 201 There are a bioactive compounds can be identi ed at the molecular lebgls
few studies showing that the fungi isolated from the particul using various spectroscopic techniques coupled with precision
host produce active principle produced by that hdsti¢érle et al., chromatographic equipment. Chemical structure and related
1993; Puri et al., 2005, 2006; Kusari et al., 2009, 2011 eNadespectroscopic data regarding several secondary metabolites
etal., 2012; Garyali et al., 201Bhe endophytic fungi producing including bioactive compounds is available in various dat#s
such compounds have also shown the presence and expressguth as Human Metabolome database (HMDBjighart et al.,
of the similar homologous genes involved the biosynthesis 009, the METLIN database 9mith et al., 2005 and the
respective compounds in their hostgnnewein et al., 2001 Madison Metabolomics Consortium Database (MMDBJL(
Although, each plant species is known to harbor manyet al., 2008 These compounds can be identi ed by comparing
endophytic fungi, only a very minor fraction of them are abletheir spectroscopic data with the available spectroscopic data
to produce important metabolites. This fraction has also beein databases. Although, data and structure of large numifer o
reported to belong to dierent taxa and is not con ned to a compounds is stored in these databases, yet for many unreporte
particular taxonomic group. Therefore, in order to identifyet  compounds, the data is not available in these databases
potential isolates capable of producing a particular compounénd are identied using various spectroscopic techniques
one needs to screen all isolated endophytes that usuallyintms such as molecular ion mass spectrometry and fragmentation
hundreds. Although isolation of endophytic fungi is relaly pattern Kind and Fiehn, 2007; Bocker et al., 2)l0Recently,
a simple process, screening of the isolated fungi for requirehndem mass spectroscopy coupled with precision liquid
metabolites is, however, a cumbersome proc&s®| et al., chromatography systems are also used to generate such data
2007; Xiong et al., 20).3Under such circumstances there is afrom relatively less puri ed extractsSawada and Hirai, 20).3
possibility of missing some strains that are capable of prauuci Further, data generated using nuclear magnetic resonande a
these metabolites. Various procedures used for screening ioffra-red spectroscopies also provide vital information atibie
this diverse group of organisms for the production of biogeti structure of the unknown compounds, which help in elucidatin
metabolites have been reviewed. the molecular structure of these compoundsétro et al., 2010;
The present work provides an overview on the screening ofan der Hooft et al., 20)1Although, such techniques serve as
endophytic fungi for production of the bioactive metabolites powerful tools for the identi cation of molecules in the eatt
The impacts of molecular approaches to screen the bioactivand also for the characterization of new molecules, theesting
compounds from endophytic fungi are elaborated by includingof large number of isolated endophytic fungi through these
some of the anticancer compounds. The merits of moleculaprocesses is laborious and there is always a possibility sfmgis
approaches over conventional methods to screen endophytisolates with a capacity to produce novel metabolites. Theseth
fungi, identify those using molecular tools and futureis a need for developing an e cient procedure for the screening

perspectives are also discussed. of large number of isolated endophytic fungi to identify the
strains capable of producing specic novel pharmaceutically
important compounds.

METHODS OF SCREENING ENDOPHYTIC

FUNGI
GENOME MINING

Endophytes provide a broad variety of bioactive secondary

metabolites with unique structure, including alkaloids, The quest for the discovery of novel bioactive compounds
benzopyranones, chinones, avonoids, phenolic acidsyas opened a new chapter with the availability of enormous
quinones, steroids, terpenoids, tetralones, xanthonebspéimers  genetic data. This information has been explored by mining
compounds {an and Zou, 2001 These bioactive metabolites the whole-genome sequence to identify biosynthetic pathways
have pharmacological activity with wide-ranging application for undetected metabolites. To discover the new natural
such as antibacterials, antifungal, antiviral, immunomatzdors, products and gene clusters for known metabolites, this
antiparasitics, antioxidants, and anticancer agefitsuig et al., information has been “shed out” of DNA libraries an
2011; Zhao et al., 2011; Deshmukh et al., 2015; Vasundhaaad Shen, 2006 Genomes of lamentous fungi reveal that

