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Chapter 1
General Introduction
1.1 Background and history
Natural product chemistry is mainly attributed to a group of compounds known as
secondary metabolites (SMs). SMs are organic compounds that are not involved in the normal
growth and development or reproduction of an organism. SMs are produced by a wide variety
of living organisms such as plants, insects and microorganisms (Dewick, 2009). Many of them
showed interesting structures or remarkable biological activities that include antibiotics,
antivirals, cytotoxics and immunosuppressives which make them important for medicine,
pharmaceutical and food industry applications (Kourkoutas et al., 2015).
Microorganisms are one of the richest resources of biologically active SMs. Microbial SMs
are low molecular mass compounds with varied and sophisticated chemical structure (Gonzalez
et al., 2003). Microbial SMs have provided numerous pharmaceutical agents ranging from
antibiotics to immunosuppressive compounds. The structural diversity of SMs reflects a variety
of important biological activities such as antimicrobial agents, inhibitors of enzymes and
antitumor, immunosuppressive and antiparasitic agents (Demain, 1999).
Fungi represent an interesting group known to produce a wide range of bioactive
compounds. Structurally complex fungal-derived natural products account for a significant
number of clinical therapeutics for treatment of human and animal diseases. Due to emerging
appreciation for the high level of biodiversity within this group of eukaryotes, an increasing
number of natural products have been isolated from fungal sources and screened for bioactive
secondary metabolites (Kato et al., 2007)
1.2 Fungal secondary metabolites
Fungi are known to produce a wide range of secondary metabolites diverse in terms of
structures and functions. In terms of biodiversity, fungi are possibly one of the most diverse
species present on earth. It has been estimated that the fungal species number is between 1.5
and 5 million (Blackwell, 2011). Recently, only a small proportion of the fungi (<100000
species) has been described and it is thus of great interest to further explore the remaining
fungal bioresources. In addition, the fungal metabolites are widely known to exhibit a broad
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range of biological properties including antimicrobial, antioxidant, and anticancer (Kaul et al.,
2012).
Back in 1929, Alexander Fleming began the microbial drug era when he discovered in a
Petri dish seeded with Staphylococcus aureus that a compound produced by a mold killed the
bacteria. The mold, identified as Penicillium notatum, produced an active agent that was named
penicillin (Aminov, 2010; Demain and Sanchez, 2009). Penicillin has an interesting mode of
action, it prevents the cross-linking of small peptide chains in peptidoglycan, the main wall
polymer of bacteria. Since then, huge research efforts have been made and resulted in
thousands of characterized compounds with a range of different biological activities.

Figure 1. The structure of penicillin core

After the success of penicillin, many important pharmaceuticals have been discovered
through studies of fungal chemistry. Natural products continue to be among the most important
therapeutic agents and lead compounds in medicine and have been particularly important in the
development of effective therapies for cancer, malaria, bacterial and fungal infections,
neurological and cardiovascular diseases, and autoimmune disorders. All of these compounds,
or derivatives thereof, are still in use as drugs today.
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Table 1. Fungal secondary metabolites that have been developed into pharmaceutical
Metabolites

Source species

Commercial product(s)

Mode of action

Penicillin G,
Penicillin V

Penicillium rubens,
Penicillium chrysogenum

Benzylpenicillin,
Acts by inhibiting cell wall
Phenoxymethylpenicillin synthesis through binding to
penicillin binding proteins
(PBPs), inhibiting
peptidoglycan chain crosslinking

Griseofulvin

Penicillium griseofulvum,
Penicillium aethiopicum,
Penicillium coprophilum

Fulcin, Fulsovin,
Grisovin

Paclitaxel

Taxomyces addreanae,
Penicillium species,
Aspergillus species,
Fusarium species

Taxol, Onxal

Lovastatin
(Monacolin K)

Penicillium species,
Aspergillus terreus,
Monascus species

Kojic acid

Aspergillus oryzae.
Aspergillus tamarii,
Aspergillus flavus

Indication(s)
Antibacterial agent used to treat
infections caused by Gram-positive
and some Gram-negative bacteria
(Bills and Gloer, 2016).

