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Abstract

Endophytic fungi from the stems, roots, leaves and flowers of Catharanthus roseus were isolated using routine
isolation methods, yielding 25 strains. The crude ethyl acetate extracts of endophyte culture broths were assayed for
antimicrobial properties against seven bacterial and two fungal test strains. Thirteen strains producing antimicrobial
compounds were taxonomically characterized by 18S rRNA gene sequencing. The majority of these fungi were
distributed among the orders Pleosporales, Botryosphaeriales and Capnodiales (class Dothideomycetes). Degenerate
PCR-based screening was used to target polyketide synthase (PKS) biosynthesis genes in these bioactive strains,
resulting in detection of 12 PKS gene fragments from eight strains. The differential antimicrobial activities and unique
PKS gene sequences detected in the isolates reflected the potential for these endophytes to produce a range of
chemically diverse compounds. Also, this can prove to be another useful dereplication tool for natural product discovery.

Keywords: Catharanthus roseus; Endophytic fungi; Polyketide
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Introduction

Terrestrial plants are known to harbor endophytic microbes, which
in many cases produce bioactive molecules [1]. Endophytes are microbes
that live in the internal tissues of the host plant without showing any
symptoms of disease [2], however, recent studies have shown that they
may become pathogenic during host plant senescence [3]. Whilst living
symbiotically with plants, many endophytes have developed the ability
to mimic host chemical diversity and are also believed to be responsible
for the production of biologically active metabolites once attributed to
the plant host [4]. Some of the chemically complex structures that are
of dual endophyte/plant origin and which have been investigated in last
few decades include paclitaxel [5], vinca alkaloids [6], camptothecin
[7], podophyllotoxin [8] and hypercin [9]. Therefore, endophytes are
potential sustainable sources of plant-associated natural products.

Catharanthus roseus (Apocynaceae) is a plant well known for the
production of the anticancer alkaloids vincristine and vinblastine
[10]. The antimitotic effect of these alkaloids is due to their ability to
arrest cell division during metaphase through binding tubulin and
inhibiting spindle fiber formation [11]. The crude extracts of C. roseus
are known for their cytotoxic activity against an array of tumour cell
lines, including human fibro sarcoma cells (HT 1080), human cervix
adenocarcinoma, human lung adenocarcinoma (A549), murine
colon carcinoma (26-L5), murine Lewis lung carcinoma and murine
melanoma cells (B16-BL6) [12]. In addition to C. roseus, an endophytic
Fusarium oxzysporum strain isolated from C. roseus was also reported
to produce vinca alkaloids [13]. However, despite the pharmacological
importance of endophytic compounds very few investigations have
focused on isolating endophytes from C. roseus and exploring their
chemical diversity and bioactivities [14,15].

Molecular screening for functional genesinvolved in the biosynthesis
of complex chemical structures is a robust strategy used to identify
potential candidate microorganisms for natural product discovery.
Polyketide synthases (PKS) are involved in the microbial biosynthesis
of natural products that possess a variety of biological activities
including antibiotics (e.g., erythromycin, tetracycline and vancomycin)
[16,17], immunosuppressants (e.g., cyclosporin A) [18], toxins [19]
and siderophores [20,21]. The study of PKS genes in endophytes may
provide important leads for drug discovery investigations. In our search

for novel bioactive molecules we have investigated the endophytic
fungal population of C. roseus, relating the antimicrobial activities of
endophyte crude extracts with PKS gene diversity.

Materials and Methods

Isolation of endophytic fungi

Endophytic fungi were isolated from the mature stem, young stem,
mature leaves, tender leaves, roots and flowers of C. roseus obtained
from Sydney, Australia. These samples were processed within 24 h of
collection. During this process samples were cut into small pieces,
approximately 0.5 x 0.5 cm, surface sterilized with 0.01% mercuric
chloride (HgCl,) solution for 1 min and washed thoroughly with sterile
distilled water [22-24]. Residual water was removed from the sample
surface by drying on sterile blotting paper. The sterilized plant pieces
were placed on the surface of potato dextrose agar (PDA). After 5 to
10 days fungal growth appeared around the plant segments and hyphal
tips were transferred to new PDA plates and the fungi cultured were
checked for purity. Stock cultures were maintained by sub-culturing at
monthly intervals. Seed cultures were grown from an actively growing
stock culture and used as the starting material for fermentation
experiments.

Fermentation and solvent extraction of fungal cultures

Each isolate of endophytic fungi was cultured in 100 mL malt
extract broth for 5~15 days stationary, at 28°C. Fungal matt were
harvested by filtering through 4-fold muslin cloth and the culture
broths extracted exhaustively with ethyl acetate. Fungal mycelium was
extracted with DCM, Methanol (9:1 v/v) and the extracts were pooled
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with the ethyl acetate extracts. The extracts were dried over anhydrous
sodium sulphate and concentrated to dryness in vacuo. The dry weights
of extracted metabolites were determined and a small amount was
dissolved in DMSO (25 mg/mL) for use in the antimicrobial assays.

Inhibitory activities of crude extracts against pathogenic
microbes

The antimicrobial activity of crude fungal extracts was determined
using the disk diffusion method [25]. Luria Bertani and malt extract
agar plates were prepared and inoculated with bacterial and fungal
target organisms, respectively. Sterile Whatman filter discs (3 mm
diameter) were loaded with 125 pg crude extract and placed on the
prepared test plates. Microorganisms used for testing were Bacillus
subtilis ATCC6633, Staphylococcus aureus NCTC 6571, Streptococcus
pyogenes, Enterococcus facealis, Corynebacterium sp., Pseudomonas
aeruginosa NCTC10490, Escherichia coli NTCT10418, Candida
albicans ATCC10231 and Aspergillus niger. The zones of inhibition were
measured and recorded after the respective incubation times (24 h for
bacteria and 48 h for fungi). Ampicillin (100 pg/mL) and cyclohexamide
(100 pg/mL) were used as positive controls for antibacterial and
antifungal assays, respectively.

Identification and phylogentic analysis of fungal endophytes

The XS buffer method was used to extract genomic DNA from
the fungal isolates which demonstrated antimicrobial activities
in the bioactivity assays [26]. The universal primers, SS3 [5
GATCCTTCCGCAGGTTCACCTACGGAAACC 3] and SS5 [5°
GGTGATCCTGCCAGTAGTCATATGCTTG 3’], were used to amplify
fungal the 18S rRNA gene by PCR [27]. DNA sequencing was performed
using the PRISM BigDye cycle sequencing system v3.1 and an ABI
PRISM 373 DNA sequencer (Life Technologies). The sequences were
checked against the non-redundant database maintained at National
Center for Biotechnology Information using BLASTN algorithm [28].
The 18S rRNA gene sequences of the fungal endophytes were aligned
with reference sequences using the CLUSTALW tool available from the
European Bioinformatics Institute and alignments manually checked.
The accession numbers of the reference strains used for the study
are listed in Table 1. Maximum Likelihood phylogenetic trees were
constructed using MEGA version 5 [29] with 500 bootstrap repetitions.
The 18S rRNA gene sequence of Rhizopus oryzae TY.GF1 was used as
out-group.