et al., 2015 Traditionally, various tools have been used forthey contain far more gene clusters for secondary metabolite
the screening of endophytic fungi starting from the testing o biosynthesis than estimated from the previously identi ed
biological activities through bioassays leading to the pation, = metabolites. These gene clusters encode enzymes for di eren
identi cation, and characterization of the bioactive moldes. classes of secondary metabolites such as non-ribosomal peptide
Each of the isolated endophytic fungus is required to besynthetases, terpene synthases and polyketide synthases) kn
cultured and then extracted with dierent organic solventsas “signature” genes/enzymes. These genes are presumed to
for the isolation of the metabolites. All the extracts arernh be the founders of secondary metabolic gene clusters. They
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also contain genes for tailoring enzymes which modify theable to produce taxolZhou et al., 2007; Zhang et al., 2008;
skeleton of secondary metabolites (For e.g., oxidoredesta Xiong et al., 201)3 However,Garyali et al. (2013jeported that
acyltransferases, glycosyltransferases, and methsfitiases) the fungal strains showing the ampli cation of ontg and dbat
(Osbourn, 201 Mining of genomes oAspergilluspp., revealed were found to be negative for taxol production. Hence, it is
the existence of about 40 cryptic biosynthetic gene cludters essential to select the appropriate genes/enzymes as markers
secondary metabolites per genome. It has been reported thitr screening of endophytic fungi for production of bioactive
A. nidulansis capable of generating 32 polyketides, 14 noneompounds. Use of such initial screening is likely to reduce
ribosomal peptides and two indole alkaloidsrékhage et al., the time and improve the e ciency of screening. With less
2008; Rank et al., 20).0rhe secondary metabolic gene clusterscreening time and e orts, one may be able to quickly identify
are silent under standard laboratory conditions in lameo® the important isolate from huge diversity of isolated fungal
fungi, due to which no product can be forme8rakhage and endophytes.
Schroeckh (2011reviewed the strategies to activate silent gene
clusters of fungal secondary metabolites. They showedtligat
majority of successful approaches to activate the gene disle  SCREENING FOR BIOACTIVE
based on the generation of gene “knock outs,” over expressgion COMPOUNDS
transcriptional factors, promoter exchange and other plaipic
regulators. Other strategies such as epigenetics and gioula Paclitaxel
of the natural habitat of the same ecosystem will promote th@aclitaxel (taxol) is a diterpenoid and extensively usedragai
activation of silent gene clusters and the production of Hovea range of cancer types. This compound is the worlds rst
metabolites inA. nidulans They suggested that the simulation anticancer drug originally isolated frofaxus brevifoligPaci c
strategies play an important role to discover new bioactivgew), and known to be present in allaxus species $trobel
compounds. Although the secondary metabolic pathways cft al., 1995 Although, a complete chemical synthesis of taxol
many compounds are not well understood, the advancements inas been reportedHolton et al., 1994; Nicolaou et al., 1994
the areas of functional genomics and metabolomics, manggenyet the method is highly uneconomical. At present, most taxol
of biosynthetic pathways of various secondary metabolite®h is prepared by semi-synthesis from baccatin Ill or 10-dedcety
been identi ed and characterized\(ankhede et al., 2013; Lau baccatin, precursors of taxol, and these compounds also are
and Sattely, 2035 isolated from yew treesCpllin, 200). With all these e orts,
Manipulation of the synthesis of bioactive compounds bythe demand for the taxol far exceeds the supply. This gap in the
endophytic fungi by genome mining will increase the yielddemand and supply of taxol has sparked the e orts for the
and new derivatives with possible superior qualities. For theearch of alternate sources for taxol. A ray of hope in this
metabolites where the biosynthetic pathways are partly or fulldirection came with the discovery of endophytic fungi capable
known in one or more plant taxa, application of polymeraseof producing taxol, which was isolated from tfi@xusspecies
chain reaction help in elucidating the biosynthetic geneshie  (Stierle et al., 1993 Subsequently many workers reported the
endophyte producing the same compounéh( and Shen, 2006; isolation of huge number of endophytic fungi from various pign
Kusari and Spiteller, 20)1 and screened this large number of fungi to identify a few cégpab
of producing taxol from yews. These endophytic fungi mostly
belonging to ascomycetes and imperfect fungi that incluthes t