Inhibits mitosis by binding to Antifungal drug used to treat
tubulin and preventing tubulin fungal infections of the skin, hair,
polymerization.
and nails (Bills and Gloer, 2016).

Precludes tubulin molecules Anticancer drug used to treat
from depolymerizing during breast, ovarian, lung, bladder,
the processes of cell division
prostate, melanoma, esophageal,
and other types of solid tumor
cancers (Heinig et al., 2013).
®
Lovastatin (Mevacor ),
Inhibits
3-hydroxy-3- Cholesterol-lowering agent,
®
Simvastatin (Zocor ) are methylglutaryl-coenzyme A Treatment of hypercholesterolemia
made by semisynthesis
reductase, prevents conversion to reduce risk of cardiovascular
from lovastatin
of mevalonate into cholesterol disease. (Jahromi et al., 2012)

Often formulated as Inhibits
tyrosinase
and Antioxidant in cosmetic products,
kojic dipalmitate to suppresses melanogenesis
used to lighten skin color and treat
increase stability and
abnormal hyperpigmentation (Bills
shelf life
and Gloer, 2016).
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Penicillin V

Penicillin G

Griseofulvin

Paclitaxel

Kojic acid
Lovastatin

Figure 2. The structure of fungal secondary metabolites that have been developed into
pharmaceutical.
1.2.1 Classes of fungal Secondary Metabolites
Fungal SMs are structurally diverse and principally categorized in three main groups
based on their biosynthetic origin of the core part of the structure: polyketides (PKs), nonribosomal peptides (NRPs), terpenes (Anvaogu and Mortensen., 2006). Moreover, fungi are
capable of producing secondary metabolites of mixed biosynthetic origin such as
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meroterpenoids, which are fusions between terpenes and polyketides. This includes compounds
such as meroterpenoids, indole alkaloids.
1.2.1.1 Polyketides (PKs)
1.2.1.2 Non-ribosomal peptides (NRPs)
1.2.1.3 Terpenes
1.2.1.4 Mixed biosynthetic origin
-

Meroterpenoids

-

PKS+NRPS derived

-

Indole alkaloids

1.2.1.1 Polyketides (PKs)
Polyketides are structurally diverse SMs produced by microorganisms and plants. They
are biosynthesized from acyl-CoA precursors by a group of enzymes classified as type I, II or
III polyketide synthases (PKS) which are commonly found in microorganisms (Go et al.,
2012). Polyketides are known to possess a wide variety of biological activities, including
antimicrobial, antifungal, antitumor and agrochemical properties. They are chemically distinct
group containing multiple –CH2–CO– ketide group synthesized by repetitive condensation or
polymerization reactions. In fungi, polyketides include a range of compounds such as
lovastatin, strobilurins, mycotoxins, and macrolides. However, many polyketides can also
induce a large panel of toxic effects such as melanin pigments from A. fumigatus, carcinogenic
mycotoxins aflatoxins from A. flavus, and A. parasiticus and sterigmatocystin from A. nidulans
(Bhetariya et al., 2011)
Five new polyketides, penicyclones A-E were isolated from the extract of the deep-seaderived fungus Penicillium sp. F23-2 exhibited antimicrobial activity against the Grampositive bacterium Staphylococcus aureus with MIC values ranging from 0.3 to 1.0 μg/mL
(Guo et al., 2015).
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Penicyclones A

6-deoxyerythronolide B

Figure 3. The structure of polyketides secondary metabolites

1.2.1.2 Nonribosomal peptides (NRP)
Nonribosomal peptides (NRP) are a class of peptide secondary metabolites, usually
produced by microorganisms like bacteria and fungi. They are derived from both proteinogenic
amino acids and non-proteinogenic amino acids by multidomain, multi modular enzymes
named non-ribosomal peptide synthetase (NRPS) (Keller et al., 2006). Nonribosomal peptides
are a very diverse family of natural products with an extremely broad range of biological
activities and pharmacological properties. They are often toxins, siderophores, or pigments.
Nonribosomal peptide antibiotics, cytostatic, and immunosuppressants are in commercial use.
Five new sulfide diketopiperazine derivatives, namely, penicibrocazines A–E were
isolated and identified from the culture extract of P. brocae MA-231. All of compounds
exhibited

antimicrobial

activity

against

S.