Amplification of polyketide synthase genes from endophytic
fungi

PKS gene diversity was investigated in the endophytic fungi that
demonstrated antimicrobial activity. Three pairs of degenerate primers,
DKF and DKR [19], LC1 and LC2c (non-reducing class of KS domains)
and LC3 and LC5c (partially reducing class of KS domains) [30], were
used to target the ketosynthase (KS) domain in PKS gene pathways
(Table 2). All PCR reactions were set up in a 20 pL volume consisting of
40 ng of genomic DNA, 1 X buffer (Bioline), 2.5 uM MgCl, (Bioline), 0.2
mM dNTPs (Bioline), 25 p mol each primer (Sigma Aldrich) and 0.2 U
Tag DNA polymerase (Bioline) and sterile double-distilled water. PCR
amplicons were sequenced and data was analyzed as described above.
Nucleotide sequences were translated into amino acid sequences using
the translate tool available in ExPASy (http://web.expasy.org/translate).
The appropriate frame of the amino acid sequences was chosen based
on sequence similarity to the corresponding NCBI database structures.
A phylogenetic tree was constructed using MEGA 5 and the maximum
likelihood method with 500 bootstrap replicates. BLASTX similarity

results and the reference sequences used for construction of the PKS
phylogeny are given in Table 3. All the 18S rRNA sequences and
polyketide synthase sequences are submitted at NCBI gene data bank.

Results

Endophytic fungi and their tissue specific diversity

Twenty-five endophytic fungi were isolated from the stems, roots,
leaves and flowers of Catharanthus roseus. Most of the fungi were
isolated from leaves (48%), 44% from mature stems and 4% each from
the roots and flowers (Table 4). The widespread occurrence of fungal
endophytes in leaves was supported by the isolation of fungi from very
young leaves.

Antimicrobial assays

The majority of fungal isolates (52%) showed activity against one or
more pathogenic test microorganisms (Table 5). Most endophytes were
active against the B. subtilis, S. aureus, S. pyogenes, E. faecalis and C. sp
test strains. No extracts showed activity against C. albicans, A. niger and
P, aeuriginosa. The zones of inhibition demonstrated by different fungal
extracts are listed in Table 6. It is interesting to note that most of the
extracts were active against most Gram-positive bacteria but not active
against the tested fungi and Gram-negative bacteria, except against E.
coli. Endophytic fungi which showed inhibitory activity against these
test microbes were genetically screened for PKS genes.

Phylogenetic analysis of fungal endophytes with antimicrobial
activity

The 18S rRNA gene sequences of fungal endophytes with
antimicrobial activities were aligned with reference sequences and
the phylogenies reconstructed. Of the isolates that demonstrated
antimicrobial activity, the most abundant genera were Alternaria
and Phoma which were mostly isolated from mature stems, while
endophytes belonging to the genera Guignardia and Botryospheria
were mainly isolated from the flowers. All of the fungal endophytes
belonged to the class Dothideomycetes (Figure 1) indicating a possible
host-specific interaction between these fungal species and C. roseus.
The Dothideomycetes isolates were classified as members of the orders
Pleosporales (clade I), Capnodiales (clade II) and Botryosphaeriales
(clade IIT). Fungal endophyte RCCRALF12 formed a well-supported
clade with two reference sequences from genera, Cladosporium and
Davidiella with sequence coverage of 87% and identity of 96% (clade
II, Capnodiales). While isolates RCCRMSF8 and RCCRMLF20 were
grouped with reference sequences from the genera Guignardia and
Botryosphaeria, respectively (clade III, Botryosphaeriales). Fungal
endophytes RCCRFF23 and RCCRFF22 grouped with reference
sequences from the genus Phoma. Endophyte RCCRFF22 was most
closely related to Phoma macrostoma, showing 98% sequence identity
with 97% coverage. The phylogenetic tree revealed that sequences
from endophytic fungi RCCRMSF9, RCCRF16, RCCRF21, RCCRF14,
RCCR7, RCCRMSF6, RCCRSF15 and RCCRALF13 grouped in clade
I with reference sequences from the genera Alternaria, Ulocladium,
Pyrenophora, Cochliobolus and Setosphaeria. In the BLAST results
all of the endophyte sequences in this clade showed high similarity
to Alternaria sp. with an average sequence identity of 92% and 90%
sequence coverage.

Diversity of polyketide synthase genes

Focusing on the subset of thirteen bioactive isolates, twelve
fragments of PKS biosynthesis genes were amplified from eight fungal
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. Accession . Accession
Strain Strain
numbers numbers

Alternaria alternate Ulocladium alternariae

S-16 HM165489.1 BMP 31-41-05 AF229516.1
Alternaria alternate Phoma macrostoma
AFTOL-ID 1610 DQ678031.1 var. incolorata AB454231.1
Selosphaeriasp.  GU190183.1 | [fomaexiguavar. g ja5048 4
exigua
Cladosporium
Cochliobolus sp. GU190186.1 | cladosporioides strain | AY251093.2
STE-U 3682
Botryosphaeria sp.

Alternaria sp. GU190188.1 MUCC0097 AB454224 1

Guignardia mangiferae
Alternaria sp. ABU05197 MUCCO0215 AB454259.1
Phoma herbrarum | AY337712.1 | _Fyrenophoratiiticr 1 ays4a746 4

. repentis AFTOL-ID 173 ’
Davidiella tassiana EU343113.1 Guignardia alliacea AB454248.1
Botryosphaerla AB454201 1 Rhizopus oryzae IN003654.1
dothidea

Table 1: Reference fungal strains with Genbank accession numbers from NCBI
used in the phylogenetic analysis of the fungal endophytic isolates.

Primer Sequence

Target Primer (5-3)
Ketosynthase domain, DKF gtgccggtnecrtgngyytc
Bacterial PKSs (Type 1) DKR gcgatggaycencarcarmg
Non reducing Ketosynthase domain, LC1 gayccimgittyttyaayatg
Fungal PKSs (Type 1) LC2¢c gticcigticcrtgcatytc
Reducing Ketosynthase domain, LC3 gcigarcaratggayccica
Fungal PKSs (Type 1) LC5¢c gtigaigticrtgigcytc

Table 2: Primer sets used for the study.

isolates (Table 2), 61% of the fungal endophyte population which
showed antimicrobial activity possessed potential PKS genes. This
supports the possible role of PKS products in the observed activity.
Specifically, PKS fragments were amplified from seven endophytic
fungi (58.3%) with the DFK and DFR primer set, three fragments with
LC1 and LC2c (25%) primer set and two fragments with LC3 and LC5
(16%) primer set.