SCREENING OF ENDOPHYTIC FUNGI generaPestalotia, Pestalotiopsis, Alternaria, Seimatoantteri
USING MOLECULAR MARKERS Sporormia, Fusarium, Trichothecium, Tubercularia, Ritijices,
Monochaetia, Peniciliumand Truncatella amongst others
Each step in a biosynthetic pathway is catalyzed by speci@lores-Bustamante et al., 20)10Biosynthetic pathway of
enzyme encoded by respective gene. Thus, for an organigmaclitaxel requires about 19 enzymatic steps with diterpenoid
to attain the capacity to produce a particular metabolite, itprecursor geranylgeranyl diphosphate (GGPP) in yew trees
is necessary to acquire all the genes for encoding varioyslezari and Croteau, 1997 The rst step involves the
enzymes catalyzing the production of that metabolite. Tiares  cyclization of GGPP to taxa-4(5),11(12)-diene by taxaglien
ascertaining the presence of key genes encoding importasynthase. The biosynthetic pathway of paclitaxel is repredémte
enzymes of that particular biosynthetic pathway could sesre &igure 1
a marker for the potential of these endophytes to produce those The molecular basis of taxol biosynthesis in endophytic
metabolites Kusari and Spiteller, 20).1Various enzymes of fungi is still not known. The screening of endophytic fungi
biosynthetic pathway of paclitaxel (Taxol) and related taesaare for the production of paclitaxel using some of the biosynthetic
well characterized and genes encoding these enzymes asglclogenes as molecular markers are reported Table 1 The
(Kusari et al., 2003 It has been reported that fungi showing nucleotide sequence of these genes and amino acid sequience o
ampli cation of DNA fragments speci ¢ to genes involved in encoded enzymes of endophytic fungi showed high homology
taxol biosynthesis namely, taxa-4(5),11(12)-diene s3seh(s), with related genes ofTaxus species Kigure 2. The PCR
debenzoyltaxane%-0-benzyol transferaselbat) and the gene ampli cation and cloning of genes of taxol biosynthetic pathway
encoding nal step in taxol biosynthetic pathway i.e., batta from di erent taxol producing endophytic fungi facilitated ¢h
Il 13-O-(3-amino-3-phenylpropanoyl) transferasbapf were potential alternative and sustainable source of taKolgari et al.,
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Geranylgeranyl diphosphate

TS BAPT T
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BAPT: baccatin Il 13— O-(3-amino-phenylpropanoyl) transferase].

- “om Phenylalanine mutase
) Baccatinlll
Taxa-4(20),11(12)-dien-5c.-ol Ry= Ac
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) “MOAc
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FIGURE 1 | Schematic representation of biosynthetic pathway leading to taxol along with corresponding enzymes catalyzin g steps in taxol

biosynthesis [TS: taxadiene synthase; TAT: taxe-4(20), 11( 12)-diene-5 a-ol-)-acetyltransferase; DBAT: 10-deacetylbaccatin 11l 1 0-O-acetyl-transferase;

B-Phenylalanine CoA

TABLE 1 | Taxol synthesizing genes reported from endophytic fu ngi.

Fungus Host

Accession No.

References

TAXADIENE SYNTHASE (TS)

Mucor rouxianus Taxus chinensis

Fusarium solani T. celebica

Taxomyces andreanae T. brevifolia

Gibberella intermedia Taxus x media
10-DEACETYLBACCATIN 111-10-O-ACETYL TRANSFERASE (DBAT)
Cladosporium cladosporoides Taxus x media

Fusarium solani Taxuscelebica

Aspergillus candidus Taxus x media

Lasiodiploidia theobromae Sara caasoca

BACCATIN Il AMINOPHENYLPROPANOYL-13-O-TRANSFERASE (BA PT)
Taxomyces andreanae T.brevifolia

Colletotrichum gloeosporioides Taxus x media

Guignardia mangifera Taxus x media

Fusarium redolens T.baccata sutsp. wallichiana
Fusariun tricinctum T. baccata subsp. wallichiana
Fusarium avenaceum T.baccata sutsp. wallichiana
Paraconiothyrium brasiliense T. baccata sulsp. wallichiana
Microdiploidia sp. T. baccata sub sp. wallichiana
Alternariasp. T. cuspidate