aureus,

Micrococcus

luteus,

plant

pathogen Gaeumannomyces graminis with MIC values ranging from 0.25 to 64 μg/mL (Meng
et al., 2015).
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14-hydroxy-cyclopeptine

Penicibrocazine C

Figure 4. The structure of peptides secondary metabolites

1.2.1.3 Terpenes
Terpenes are one of the large and diverse class of natural product. They are generated
from the common precursors, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP), are biosynthesized by means of the methylerythritol 4-phosphate (MEP) pathway
or the mevalonate (MVA) pathway (Zhang et al., 2014). There are several important terpenes
synthesised by fungi including the aristolochenes, carotenoids, gibberellins, indole-diterpenes
and trichothecenes (Keller et al., 2005). All forms of terpenes can be linear or cyclic in
structure, can be saturated or unsaturated and are composed of several isoprene units. Common
classes of terpenes include monoterpenes, sesquiterpenes, diterpenes and carotenoids. Terpene
are classified according to the number of isoprene units: Monoterpenes: 2 isoprene units, 10
carbon atoms. Sesquiterpenes: 3 isoprene units, 15 carbon atoms. Diterpenes: 4 isoprene units,
20 carbon atoms. Fungal terpenes exhibit wide structural diversity including numerous
compound with pronounced biological activities (Elissawy et al., 2016).
Trichocitrin, a new fusicocane diterpene was isolated from the culture of marine brown
alga-endophytic fungus, Trichoderma citrinoviride cf-27 exhibited antimicrobial activity
against Escherichia coli and Prorocentrum donghaiense, with MIC value at 20 and 80 μg/mL
respectively (Laing et al., 2016).
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Ophiobolin O

Trichocitrin
Figure 5. The structure of terpenes secondary metabolites
1.2.1.4 Mixed biosynthetic origin

(1) Indole alkaloids are a class of alkaloids containing a structural moiety of indole.
They are derived from both proteinogenic amino acids and non-proteinogenic amino acids by
multidomain, multi modular enzymes named non-ribosomal peptide synthetase (NRPS) (Keller
et al., 2006). Some of them show a board biological activity.
Two new prenylated indole alkaloids, namely, dihydrocarneamide A and iso-notoamide
B were isolated from the marine-derived endophytic fungus Paecilomyces variotii EN-291
displayed moderate cytotoxicity against NCI-H460 tumor cells, with IC50 values of 69.3 and
55.9 mmol/L, respectively (Zhang et al., 2015).
(2) Meroterpenoids are hybrid natural products that partially originate from the
terpenoid pathway. They have attracted much attention due to their unusual structure features,
wide range of bioactivities and interesting biosynthetic mechanisms (Geris and Simpson,
2009). Based on the biosynthetic origins,meroterpenoids can be classified into two groups:
polyketide-terpenoids.
Five new highly oxygenated α-pyrone merosesquiterpenoids, ochraceopones A–E were
isolated from an Antarctic soil-derived fungus, A. ochraceopetaliformis SCSIO 05702. Among
these compounds, ochraceopone A exhibited antiviral activities against the H1N1 and H3N2
influenza