The phylogenetic analysis of the putative KS domain fragments
resulted in a tree with five clades, which was in agreement with previous
KS domain structural studies [31] (Figure 2). The KS fragments involved
in the production of non-reduced polyketides formed a well-supported
clade (clade I) that included sequences from fungal endophytes
RCCRALF12, RCCRMSF8 and RCCRSF15 and PKS references from
Ascochyta pinodes and Alternaria alternata. Within the group of non-
reducing PKS sequences, RCCRMSF8 showed considerable sequence
divergence from the other PKS sequences in this group. Two identical
PKS fragments were obtained from isolate RCCRSF15, using the DKF/
DKR and LC1/LC2c primer sets, indicating that the same gene may have
been detected by the different primer sets. The partially reducing PKSs
included 6-methlysalicylic acid synthases (6-MSAS) of Aspergillus
terreus and Byssochlamys nivea reference sequences grouped with the
PKS fragments from RCCRFF21 and RCCRF22 (clade IT). The reduced
PKS sequences obtained from fungal endophytes RCCRALF12 and
RCCRF21 formed a clade with Paracoccidioides brasiliensis, lovastatin
nonaketide synthase and acetolactate synthase reference sequences
(clade IV). Three more sequences from endophytic fungi RCCRF16,
RCCRMSF6 and RCCRALF13 formed a sub clade aligning with PKS
sequences from Alternaria solani and Cochliocolus heterstrophus

(clade V). The PKS fragment obtained from RCCRMSF8 showed
sequence similarity to a PKS-NRPS hybrid sequence from Metarhizium
anisopliae and grouped together in the resulting phylogenetic tree
(clade III).

Discussion

In recent years, it has been established that terrestrial plants are host
to a range of endophytic microorganisms [32,33]. Fungal endophytes
have been found to produce an array of chemically complex structures
which have pharmaceutical and ecological importance [34]. Interest in
exploring the chemical diversity of endophytes has been fuelled by their
demonstrated ability to mimic host plant chemistry [4].

In this investigation, we have explored the fungal community living
within in the host plant Catharanthus roseus. Twenty-five endophytic
fungi were isolated from different tissues of C. roseus, 48% from leaves,
44% from stems and 4% from each the roots and flowers. A more in-
depth analysis of the fungal species distribution revealed that using the
isolation methods of this study, most of the fungal communities were
distributed within the stem and midrib region of leaves. Endophytes
were not readily isolated from flower specimens, a reflection of low
endophyte colonization rates in this organ. Additionally, the lack of
endophytes in the flowers supports the theory that these endophytes
of C. roseus are transferred to hosts by horizontal transmission [35].
The endophyte community observed in this study differs from that
previously reported from C. roseus grown in India [15]. The variation in
reported endophyte community could be because of the geographical
variation.

Phylogenetic analysis of the 185 rRNA gene sequence of the bioactive
C. roseus endophytes indicated that all investigated strains belonged to
the Ascomycetes. This finding supports previous investigations in which
plant-Ascomycetes associations were studied [36]. Many of the isolates
which showed antimicrobial activity were classified to genus level,
with the genera Alternaria (61%), Cladosporium (7.6%), and Phoma
(15.3%) most frequently isolated. These genera are often reported as
endophytes in terrestrial plants [37] and strains of Alternaria have
been previously isolated from C. roseus [15]. The regular occurrence
of the Alternaria genera within C. roseus indicates that certain strains
belonging to this genus may exhibit host specificity towards C. roseus.
Additionally, Alternaria strains may have been selectively targeted due
to their established production of antimicrobial compounds [38]. The
other fungal genera represented in the endophyte community included
Botryosphaeria sp. and Guignardia sp., one isolate from each genus.
Although common to endophytes of other terrestrial plants [33], this
study is the first to report Botryosphaeria sp., Guignardia sp. and Phoma
sp. as endophytes of C. roseus. It is also interesting to note that although
similar, none of the endophyte 18S rRNA gene sequences from
Alternaria isolates were completely identical to any sequences in the
NCBI database. This finding indicates that there may be high sequence
diversity among these endophytes of the same species contributing to
the unique 18S rRNA sequences possessed by the endophytes in clade
I (Figure 1).

The prospect of endophytes mimicking host plant chemistry, such
as for the production of vinca alkaloids, means that they are attractive
targets for investigating the production of other classes of bioactive
compounds including polyketides and non-ribosomal peptides.
There are no reports of endophytes showing antimicrobial properties
isolated from C. roseus. Considering this, we investigated the presence
of polyketide synthase genes in the isolates which demonstrated
antimicrobial activity. Chemical analysis of some crude extracts
identified alternariol, alternariol O methyl ether, altechromone,
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5
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— AY544716. 1 Pyrenophora tntici-repentis isolate AFTOL-ID 173

AY337712.1 Phoma herbarum

EU342948 1 Phoma exigua var. exigua
RCCRFF23

AB454231. 1 Phoma macrostoma var. incolorata

RCCRFF22
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) | EU343113. 1 Davidiella tassiana

57
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RCCRAGF12
AB454259. 1 Guignardia mangiferae
AB454248 1 Guinardia alliacea
RCCRMSF8
RCCRMLF20
AB454224, 1 Botryosphaena sp MUCCO0S7
AB454201. 1 Botryosphaeria dothidea MUCCGO60

A

g

(aids

JNO03654. 1 Rhizopus oryzae strain TY.GF1

clade I

clade 11

Y
clade 111

Phylogentic tree of 18S rRNA gene sequences of fungal endophytes and reference fungi. The Maximum likelihood tree was generated from a 790 bp multiple
sequence alignment with 500 bootstrap replicates, indicated next to the nodes. The accession numbers belonging to reference strains are included and the sequence
of Rhizopus oryzae was used as an outgroup. The scale indicates the number of inferred nucleotide changes.