HM113487

KC337345

EU375527
EF626531
EU883596
KP136287

KC337344
KC337343
KC924919
KF010842
KF010843
KF010844
KF010845
GU323557

Zhou et al., 2007; Miao et al., 2009
Staniek et al., 2009
Xiong et al., 2013

Zhang et al., 2009a

Zhang et al., 2009b

Staniek et al., 2009
Xiong et al., 2013

Xiong et al., 2013

Garyali et al., 2013
Garyali et al., 2014
Garyali et al., 2014
Garyali et al., 2014
Garyali et al., 2014
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Taxus x media (AAT73200) NVLLVYAANMDRVSADPARVIREALSKVLVYYYPFAGRLRNRENGELEVECTGQGVLFLEAMADS
T.mairei (AEJ84001) NVLLVYAANMDRVSADPARVIREALSKVLVYYYPFAGRLRNRENGELEVECTGQGVLFLEAMADS
T.cuspidate (AAL92459) NVLLVYAANMDRVSADPARVIREALSKVLVYYYPFAGRLRNRENGELEVECTGQGVLFLEAMADS
T.sumatrana (ACN62085) NVLLVYTADMDRVSADPARVIREALSKVLVYYYPFAGRLRNREDGELEVECTGQGVLFLEAMADS
G.avenacea (KF010838) NILLVYSA-SHRVSADPARVIREALSKVLVYYYPFAGRLRRKRENGELEVECTGQGVLFVEAMADS
P.brasiliense (RF010840) NILLVYSA-SHRVSADPARVIREALSKVLVYYYPFAGRLRRRENGELEVECTGQGVLFVEAMADS
F.tricinctum (KF010839) NILLVYSA-SHRVSADPARVIREALSKVLVYYYPFAGRLRKRENGELEVECTGQGVLFVEAMADS
Microdiplodia sp(KF010841) NILLVYSA-SHRVSADPARVIREALSKVLVYYYPFAGRLRKRENGELEVECTGQGVLFVEAMADS
F.redolens (RC924920) NILLVYSA-SHRVSADPARVIREALSKVLVYYYPFAGRLRRKRENGELEVECTGQGVLFVEAMADS
T.baccata (AGJ71919) NTLLVYNA-SDRVSADPARVIRQALSKVLVYYSPFAGRLRKRENGDLEVECTGEGALFVEAMADT
T.canadensis (ABW84235) NTLLVYNA-SDRVSADPARVIRQALSKVLVYYSPFAGRLRKRENGDLEVECTGEGALFVEAMADT
T.globosa (ABWE84246) NTLLVYNA-SDRVSADPARVIRQALSKVLVYYSPFAGRLRRKRENGDLEVECTGEGALFVEAMADT
Taxus x media (AAT73200) DLSVLTDLDNYNPSFQQLIFSLPQDTDIEDLHLLIVQ----VTRFTCGGFVVG
T.mairei (AEJ84001) DLSVLADLDNYNPSFQQLIFSLPQDTDIEDLHLLIVQ----VTRFTCGGFVVG
T.cuspidate (AAL92459) DLSVLTDLDNYNPSFQQLIFSLPQDTDIEDLHLLIVQ----VTRFTCGGEVVG
T.sumatrana (ACN62085) DLSVLTDLDDYRPSFQQLIFSLPQDTDIEDLHLLIVQ--—--VITRFTCGGEFVVG
G.avenacea (KF010838) DLSVLTDLDDYNPSFQQLLFSVPQDADIEDLHLFIVQVFMQVTRFTCGGFVVG
P.brasiliense (RF010840) DLSVLTDLDDYNPSFQQLLFSVPQDADIEDLHLFIVQVFMQVTRFTCGGEVVG
F.tricinctum (KF010839) DLSVLTDLDDYNPSFQQLLFSVPQDADIEDLHLFIVQVFMQVTRFTCGGEVVG
Microdiplodia sp (KF010841) DLSVLTDLDDYNPSFQQLLFSVPQDADIEDLHLFIVQVFMQVTRFTCGGFVVG
F.redolens (RC924920) DLSVLTDLDDYNPSFQQLLFSVPQDADIEDLHLFIVQVFMQVTRFTCGGFVVG
T.baccata (AGJ71919) DLSVLGDLDDYSPSLEQLLFCLPPDTDIEDIHPLVVQ----VTRFTCGGFVVG
T.canadensis (ABW84235) DLSVLGDLDDYSPSLEQLLFCLPPDTDIEDIHPLVVQ—----VTRFTCGGEFVVG
T.globosa (ABWE84246) DLSVLGDLDDYSPSLEQLLFCLPPDTDIEDVHPLVVQ—----VTRFTCGGFVVG