viruses

with

IC50

values

of

(Wang et al., 2016).
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>20.0

and

12.2

μM,

respectively

(3) Mixed PKs-peptides, Fungi are capable of producing a wide range of bioactive
secondary metabolites derived from polyketides fused to amino acid such as fusarin C and
jamaicamides. They display quite diverse structures, with a wide range of biological properties.
The mixed polyketide-peptide neurotoxins, jamaicamides A, B, and C were isolated
from a dark green strain of cyanobacterium Lyngbya majuscule. Interestingly, only
jamaicamide B displays anti-malarial activity and cytotoxicity to Vero cells (Tanaka and
Usuki., 2011).
1.2.2 Bioactive secondary metabolites from fungi.
Fungal strains are potent producers of polyketide derived alkaloids, terpenes, peptides
and mixed biosynthesis compounds. Fungi remain rich sources of many therapeutic agents.
Many biological compounds with varying degrees of action, such as antimicrobial, antitumor,
anticancer, antiproliferative, cytotoxic as well as antibiotic properties have been isolated and
identified from fungi.
1.2.2.1 Antimicrobial metabolites from fungi
Antimicrobial agents have been in widespread and largely effective therapeutic use
since their discovery in the 20th century. However, the emergence of multi-drug resistant
pathogens now presents an increasing global challenge to both human and veterinary medicine.
It is now widely acknowledged that there is a need to develop novel antimicrobial agents to
minimize the threat of further antimicrobial resistance (Perfect, 2012). This new framework
claims for the search of antimicrobial agents more effective and with less adverse effects.
Production of antimicrobial metabolites by fungi is natural, since their survival in the natural
habitats depends on their efficiency to stop the growth of other co-habitant microorganisms.
Terrenolide S, a new butenolide derivative have been isolated from the endophytic
fungus A. terreus isolated from the roots of Carthamus lanatus (Asteraceae). The compound
exhibited antileishmanial activity towards Leishmania donovani with IC50 values of 27.27 µM,
respectively and IC90 values of 167.03 µM (Elkhayat et al., 2016).
The polyketide derivative Averantin and Nidurufin were isolated from the
fungus Aspergillus versicolor. Compounds exhibited antibacterial activity against several
clinically isolated Gram-positive strains with MIC
(Lee et al., 2010).
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values of 0.78-6.25 μg/mL

One new alkaloid, named as acremolin C and one known compounds,
cyclo-(L-Trp-L-Phe) were isolated from static culture of Antarctic fungus, A. sydowii SP-1.
Cyclo-(L-Trp-L-Phe)

showed

moderate

inhibitions

against

methicillin-resistant

S. aureus (MRSA) and methicillin-resistant S. epidermidis (MRSE) as comparing to
tigecycline, while acremolin C displayed weak inhibition activities against MRSA and MRSE
(Li et al., 2018).
1.2.2.2 Antiviral metabolites from fungi
Disease caused by pathogenic viral infections afflicted whole human race with high
mortality rates and remained as one of the prime causes of human death worldwide. Human
immunodeficiency virus (HIV), influenza, and hepatitis C virus (HCV) are three most perilous
viral diseases which cause maximum human death (Roy, 2017).
Five new highly oxygenated α-pyrone merosesquiterpenoids, ochraceopones A–E were
isolated from an Antarctic soil-derived fungus, A. ochraceopetaliformis SCSIO 05702. Among
these compounds, ochraceopone A exhibited antiviral activities against the H1N1 and H3N2
influenza viruses with IC50 values of >20.0 and 12.2 μM, respectively (Wang et al., 2016).
1.2.2.3 Anticancer metabolites from fungi
Cancer is a disease in which the uncontrolled spread and growth of abnormal cells,
which can even result to death if not cured. It has been considered as major cause of death all
over world. The anticancer drugs is toxic to proliferating normal cells, possess numerous side