Figure 1: Phylogentic analysis of endophytic fungal isolates from Cathranthus roseus.

cerevisterol, dihydroxyergostadien and hydroxyergostadien products of
polyketide biosynthetic pathway [39]. Our hypothesis on this is very well
supported by the recent report on complete identification of polyketide
biosynthetic pathway which synthesizes alternariol and alternariol O
methyl ether in Alternaria alternate [40]. Identification of PKS genes in

uncharacterized isolates is an established method by which microbes
with biosynthetic potential can be identified [31,41]. Approximately
61% of the fungal isolates, which demonstrated antimicrobial activity,
exhibited PKS gene amplification with at least one of the three sets
of primers used. It was interesting to report that the degenerate DKF
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ACS74443.1 Non-reduced fype PKS [Ascochyla pinodes]
‘ AEH76763.1 Polyketide synthase [Altemana altemata]
ACS74449.1 1, 3, 6, 8-tetrahydroxynaphthalene PKS [Ascochyta rabiei]
AEGT7046.1 Beta-ketoacyl synthase [Uncultured Acidobacteria bactenum] -

RCCRF21 LC3-LC5 PKS
BAA20102.2 6-methyisalicylic acid synthase [Aspergillus terreus]
461 AAK48943.1 1, 6-methyisalicyclic acid synthase [Byssochlamys nivea)
——— ACS68554. 1 Hybrid PKS-NRPS protfien [Metarhizium anisopliae] -

EEH19899. 1 Lovastatin nonak efide synthase [Paracoccidiodes brasiliensis]
—675{ EEH44268. 1 Acetolactate synthase [Paracoccidioides brasiliensis]
AARS0264. 1 Polyk etide synthase [cochliobolus heterostrophius] |
BAEB0697.1 Polyketide synthase [Alternana solani]

L RCCRALF13PKS

Clade 1

non reducing type
PKS

Clade II

type PKS

Partially reducing

Clade 11T
PKS/NRPS hybrid

Clade IV

reducing type PKS

F Clade V
RCCRMSFBPKS

Phylogenetic tree of PKS gene sequences of fungal endophytes and reference fungi. The Maximum likelihood tree was generated from a multiple sequence
alignment of 198 amino acids in length. Bootstrap analysis (500 replicates) was performed and values >50% are as indicated above nodes. The accession numbers
belonging to reference strains are included. The scale indicates the number of inferred nucleotide changes.

Figure 2: Phylogentic analysis of endophytic fungal isolates from Cathranthus roseus.

and DKR primers, designed to target bacterial PKS [19], were able to
amplify fungal PKS genes. This is likely a result of conservation of core
motifs in the KS domain targeted by the primers [42].

Phylogenetic analysis of the PKS gene sequences revealed a well-
supported tree. The most striking result was that none of the identified
putative endophyte PKS genes possessed high similarity to already
characterized PKS genes. Thus they have the potential to be involved
in the production of novel bioactive compounds. This proposed
chemical diversity is supported by the variable range of activities and
levels of inhibition exhibited by the different endophyte extracts. In the
phylogenetic tree Clade I represented non-reducing type PKSs involved
in production of spore pigments, aflatoxins or melanin like pigments

[24]. Non-reduced polyketides are usually aromatic, synthesized by
PKSs which lack ER, DH and KR domains, and contain a keto group
that is either not reduced or reduced by enzymes other than PKS.
Although PKS genes identified from Alternaria sp. are commonly
involved in the production of reduced polyketides [43]. This study
identified a non-reduced PKS gene from RCCRMSF15 (Alternaria sp)
which could indicate that these genes are involved in production of
spore pigment. Two other PKS genes, from RCCRMSF8 (Guignardia
sp) and RCCRALF12 (Cladosporium sp), are related to aromatic
polyketide synthases involved in production of toxins or spore pigments.
Additionally, it is yet to be determined if the products of any of the
identified PKS genes are involved in the observed antimicrobial activity
of these endophytes. It would also be interesting to further investigate
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Isolate Primer Similarity BLASTX match Strain Accession
used % number
RCCRMSF15 LC1-LC2¢ 76 polyketide synthase Alternaria alternata AEH76763.1
DKF-DKR
76 polyketide synthase Cochliobolus heterostrophus AAR90272.1
75 non-reduced type polyketide synthase [Ascochyta pinodes] ACS74443.1
protein
RCCRALF12 LC1-LC2¢ 80 non-reduced type polyketide synthase Peyronellaea pinodella] ACS74444.1
90 non-reducing polyketide synthase Epicoccum sp ADY75776.1
78 tetrahydroxynaphthalene polyketide Ascochyta rabiei ACS74449.1
synthase
RCCRMSF8 LC1-LC2c 79 polyketide synthase Alternaria alternata AEH76763.1
80 ketoacyl synthase Trypethelium eluteriae ADB77860.1
80 polyketide synthase Mycosphaerella graminicola EGP83620.1
RCCRFF22 LC3-LC5 59 6-MSAS Aspergillus terreus BAA20102.2
58 polyketide synthase Penicillium freii CAA65133.1
49 beta-keto acyl synthase Salinispora arenicola ADD84279.1
RCCRF21 LC3-LC5 59 6-MSAS Aspergillus terreus BAA20102.2
60 6-MSAS Byssochlamys nivea AAK48943.1
67 polyketide synthase Cochliobolus heterostrophus AAR90279.1
RCCRMSF8 DKF-DKR 75 polyketide synthase Metarhizium anisopliae EFY98483.1
75 polyketide synthase Metarhizium acridum EFY92873.1
74 LovB-like polyketide synthase, Arthroderma benhamiae XP_003014229.1
putative -
RCCRALF12 DKF-DKR 62 polyketide synthase Cochliobolus heterostrophus AAR90260.1
48 acetolactate synthase Paracoccidioides brasiliensis EEH44268.1
47 lovastatin nonaketide synthase Paracoccidioides brasiliensis EEH19899.1
RCCRMSF6 DKF-DKR 41 polyketide synthase Cochliobolus heterostrophus AAR90260.1
36 polyketide synthase Gibberella moniliformis AAR92216.1
34 equisetin synthetase Fusarium heterosporum AAV66106.2
RCCRF21 DKF-DKR 51 polyketide synthase Alternaria solani BAE80697.1
49 phenolpthiocerol synthesis polyketide Pyrenophora tritici-repentis XP_001930443.1
synthase
48 polyketide synthase Cochliobolus heterostrophus AAR90264.1
RCCRF16 DKF-DKR 87 polyketide synthase Alternaria solani BAE80697.1
85 polyketide synthase Cochliobolus heterostrophus AAR90264.1
44 polyketide synthase Xylaria sp AAY40862.1
RCCRALF13 DKF-DKR 41 polyketide synthase Alternaria solani BAE80697.1
38 polyketide synthase Cochliobolus heterostrophus AAR90264.1
33 polyketide synthase Aspergillus ochraceus AAT92022.1

Table 3: BLASTX results of PKS genes sequences from the endophytic fungi.

the PKS genes identified from Guignardia sp.. There have been few
reports of PKS genes in this genera and it has been reported that the
crude extracts of an endophytic Guignardia sp showed antimicrobial
activity against array of bacteria and fungi [37].