W RN RN e N W s MWW e WeNRW W W s W W W

FIGURE 2 | Alignment of deduced amino acid sequences of BAPT from various species of Taxus and endophytic fungal isolates showing high level of
sequence homology.

2019. Therefore, PCR based molecular markers speci c to taxal976; Horwitz and Loike, 1977; Minocha and Long, 1)98he
biosynthetic pathway genes could be e ectively used for theresence of podophyllotoxin and its various precursors have
screening of large number of isolated endophytic fungi. been reported from all the speciesRddophylluma herbaceous
Genes of taxol biosynthetic pathway namely 10perennial alpine rosette belonging to family berberidaceae
deacetylbccatin-IlI-10-O-acetyl  transferase dbdt) from  (Haijun et al., 200¥f Some of the other plant species which
Clasdosporium cladosporiod#®mwed 99% sequence similarity produce podophyllotoxin includelinum avum (Broomhead
with the host planfTaxus mediand 97% with same gene isolatedand Dewick, 199)) Juniperus verginian@gupchan et al., 195
from T. wallichiana(Yang et al., 2004 These ndings point Hyptis verticillata Kuhnt et al., 199} Due to over extraction and
toward the possibility that the endophytic fungi have acqgdire slow growing natureRodophyllunplants have been listed among
the gene(s) for the synthesis of these novel compounds frotine endangered plant speci€shaurasia et al., 20).ZTherefore,
their host by the process of horizontal gene transfer. Ontheo to maintain the sustained supply of podophyllotoxin for the
hand, Xiong et al. (2013jsolated three endophytic fungi from preparation of anticancer molecules, there is an urgent need
T. media which are capable of producing taxol. The taxadieng¢o search for the alternative sources. Among other altéveat
synthaset€) and baptgenes isolated from these fungi show verysources, endophytic fungi have been screened for their patent
low levels of similarity with the corresponding genes fromsho for the production of podophyllotoxin Ruri et al., 200p
i.e., T. mediaindicating that these fungi evolved these gene&yberger et al. (2008¢ported the production of podphyllotoxin
independently and have not acquired through horizontal gendy two endophytic strains ofPhialocephala fortiniiisolated

transfer from the host. from Podophyllum peltatumKour et al. (2008)reported the
) production of podophyllotoxin byFusarium oxysporurisolated
Podophyllotoxin from Juniperus recurva

Podophyllotoxin is a lignan and is chemically converted to Podophyllotoxin is synthesized through phenylpropanoid
pharmaceutically important compounds namely teniposidepathways; which is ubiquitously distributed among plant specie
etoposide, etopophos, and other compounds. These compoundgad play important role in plant defenséi(kuda et al., 1985;
have high anticancer activity and are prescribed for thettnemt ~ Figgitt et al., 19809 Until recently, the knowledge about its
of many types of cancer&kstrom et al., 1998; Holm et al., 1998;biosynthetic pathway was fragmented and key enzymes and
Ajani et al., 1990 These compounds are known to interact with corresponding genes were not knowkumar et al., 2016 A
topoisomerase Il and inhibit the activity of this enzyme whis  thorough knowledge of complete biosynthetic pathway would
vital for DNA replication and cell divisionl(oike and Horwitz, ease the access to podophyllotoxin and its natural derivative
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which are di cult to produce synthetically {amal et al., 2005

to screen the isolated endophytic fungi and also other orgasis

Lau and Sattely (201%)ave been able to Il the major gaps in capable of producing podophyllotoxin.

the podophylltoxin biosynthetic pathway with the identi cati

of six new enzymes catalyzing the key steps of podophyllotoxicamptothecin and Related Molecules
production (Figure 3. A sequence of enzymes involved inCamptothecinis a plant based alkaloid, which exhibits antibu
podophyllotoxin biosynthetic pathway are dirigent protein activity due to the inhibition of DNA topoisomerase |