effects, and even not effective against many other forms of cancer. So, the cure of cancer has
been improved mainly due to diagnosis basis which allow earlier and more precise treatments.
Paclitaxel (Taxol) and some of its derivatives represent the first major group of
anticancer agents which are produced by fungi. Taxol, a diterpene, is one of the most effective
anticancer agents obtained from Taxomyces andereanae (Stierle et al., 1993; Huang et al.,
2008). Its mode of action is to preclude tubulin molecules from depolymerizing during the
processes of cell division making it the world's best anti-cancer drug (Wang et al, 1999).
Averantin and Nidurufin were isolated from the fungus A. versicolor. The Compounds
exhibited significant cytotoxicity against five human solid tumor cell lines (A-549, SK-OV-3,
SK-MEL-2, XF-498, and HCT-15) with IC50 values in the range of 0.41-4.61 μg/mL
(Lee et al., 2010).
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Figure 6. The structure of paclitaxel (Taxol)
1.2.2.4 Antioxidant metabolites from fungi
Natural antioxidants compounds are commonly found in medicinal plants, fruits, and
vegetable. However, it is reported that metabolites producing fungi can be a possible cause of
novel naturally produced antioxidants.
Dihydroxymethyl pyranone isolated from A. candidus significantly had high
antioxidative activity when compared with α-tocopherol, a standard antioxidant for the
scavenging capacity of the DPPH radical (Elaasser et al., 2011)
1.2.3 Secondary metabolites of Aspergillus sp.
Filamentous fungi are widely distributed in the environment. The wonder drug directed
the interest of the researchers towards natural resources having different biological activities.
Some of the most powerful secondary metabolites that have been developed into therapeutic
agents are derived from filamentous fungi.
The genus Aspergillus is one of the most important filamentous fungal genera and
includes over 185 species. They occur worldwide in various habitats and they are known to
spoil food, produce mycotoxins and are frequently reported as human and animal pathogens.
Furthermore, some of them are used in biotechnology for the production of various metabolites
such as antibiotics, organic acids, medicines or enzymes, or as agents in many food
fermentations (Samson, et al., 2014). The potential of Aspergillus species to produced
antibiotics has been recognized. Aspergillus species produce structurally diverse classes of
secondary metabolites, such as diketopiperazines, polyketides, terpenoids and alkaloids. These
structurally versatile compounds exhibit a wide range of biological activities, including
antimicrobial and anticancer effects (Bladt et al., 2013).
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Several fungi from Aspergillus genus are also known for their ability to produce various
bioactive metabolites for the pharmaceutical industry, such as terrecyclic acid A produced
Aspergillus terreus exhibited anticancer and antibacterial activity (Turbyville et al., 2005).
Echinocandin B is the major lipopeptide antifungal antibiotic of a complex produced by
Aspergillus nidulans (Aly et al., 2011).
Dihydroxymethyl pyranone isolated from A. candidus had high antifungal activity
against dermatophyte as well as other opportunistic fungi tested. Also, the compound was
highly active against Candida albicans. The compound had antitumor activities against HEp2 and HepG2 cancerous cells with IC50 of 7μg/ml. The most important finding that none of
the examined dilutions showed cytotoxicity to normal cells. Compared to α-tocopherol, the
isolated compound exhibited high antioxidative activity for the radical scavenging activity
(Elaasser et al., 2011).
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Table 2. List of secondary metabolites produced by Aspergillus sp, biosynthetic origin, biological activities.
Fungi species
Aspergillus versicolor