Clade II of the PKS gene tree contained sequences from
endophytic fungi RCCRFF22 (Phoma sp) and RCCRF21 (Alternaria
sp) and represented partially reduced PKSs involved in synthesis of
6-methlysalcylic acid (6-MSAS), a compound frequently associated
with fungal strains form the Pleosporales [44]. The aromatic backbone
of 6-MSAS is a partially reduced intermediate that is the precursor
molecule for various toxins [45]. Production of these toxins is well
studied in Aspergillus sp, Pencillium sp. and Byssochlamys nivea [7,46,47].
There are no reports of 6-MSAS genes isolated from Alternaria sp. [40],
however, amplified 6-MSAS type PKSs from Phoma sp. using the same
set of primers used in this study (LC3-LC5). Also, squalestatins and
phomalone polyketides have been reportedly produced by Phoma sp.
[48,49].

The PKS genes RCCRAGFI12 (Guignardia sp), RCCRF21

(Alternaria sp), RCCRF16 (Alternaria sp), RCCRMSF6 (Alternaria sp)
and RCCRALF13 (Alternaria sp) grouped together in two clades which
represented PKSs involved in the production of reduced polyketides.
These reduced polyketides generally have CoA thioesterified carboxylic
acids as precursors [42]. Two of these sequences (RCCRAGFI2,
RCCRF21) formed a clade with PKS genes involved in lovastatin
biosynthesis, a compound often associated with Aspergillus sp. [50].
Lovastatin is a non-aromatic, reduced product of an iterative type I PKS
[47]. The remaining reducing-type PKSs did not have any significant
similarity to PKSs of known function. Thus, these PKS biosynthesis
genes could be interesting to study as they may be involved in the
production of novel bioactive compounds. The antimicrobial activity
of these endophytic fungal extracts demonstrated the highest zones of
inhibition observed in this study, with average zone measuring of 8.7,
7.6 and 7.5 mm for isolates RCCRF16, RCCRMSFE6, and RCCRALF13
respectively. It was also interesting to see that all three extracts showed
inhibitory activities against the same set of test microbes, suggesting to
a shared chemical composition in the extracts.

The PKS gene sequence identified from RCCRMSF8 (Guignardia
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Tissue
o o Leaves Flower o
Stem (%) | Root (%) (%) (%) Total (%)
Number of 11(44) 1(4) 12(48) 1(4) 25(100)
endophytes

Table 4: Number of fungal isolates from different plant tissues.

Number Strains with antimicrobial activity
Taxa of active
strains EC SA SP B EF [
Alternaria sp 7 0 6 2 6 6 4
Guignardia sp 2 1 2 0 2 1
Cladosporium sp 1 1 0 0 0 0 0
Botryosphaeria 1 1 0 0 1 0 1
sp

Phoma sp 2 1 2 0 1 1 2

Table 5: The number of isolates from each genera and presence of antimicrobial
activity (%).

Zone of inhibition in mm 25 mg/mL crude extract
Fungal Isolate

EC SA SP B EF [
RCCRMSF6 0.0 9.0 7.0 7.0 8.0 7.0
RCCRF7 0.0 7.0 0.0 8.0 6.0 10.0
RCCRMLF8 0.0 4.0 0.0 4.0 0.0 0.0
RCCRMSF9 0.0 5.0 0.0 7.0 5.0 6.0
RCCRF10 3.0 8.0 0.0 8.0 7.0 10.0
RCCRAGF12 0.0 0.0 0.0 3.0 0.0 0.0
RCCRALF13 0.0 8.0 6.0 8.0 8.0 7.0
RCCRSF15 0.0 7.0 5.0 3.0 5.0 0.0
RCCRF16 0.0 10.0 8.0 7.0 10.0 0.0
RCCRMLF20 4.0 3.0 0.0 5.0 3.0 4.0
RCCRF21 3.0 0.0 0.0 3.0 0.0 7.0
RCCRFF22 0.0 3.0 0.0 5.0 0.0 4.0
RCCRF25 0.0 7.0 0.0 9.0 7.0 8.0

Table 6: Zones of inhibition produced by fungal endophytes against pathogenic
bacteria.

sp.) did not fall into any of the groups discussed above and was shown
to be most related to a sequence from a hybrid PKS/NRPS biosynthetic
gene cluster of Metarhizium anisopliae (clade III). PKS/NRPS hybrid
genes were first reported in bacteria, and recently have been identified
in filamentous fungi. These hybrid enzymes typically contain domains
from both PKS and NRPSs, synthesizing compounds containing both
peptide and polyketide groups [7]. Another PKS gene from the same
Guignardia sp. endophyte was phylogenetically grouped with the
non-reducing type PKS clade, indicating that this isolate may possess
multiple PKS gene clusters. Endophytes which showed antimicrobial
activity were also screened for NRPS gene clusters by PCR as described
by Neilan [51], however none of the isolates showed the presence of
NRPS gene clusters.

PKS derived compounds isolated from Alternaria sp. have
previously shown antimicrobial activities against Gram positive and
Gram negative bacteria, as well as fungi [38,52]. It is not known if the
bioactivity from our endophytes is due to the compounds previously
reported. Considering that none of the identified endophyte PKS gene
sequences showed complete homology with characterized PKS genes,
there remains the possibility to explore interesting chemical diversity
from these isolates.

In conclusion, the endophytic fungal community that demonstrated
antimicrobial activity was dominated by the genera Alternaria, Phoma,
Botryosphaeria, Guignardia and Cladosporium. The amplified PKS
gene sequences represented several functional genes with proposed

involvement in synthesis of diverse and complex chemical structures.
Thus, we propose screening of microbes for polyketide biosynthetic
pathways can help us identify potential candidate microbes for
production of novel bioactive molecules. In our study, variety of PKS
genes detected supported the range and level of antimicrobial activity
produced by the extracts of C. roseus endophytes. C. roseus endophytes
are already of interest for natural product studies due to their potential
to biosynthesize vinca alkaloids. However, the detection of novel
PKS biosynthesis genes suggests that it would also be interesting to
purify and characterize other classes of compounds that may account
for the observed antimicrobial activity exhibited by extracts of these
endophytes.

Competing Interests

The authors declare that they have are no competing interests.

Acknowledgements

SD wishes to thank Australian Endeavour awards, Government of Australia,
for the research fellowship awarded. BAN was supported by a grant and fellowship
from the Australian Research Council (FF0883440).

References

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

2. Bacon CW, White JF (2000) Microbial endophytes. Marcel Dekker Inc., New
York, USA.

3. Rodriguez R, Redman R (2008) More than 400 million years of evolution and
some plants still can’t make it on their own: Plant stress tolerance via fungal
symbiosis. J Exp Bot 59: 1109-1114.

4. Shweta S, Zuehlke S, Ramesha BT, Priti V, Mohana Kunar P, et al. (2010)
Endophytic fungal strains of Fusarium solani, from Apodytes dimidiata E. Mey.
ex Arn (Icacinaceae) produce camptothecin, 10-hydroxycamptothecin and
9-methoxycamptothecin. Phytochemistry 71: 117-122.