(DIR), to coniferyl alcohol toC)-pinocresol, which is converted (Hsiang et al.,

1985 Semi-synthetic water soluble analogs of

by pinocresol-lariciresinol reductase (PLR). PLR is comekrt camptothecin (Topotecan and Irinotecan) are prescribed for

to ( )-secoisolariciresinol, which is further converted to)¢
matairesinol by sericoisolariciresinol dehydrogena&#{5 This
will further converted by CYP719A23 to §-pluviatolide. This is
likely converted by Phex13114 (OMT1) to )-yatein, which is
converted by Phex30848 (2-ODD) to J-deoxypodophyllotoxin

(Lau and Sattely, 20).5The PCR based markers can be developePanjikar et al.,

the treatment of tumors world over. The main precursor for
the biosynthesis of camptothecin and many other important
alkaloids including some important anti-cancer moleculss i
strictosidine, which is synthesized by the action of stréidine
synthase from tryptamine and secologanin (STREg(re 4)
2002 Figure 4 depicts the biosynthesis of

for some of the genes encoding these enzymes and used firictosidine and its subsequent conversion to various ingrat
the screening of large number of isolated fungal endophydes f alkaloids with varied medicinal properties. Strictosidineaiso
podophyllotoxin. Such screening procedure will serve as an aml precursor for the synthesis of vinblastine, another impatrta

OCHJ

coniferyl

OCH
v 3 (+) - pinoresinol

FIGURE 3 | Biosynthetic pathway of podophyllotoxin along wi

OH H;CO HsCO O
7z _OR 0y~ PLR w0 N-OH ‘( CYP719A23
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FIGURE 4 | Biosynthesis of strictosidine and its subsequent conversion to important alkaloids including anti-cancer co mpounds. Reproduced from
Panjikar et al. (2012with permission of The Royal Society of Chemistry.

anticancer drug used for the treatment of di erent cancersand Aspergillussp. LY341 were isolated fro@. acuminataby
As strictosidine acts as a precursor for variety of alkaloid®u et al. (2013) Therefore, markers specic to geraniol-10-
and detection of the gene encoding enzyme STR1 catalyzitydroxylase and strictosidine synthase can provide impdrtan
its synthesis could provide signi cant information aboutish information.

pathway. Gene encoding STR has been cloned and characterized

from hairy root cultures ofOphiorrhiza pumila(Yamazaki et al.,
2003. Although much of the information regarding the steps MOLECULAR CHARACTERIZATION AND
in-between strictosidine and camptothecin is not availablei  |DENTIFICATION OF ENDOPHYTIC FUNGI
et al. (2015yeported that the co-overexpression of geraniol-10-
hydroxylase and strictosidine synthase increased camgtath Endophytic fungal communities comes from a broad range
accumulation inO. pumilahairy root cultures. of fungal origins, which include Ascomycota, Basidiomygot
Fusarium solani isolated from Apodytes dimidiata and Zygomycota. These fungal isolates can be identi eddase
showed the production of 10-hydroxycamptothecin, 9-on their morphological characteristics if they sporulate on
methoxycamptothecin, and camptotheciii{weta et al., 20).0 the media. Traditional classication of fungi heavily redie
Kusari et al. (2009yeported the production of camptothecin on reproductive structures, the non-sporulating fungi cabno
and its analogs by an endophytic fungus froBamptotheca be provided with taxonomic namesS(@n and Guo, 20)2
acuminate.Rehman et al. (2008)eported the production of Application of molecular tools, such as DNA ngerprinting
camptothecin by an endophytic fungieurosporap., isolated and sequencing methods=igure 5), showed the potential to
from Nothapodytes foetid€amptothecin producing endophytic overcome the di culties in traditional taxonomy for cultiable
fungi, Trichoderma atrovirideLY357, Aspergillussp. LY355, fungi. In endophytic fungi, 5.8S gene and anking internal
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FIGURE 5 | Schematic diagram showing identi cation of the cul  tivable and non-cultivable endophytic fungal communities from a plant source.