Compound
Averantin

Type

Biological activity

Reference

Polyketide

Antibacterial activity

Lee, et al., 2010

Anticancer activity
Aspergillus versicolor

Nidurufin

Polyketide

Antibacterial activity

Lee, et al., 2010

Anticancer activity
Aspergillus ustus

Phenylahistin

Nonribosomal peptides

Anticancer activity

Kanoh, et al., 1997

Terpene

Antimicrobial activity

Zhang, et al., 2012

cyclo(L-Leu–L-Phe)
Aspergillus sp.

Ophiobolin O

Anticancer activity
Aspergillus sp.

14-hydroxy-cyclopeptine

Nonribosomal peptides

Antimicrobial activity

Zhou, et al., 2016

Anticancer activity
Aspergillus candidus

dihydroxymethyl pyranone

Polyketide

Antimicrobial activity

Elaasser, et al., 2011

Anticancer activity
Antioxidant activity
Aspergillus

Ochraceopone A

Meroterpenoids

Antiviral activity

Wang, et al., 2016

Notoamide A

Indole alkaloids

Antimicrobial activity

Kato, et al., 2007

ochraceopetaliformis
Aspergillus sp.

Anticancer activity
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Ophiobolin O
Ochraceopones A

Dihydroxymethyl pyranone
Averantin

14-hydroxy-cyclopeptine

Nidurufin

Phenylahistin

Notoamide A
Figure 7. The structure of bioactive metabolites produced by fungi
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The search for novel bioactive SMs from microorganisms with a potential for the
treatment and prevention of infectious disease still remains an important because the
development of combined with the emerging infectious diseases and increasing number of drug
resistance in pathogenic microbes (Talbot et al., 2006). However, the discovery for new
bioactive SMs is becoming difficult, as the rate of rediscovery of already known compounds is
increasing. Various approaches have been reported to induce the production of bioactive SMs.
In laboratory condition, biosynthetic pathways which produce SMs may remain silent (Wang
et al., 2013).
Several methods have been taken to express these silent biosynthetic pathways which
results in the production of cryptic metabolites. One of the best and effective methods for
enhancing method for enhancing the production of cryptic metabolites is co-cultivation (Onaka
et al., 2011; Scherlach and Hertweck, 2009). In nature interspecies interaction is often exhibited
by microorganisms. Competitive environment for space and nutrients results in interspecies
interaction which leads to the production of SMs to enhance their own growth (Calvo et al.,
2002). Due to chemical defence mechanism or microbial cross talk, biosynthetic genes are
triggered when two different microbial strains are cultured together in one culture vessel (Rateb
et al., 2013). Microbial competition for space and resources is proven to be the major driving
force for the production of secondary metabolites (Oh et al., 2005). Under laboratory condition,
two organisms can be co-cultured for the production of secondary metabolites that has higher
benefits than pure or mono culture.
1.3 Co-cultivation
Co‐cultivation (also called mixed fermentation) is the simultaneous cultivation of two
or more species of microorganisms in the same medium. Co‐cultivation of two or more
different microbes tries to resemble the natural environment in which these organisms
originally grow (Panjwani et al., 2015). The co-cultivation method has been used to study
various phenomenons such as
1. Elucidation of symbiosis phenomena
2. Natural communities’ investigation in agriculture
3. Human micro biome interaction
4. Induction of pharmaceutical bioactive compounds
5. Induced production of yield specific products (Bertrand et al., 2014).
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Many studies have been described about the advantages of co-culture such as increased
yield of industrial products, production of useful consumer goods and the discovery of novel
bioactive secondary metabolites (Vigneshwari et al., 2015).
1.3.1 Microbial Interactions
In the modern natural product chemistry, cultivation of pure strain microorganisms is
considered to be a standard method for the metabolites purification. During last decades,
secondary metabolites isolated from the single-strain cultures have being studied extensively.
However, the growth conditions of the single-strain cultures are significantly different from the
natural environment where the microorganisms are interacting with each other (Onaka et al.,
2011). To overcome this limitation, many new fermentation methods have been developed, one
of them is co-cultivation of two or more microbes together (Zuck et al., 2011).
Interactions among microbes lead to the activation of complex regulation mechanisms,
which encompass antagonistic or competitive, facilitative and neutral outcomes (Rodriguez
Estrada et al., 2011). Several investigations into natural products isolated from co-culture
experiments indicated that the microbial interactions could be the reason for the production of
necessary bioactive secondary metabolites. Therefore, co-culturing different microbial strains
can be used as an effective method to harvest new molecules.