5. Yang X, Zhang L, Guo B, Guo S (2004) Preliminary study of a vincristine-
producing endophytic fungus isolated from leaves of Catharanthus roseus.
Chin Trad Herb Drugs 35: 79-81.

6. Ueda J, Tezuka Y, Arjun Hari Banskota AH, Tran QL, Tran QK, et al. (2002)
Antiproliferative activity of Vietnamese medicinal plants. Biol Pharm Bull 25:
753-760.

7. Shubha M, Alexander G, Xiang L, Shu-Ming L, Geoffrey T (2007) Identification
of a Hybrid PKS/NRPS Required for Pseurotin A Biosynthesis in the Human
Pathogen Aspergillus fumigatus. Chem Bio Chem 8: 1736- 1743.

8. KourA, Shawl AS, Rehman S, Sultan P, Qazi PH (2008) Isolation and identification
of an endophytic strain of Fusarium oxysporum producing podophyllotoxin from
Juniperus recurva. World J Microbiol Biotechnol 24: 1115-1121.

9. Kusari S, Lamshoft M, Zuhlke S, Spiteller M (2008) An endophytic fungus from
Hypericum perforatum that produces hypericin. J Nat Prod 71: 159-162.

10. Duflos A, Kruczynski A, Barret JM (2002) Novel aspects of natural and modified
vinca alkaloids. Curr Med Chem — Anti-Cancer Agents. 2: 55-70.

11. Himes RH, Kersey RN, Heller-Bettinger I, Samson FE (1976) Action of the
Vinca Alkaloids Vincristine, Vinblastine, and Desacetyl Vinblastine Amide on
Microtubules in vitro. Cancer Res 36: 3798-3802.

12. Tung CY, Yang DB, Gou M (2002) A preliminary study on the condition of the
culture and isolate of endophytic fungus producing vincristine. J Chuxiong
Normal Univ 6: 39-41.

13. Tillet D, Neilan BA (2000) Xanthogenate nucleic acid isolation from cultured and
environmental cyanobacteria. J Phycol 36: 251-258.

14. Lingqi Z, Bo G, Haiyan L, Songrong Z, Hua S, et al. (2000) Preliminary study on
the isolation of endophytic fungus of Catharanthus roseus and its fermentation
to produce products of therapeutic value. Zhong Cao Yao 31: 805-807.

15. Ravindra NK, Vijay CV, Gary S, David E (2008) The endophytic fungal complex
of Catharanthus roseus (L.) G. Don. Curr Sci 95: 228-233.

Nat Prod Chem Res, an open access journal
ISSN: 2329-6836

Volume 5 « Issue 2 « 1000256


http://www.fungaldiversity.org/fdp/sfdp/33-9.pdf
http://www.fungaldiversity.org/fdp/sfdp/33-9.pdf
https://dx.doi.org/10.1093/jxb/erm342
https://dx.doi.org/10.1093/jxb/erm342
https://dx.doi.org/10.1093/jxb/erm342
https://dx.doi.org/10.1016/j.phytochem.2009.09.030
https://dx.doi.org/10.1016/j.phytochem.2009.09.030
https://dx.doi.org/10.1016/j.phytochem.2009.09.030
https://dx.doi.org/10.1016/j.phytochem.2009.09.030
https://dx.doi.org/10.1002/cbic.200700202
https://dx.doi.org/10.1002/cbic.200700202
https://dx.doi.org/10.1002/cbic.200700202
https://link.springer.com/article/10.1007/s11274-007-9582-5
https://link.springer.com/article/10.1007/s11274-007-9582-5
https://link.springer.com/article/10.1007/s11274-007-9582-5
https://dx.doi.org/10.1021/np070669k
https://dx.doi.org/10.1021/np070669k
https://doi.org/10.2174/1568011023354452
https://doi.org/10.2174/1568011023354452
http://cancerres.aacrjournals.org/content/canres/36/10/3798.full.pdf
http://cancerres.aacrjournals.org/content/canres/36/10/3798.full.pdf
http://cancerres.aacrjournals.org/content/canres/36/10/3798.full.pdf
http://onlinelibrary.wiley.com/doi/10.1046/j.1529-8817.2000.99079.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1529-8817.2000.99079.x/abstract
http://europepmc.org/abstract/CBA/344765
http://europepmc.org/abstract/CBA/344765
http://europepmc.org/abstract/CBA/344765

Citation: Sreekanth D, Kristin IM, Brett AN (2017) Endophytic Fungi from Cathranthus roseus: A Potential Resource for the Discovery of Antimicrobial
Polyketides. Nat Prod Chem Res 5: 256. doi: 10.4172/2329-6836.1000256

Page 8 of 8

20.

21.

22.

23.

24.

25.

26.

27.

28.

29

30.

31.

32.

33.

34.

35.

36.

.Cane DE, Walsh CT, Khosla C (1998) Harnessing the biosynthetic code:

combinations, permutations, and mutations. Science 282: 63-68.

. Kuscer E, Raspor P, Petkovic H (2005) Rational design of polyketide natural

products. Food Technol Biotechnol 43: 403-410.

. Cane DE, Walsh CT (1999) The parallel and convergent universes of polyketide

synthases and nonribosomal peptide synthetases. Chem Biol 6: 19-325.

. Moffitt MC, Neilan BA (2001) On the presence of peptide synthetase and

polyketide synthase genes in the cyanobacterial genus Nodularia. FEMS
Microbiol Lett 196: 207-214.

Crosa JH, Walsh CT (2002) Genetics and assembly line enzymology of
siderophore biosynthesis in bacteria. Microbiol Mol Biol Rev 66: 223-249.

Zhang P, Zhou P, Yu L (2009) An endophytic taxol-producing fungus from Taxus
media, Cladosporium cladosporioides MD2. Curr Microb 59: 227-232.

Bills GF (1996) Isolation and analysis of endophytic fungal communities
from woody plants. In: Redlin SC, Carris LM (eds.), Endophytic Fungi in
Grasses and Woody Plants: systematics, ecology, and evolution, American
Phytopathological Society Press, St Paul, MN, USA, pp: 31-65.

Moutia M, Dookuna A (1999) Evaluation of surface sterilization and hot water
treatments on bacterial contaminants in bud culture of sugarcane. Expl Agric
35: 265-274.

Janardhanan KK, Ahmad A, Gupta ML, Husain A (1991) Grassy- shoot, a new
disease of lemongrass caused by Balansia sclerotica (Pat) Hohnel. J Phytopath
133: 163-168.