Reprinted fromSun and Guo (2012) with permission from Mycological Society of China.

transcribed spacers (ITS1 and ITS2) of the rDNA, 18S an@lVestern Ghats of India based on ITS sequences and phylogeneti
28S rRNA genes have been employed in the identi catioranalysisigure 6).

of endophytic fungi.Pandey et al. (2003denti ed di erent Due to the limitations of traditional isolation procedures,
isolates ofPhyllostictathat were isolated from di erent tropical it is highly probable that many endophytic fungi cannot
tree species in India aB. capitalensibased on ITS sequence be brought onto the culture. To overcome the potential
analysisMorakotkarn et al. (2007jsolated 71 (of 257 strains) technical bias, molecular approaches have been applied in
endophytic fungi fromPhyllostachynd Sasaspecies and placed the identi cation of endophytic fungi directly within the hat
them into Sordariomycetes and Dothideomycetes based on 18Ssues. This process involves (i) extraction of total gemomi
rRNA sequence analyses and further identi ed them into lowelDNA from surface-sterilized plant tissues, (ii) ampli catioof
taxonomic levels based on ITS sequences. Endophytic funDNA fragments (e.g., ITS, 28S and 18S genes) with fungal
belong to Xylariaceae isolated from 22 tree species of a dgpecic primers, (iii) denaturing gradient gel electrophdees
thorn forest and 27 tree species of a stunted montane evergre€DGGE) and excision of dierent bands (iv) cloning and
forest of the Western Ghats in southern India were identi edsequencing of representative clones and identifying theesezps

as Xylaria or Nemania species based on their ITS sequencénto various taxonomic levels based on phylogenetic armlysi
analysis Govindarajulu et al., 20)3Sun et al. (2011glustered (Figure 5. High-throughput sequencing also serves as a
221 non-sporulating endophyte strains into 56 morphotypes, angowerful alternative to molecular studies of fungal commiyni
placed these morphotypes into 37 taxa based on ITS sequerinenatural environments. This technique has been succkgsfu
similarity and phylogenetic analyseSuryanarayanan et al. employed to study the fungal diversity in phyllosphere fungi
(2011)identi ed di erent endophytic fungi isolated from the (Jumpponen and Jones, 2Qp9nycorrhizal fungi Pumbrell
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FIGURE 6 | Phylogenetic analysis of different endophytic fung i isolated from Western Ghats of India using parsimony analysi s. Parsimony bootstrap
support (BS) and Bayesian PP values 50% are given at the internodes (BS/PP). Reprinted frorBuryanarayanan et al. (2011)with permission from Elsevier.

et al., 201), and other natural environments. DNA barcoding CONSIDERATIONS

systems is another technique employed to identify fungal

speciesHiebert et al., 2003 DNA barcode region used should It has been reported that fungi showing ampli cation of DNA
be a single locus for all groups of organisms across dltagments specic to genes involved in taxol biosynthesis elgm

kingdoms. In endophytic fungi, ITS region is considered ags, dbat, and bapt were able to produce taxol. However, it has
the most widely used DNA barcode in molecular identi cation been reported that the fungal strains showing the ampli catio
despite some limitations in species distinctioBuq et al., of only ts and dbat were found to be negative for taxol
201). production (Garyali et al. (2013)Hence, it is essential to
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select the appropriate genes/enzymes as markers for screenofg endophytic fungi capable of producing taxol, it seem
of endophytic fungi for production of bioactive compounds. rational to apply this technology for the compound specic
Further, there are reports regarding the endophytic fungiscreening of large number of isolated endophytic fungi. The
producing important bioactive compounds which are not speci cpossibility of using such procedures is high in case of
to host plants.Gangadevi and Muthumary (200&eported novel compounds including anticancer compounds for which
the isolation of endophytic fungColletotrichum gloeosporioideseither complete or partial biosynthetic pathways are known.
capable of producing taxol frorusticia gendarussa plant not  If the biosynthetic pathways are not known for some of
known for taxol production. Such exceptional cases need to bihe metabolites, plant genes associated with that metabolic
studied in detail to clarify the possibilities of acquiringese pathway could be used as markers to screen the endophytic
genes of biosynthetic pathways by endophytic fungi. Also fise éungi.

gene speci ¢ primers will help in screening and identifyingth

bioactive compounds produced by endophytic fungi which area yTHOR CONTRIBUTIONS

not speci c to host plant.
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