Kronvall G, Ringertz S (1999) Antibiotic disk diffusion testing revisited. Single
strain regression analysis. Pathol Microbiol Immunol 99: 295-306.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S (2011)
MEGADS5: Molecular Evolutionary Genetics Analysis using Maximum Likelihood,
Evolutionary Distance, and Maximum Parsimony Methods. Mol Biol Evol 28:
2731-2739.

Rowan R, Powers DA (1991) Molecular genetic identification of symbiotic
dinoflagellates (zooxanthellae). Mar Ecol Prog Ser 71: 65-73.

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

. Suryanarayanan TS, Thirunavukkarasub N, Govindarajulub MB, Sassec F,

Jansend R, et al. (2009) Fungal endophytes and bioprospecting. Fungal Biol
Rev 23: 9-19.

Bingle LE, Simpson TJ, Lazarus CM (1999) Ketosynthase domain probes
identify two subclasses of fungal polyketide synthase genes. Fungal Genet Biol
26: 209- 223.

Kroken S, Glass NL, Taylor JW, Yoder OC, Turgeon BG (2003) Phylogenomic
analysis of type | polyketide synthase genes in pathogenic and saprobic
ascomycetes. Proc Natl Acad Sci 100: 15670-15675.

Ganley RJ, Brunsfeld SJ, Newcombe G (2004) A community of unknown,
endophytic fungi in western white pine. PNAS United States of America 101:
10107-10112.

Aly AH, Debbab A, Proksch P (2011) Fungal endophytes: unique plant
inhabitants with great promise. Appl Microbiol Biotechnol 90: 1829-1845.

Gunatilaka AAL (2006) Natural products from plant-associated microorganisms:
Distribution, structural diversity, bioactivity and implication of their occurrence. J
Nat Prod 69: 509-526.

Souvik K, Michael S (2011) Are we ready for the industrial production of
bioactive plant secondary metabolites utilizing endophytes. Nat Prod Rep 28:
1203-1207.

Rungjindamai N, Pinruan U, Choeyklin R, Hattori T, Jones EBG (2008)
Molecular characterization of basidiomycetous endophytes isolated from
leaves, rachis and petioles of the oil palm, Elaeis guineensis, in Thailand.
Fungal Diversity 33: 139-161.

37.

38.

39.

40.

41.

42

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Rodrigues KF, Hesse M, Werner C (2000) Antimicrobial activities of secondary
metabolites produced by endophytic fungi from Spondias mombin. J Basic
Microbiol 40: 261-267.

Fernandes VM, Silva TAC, Pfenning LH, Costa-Neto CM, Heinrich TA (2009)
Biological activities of the fermentation extract of the endophytic fungus
Alternaria alternata isolated from Coffea arabica L. Braz J of Pharma Sci 45:
677-685.

Dasari S, Bhadbhade M, Neilan AB (2012) Alternariol 9-O-methyl ether. Acta
Cryst 69: 01471.

Saha D, Fetzner R, Burkhardt B, Podlech J, Metzler M, et al. (2012) Identification
of a Polyketide synthase required for alternariol (AOH) and alternariol-9-methyl
ether (AME) formation in alternaria alternate. PLoS ONE 7: e40564.

Zhao J, Yang N, Zeng R (2008) Phylogenetic analysis of type | polyketide
synthase and nonribosomal peptide synthetase genes in Antarctic sediment.
Extremophiles 12: 97-105.

.Hopwood DA (1997) Genetic contributions to understanding polyketide

synthases. Chem Rev 97: 2465-2498.

Zhou K, Fang X, Zhang F, Li Z (2011) Phylogenetically diverse cultivable fungal
community and polyketide synthase (PKS), non-ribosomal peptide synthase
(NRPS) genes associated with the South China Sea sponges. Microb Ecol 62:
644-654.

Mayer KM, Ford J, Macpherson GR, Padgett D, Volkmann-Kohimeyer B (2007)
Exploring the diversity of marine-derived fungal polyketide synthases. Can J
Microbiol 53: 291-302.

Beck J, Ripka S, Siegner A, Schiltz E, Schweizer E (1990) The multifunctional
6-methylsalicylic acid synthase gene of Penicillium patulum. Eur J Biochem
192: 487-498.

Pazoutova S, Linka M, Storkova S, Schwab H (1997) Polyketide synthase gene
pksM from Aspergillus terreus expressed during growth phase. Folia Microbiol
(Praha) 42: 419-430.

Hutchinson CR, Kennedy J, Park C, Kendrew S, Auclair K, et al. (2000) Aspects
of the biosynthesis of non-aromatic fungal polyketides by iterative polyketide
synthases. Antonie van Leeuwenhoek 78: 287-295.

Ayer W, Menecz LD (1994) Phomalone, an antifungal metabolite of Phoma
etheridgei. Can J Chem 72: 23-26.

Dawson MJ, Farthing JE, Marshall PS, Middleton RF, O'Neill M, et al. (1992)
The squalestatins, novel inhibitors of squalene synthase produced by a species
of Phoma. |. Taxonomy, fermentation, isolation, physico-chemical properties
and biological activity. J Antibiot 45: 614-622.

Hendrickson L, Davis CR, Roach C, Nguyen DK, Aldrich T, et al. (1999)
Lovastatin biosynthesis in Aspergillus terreus: characterization of blocked
mutants, enzyme activities and a multifunctional polyketide synthase gene.
Chem Biol 6: 429-39.

Neilan BA, Dittmann E, Rouhiainen L, Bass RA, Schaub V, et al. (1999) Non-
ribosomal peptide synthesis and toxigenicity of cyanobacteria. J Bacteriol 181:
4089-4097.

Kjer J, Wray V, Edrada-Ebel R, Ebel R, Pretsch A, et al. (2009) Xanalteric acids
| and Il and related phenolic compounds from an endophytic Alternaria sp.
isolated from the mangrove plant Sonneratia alba. J Nat Prod 72: 2053-2057.

Nat Prod Chem Res, an open access journal
ISSN: 2329-6836

Volume 5 « Issue 2 « 1000256


https://walsh.med.harvard.edu/pubs/pdfs/472.pdf
https://walsh.med.harvard.edu/pubs/pdfs/472.pdf
http://onlinelibrary.wiley.com/doi/10.1111/j.1574-6968.2001.tb10566.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1574-6968.2001.tb10566.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1574-6968.2001.tb10566.x/abstract
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC120789/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC120789/
https://dx.doi.org/10.1007/s00284-008-9270-1
https://dx.doi.org/10.1007/s00284-008-9270-1
https://www.cambridge.org/core/journals/experimental-agriculture/article/div-classtitleevaluation-of-surface-sterilization-and-hot-water-treatments-on-bacterial-contaminants-in-bud-culture-of-sugarcanediv/32D134FEB366F4721DE9F66D60297E87
https://www.cambridge.org/core/journals/experimental-agriculture/article/div-classtitleevaluation-of-surface-sterilization-and-hot-water-treatments-on-bacterial-contaminants-in-bud-culture-of-sugarcanediv/32D134FEB366F4721DE9F66D60297E87
https://www.cambridge.org/core/journals/experimental-agriculture/article/div-classtitleevaluation-of-surface-sterilization-and-hot-water-treatments-on-bacterial-contaminants-in-bud-culture-of-sugarcanediv/32D134FEB366F4721DE9F66D60297E87
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0434.1991.tb00149.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0434.1991.tb00149.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1439-0434.1991.tb00149.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1699-0463.1991.tb05153.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1699-0463.1991.tb05153.x/abstract
https://dx.doi.org/10.1093/molbev/msr121
https://dx.doi.org/10.1093/molbev/msr121
https://dx.doi.org/10.1093/molbev/msr121
https://dx.doi.org/10.1093/molbev/msr121
http://www.int-res.com/articles/meps/71/m071p065.pdf
http://www.int-res.com/articles/meps/71/m071p065.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC146917/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC146917/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC146917/
http://www.davidmoore.org.uk/21st_Century_Guidebook_to_Fungi_PLATINUM/REPRINT_collection/Suryanarayanan_etal_endophytes2009.pdf
http://www.davidmoore.org.uk/21st_Century_Guidebook_to_Fungi_PLATINUM/REPRINT_collection/Suryanarayanan_etal_endophytes2009.pdf
http://www.davidmoore.org.uk/21st_Century_Guidebook_to_Fungi_PLATINUM/REPRINT_collection/Suryanarayanan_etal_endophytes2009.pdf
https://dx.doi.org/10.1006/fgbi.1999.1115
https://dx.doi.org/10.1006/fgbi.1999.1115
https://dx.doi.org/10.1006/fgbi.1999.1115
https://dx.doi.org/10.1073/pnas.2532165100
https://dx.doi.org/10.1073/pnas.2532165100
https://dx.doi.org/10.1073/pnas.2532165100
https://dx.doi.org/10.1073%2Fpnas.0401513101
https://dx.doi.org/10.1073%2Fpnas.0401513101
https://dx.doi.org/10.1073%2Fpnas.0401513101
https://dx.doi.org/10.1007/s00253-011-3270-y
https://dx.doi.org/10.1007/s00253-011-3270-y
https://dx.doi.org/10.1021/np058128n
https://dx.doi.org/10.1021/np058128n
https://dx.doi.org/10.1021/np058128n
http://pubs.rsc.org/en/Content/ArticleLanding/2011/NP/C1NP00030F#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2011/NP/C1NP00030F#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2011/NP/C1NP00030F#!divAbstract
http://www.fungaldiversity.org/fdp/sfdp/33-8.pdf
http://www.fungaldiversity.org/fdp/sfdp/33-8.pdf
http://www.fungaldiversity.org/fdp/sfdp/33-8.pdf
http://www.fungaldiversity.org/fdp/sfdp/33-8.pdf
https://dx.doi.org/10.1002/1521-4028(200008)40:4%3C261::AID-JOBM261%3E3.0.CO;2-D
https://dx.doi.org/10.1002/1521-4028(200008)40:4%3C261::AID-JOBM261%3E3.0.CO;2-D
https://dx.doi.org/10.1002/1521-4028(200008)40:4%3C261::AID-JOBM261%3E3.0.CO;2-D
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S1984-82502009000400010
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S1984-82502009000400010
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S1984-82502009000400010
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S1984-82502009000400010
https://dx.doi.org/10.1107%2FS1600536812015000
https://dx.doi.org/10.1107%2FS1600536812015000
https://www.ncbi.nlm.nih.gov/pubmed/22792370
https://www.ncbi.nlm.nih.gov/pubmed/22792370
https://www.ncbi.nlm.nih.gov/pubmed/22792370
https://dx.doi.org/10.1007/s00792-007-0107-9
https://dx.doi.org/10.1007/s00792-007-0107-9
https://dx.doi.org/10.1007/s00792-007-0107-9
http://pubs.acs.org/doi/abs/10.1021/cr960034i
http://pubs.acs.org/doi/abs/10.1021/cr960034i
https://dx.doi.org/10.1007/s00248-011-9859-y
https://dx.doi.org/10.1007/s00248-011-9859-y
https://dx.doi.org/10.1007/s00248-011-9859-y
https://dx.doi.org/10.1007/s00248-011-9859-y
https://dx.doi.org/10.1139/W06-131
https://dx.doi.org/10.1139/W06-131
https://dx.doi.org/10.1139/W06-131
http://onlinelibrary.wiley.com/doi/10.1111/j.1432-1033.1990.tb19252.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1432-1033.1990.tb19252.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1432-1033.1990.tb19252.x/abstract
https://link.springer.com/article/10.1007/BF02826548
https://link.springer.com/article/10.1007/BF02826548
https://link.springer.com/article/10.1007/BF02826548
https://link.springer.com/article/10.1023/A:1010294330190
https://link.springer.com/article/10.1023/A:1010294330190
https://link.springer.com/article/10.1023/A:1010294330190
https://www.ncbi.nlm.nih.gov/labs/articles/1624366/
https://www.ncbi.nlm.nih.gov/labs/articles/1624366/
https://www.ncbi.nlm.nih.gov/labs/articles/1624366/
https://www.ncbi.nlm.nih.gov/labs/articles/1624366/
http://ci.nii.ac.jp/lognavi?name=crossref&id=info:doi/10.1016/S1074-5521(99)80061-1
http://ci.nii.ac.jp/lognavi?name=crossref&id=info:doi/10.1016/S1074-5521(99)80061-1
http://ci.nii.ac.jp/lognavi?name=crossref&id=info:doi/10.1016/S1074-5521(99)80061-1
http://ci.nii.ac.jp/lognavi?name=crossref&id=info:doi/10.1016/S1074-5521(99)80061-1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC93901/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC93901/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC93901/
https://dx.doi.org/10.1021/np900417g
https://dx.doi.org/10.1021/np900417g
https://dx.doi.org/10.1021/np900417g

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Materials and Methods
	Isolation of endophytic fungi
	Fermentation and solvent extraction of fungal cultures
	Inhibitory activities of crude extracts against pathogenic microbes
	Identification and phylogentic analysis of fungal endophytes 
	Amplification of polyketide synthase genes from endophytic fungi

	Results
	Endophytic fungi and their tissue specific diversity
	Antimicrobial assays
	Phylogenetic analysis of fungal endophytes with antimicrobial activity
	Diversity of polyketide synthase genes

	Discussion
	Competing Interests
	Acknowledgements
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6
	Figure 1
	Figure 2
	References