Symbiotic
or
commensal

Antagonistic

Co-cultivation

Synergetic

Co-operative
Figure 8. Types of interactions in co-culture (Klett et al., 2011)
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1.3.2 Fungal and bacterial interaction in co-cultivation
Fungi and bacteria are the predominant source in SMs production (Gonzalez et al.,
2003). The interaction between bacteria and fungi leads to the production of many SMs. The
first antibiotic penicillin was discovered from the interaction of bacteria and fungi (Aminov,
2010).
The co-cultivation of the bacterium Streptomyces rapamycinicus with human
pathogenic fungus A. fumigatus induced a silent polyketide synthase pathway which led to the
discovery of a previously unreported prenylated polyketide (König et al., 2013). In similar
approach, co-cultivation of A. fumigatus and Streptomyces bullii can produce the Ergosterol
one and seven metabolites belong to the family of diketopiperazine. None of these compounds
were produced when these two microorganisms cultured separately. Ergosterol one and seven
metabolites showed antibacterial and antiprotozoal activity against S.aureus, E.coli,
Trypanosomabrucei brucei and Leishmania donovani (Rateb et al., 2013).
Co-cultivation of F. tricinctum and B. subtilis resulted in the accumulation in
constitutively present fungal secondary metabolites, lateropyrone, cyclic depsipeptides of the
enniatin type that were not present in discrete fungal and bacterial controls and only detected
in the co-cultures. In addition, lateropyrone displayed good antibacterial activity against B.
subtilis, S. aureus, S. pneumoniae, and E. faecalis, with MIC values ranging from 2 to 8 μg/mL
(Ola, et al., 2013).
A novel diketopiperazine disulfide, glionitrin A (Fig 11.), was obtained from a mixed
fermentation of the marine-derived fungus A. fumigatus and the marine-derived bacterium
Sphingomonas sp. The compound showed strong cytotoxic activity against HCT-116, A549,
AGS and DU145 cells with IC50 values of 0.82, 0.55, 0.45 and 0.24 μM, respectively, whereas
the MIC against MRSA amounted to 0.78 μg/mL. Interestingly, glionitrin A (Fig 11.) exhibited
also weak antifungal activity against A. fumigatus, which was used for the co-culture study.
Presumably the core structure of glionitrin A is derived from the fungus whereas the biogenetic
origin of the nitro group is unknown (Park et al., 2009).
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1.3.3 Fungal interaction in co-cultivation
Fungi are prodigious sources for the production of natural products (Keller et al., 2005).
Antibiotics like penicillin, cyclosporine were produced by fungi which have distinctive and
unusual pathways for the production of SMs (Huang et al., 2008). In a competitive environment
fungi will synthesis enzymes and secondary metabolites for enhancing their own growth.
Interconnecting network of fungi can be formed as multicellular filaments (mycelia). Two
mycelia can interact with each other in various ways like neutralistic and mutualistic which
leads to the formation of bioactive compounds (Bandara et al., 2008). The genes which are
responsible for the production of secondary metabolites are formed as clusters and remain silent
in fungi. These genes can be expressed by fungal interactions (Verma et al., 2007)
In an attempt to induce the accumulation of novel compounds through fungal-fungal
co-cultivation, Zhu et al. demonstrated that the mixed cultivation of two different mangrovederived epiphytic fungi, both belonging to the genus Aspergillus, leads to the production of the
new alkaloid aspergicin and the known compounds neoaspergillic acid and ergosterol,
respectively. Aspergicin and neoaspergillic acid were evaluated for their antibiotic potential
towards the Gram-positive bacteria S. aureus, S. epidermidis, Bacillus subtilis, B. dysenteriae,
B. proteus and against the Gram-negative Escherichia coli. Aspergicin exhibited a MIC of
15.62 μg/mL against B. subtilis, whereas the MIC of neoaspergillic acid was in the range of
0.49-15.62 μg/mL against all tested bacteria (Zhu et al. 2011).
When two different fungi Fusarium tricintum and F. begonia were co-cultured. Their
co-cultivation could induced the production of two linear depsipeptides, subenniatins A and B,
which were not detectable when either of the two fungi was grown individually. These
compounds were evaluated for antibiotic activity against Pseudomonas aeruginosa, E. coli and
S. aureus. But none of them were active at the concentration of 64 µg/ml (Wang et al., 2013).
1.3.4 Bacterial interaction in co-cultivation
Bacteria have been produced many bioactive SMs (Trischman et al., 2004). The
competition for resources like nutrients and space leads to the production of metabolites by the
help of microbial interactions. Bacterial communications occurs by chemical signaling
molecules such as auto inducers (Waters and Basler, 2005). It has proven to be an abundant
source for the production of structurally distinctive bioactive SMs (Teasdale et al., 2009).
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In 1999, a membrane-partitioned glass vessel for dialysis culture was designed by Ohno
et al., to study the interactions between two symbiotic bacteria. They revealed that
Symbiobacterium thermophilum demonstrated marked pure growth when it was separately
co-cultivated by a dialysis membrane vessel with Geobacillus stearothermophilus strain S
(Ohno et al., 1999). As reported, Streptomyces lividans TK23 produces a red pigment after the
direct interaction (mixed culture) with the mycolic acid-containing bacterium Tsukamurella
pulmonis TP-B0596 (Onaka et al., 2011).
1.3.5 Interaction of other microorganisms in co-cultivation
The co-culture of Saliva miltiorrhiza bunge (lamiacee) and B. cereus bacteria which
induced the production of tanshinone by 12 folds and yield of tanshinone was also increased
from 1.40 mg/L to 10.4 mg/L (Wu et al., 2007). The co-cultivation of the suspension cells of
Taxus chinensis var.nairei and endophytic fungi F. mairei was produced paclitaxel which is
38 fold higher than mono culture. The productivity of paclitaxel was 25.63 mg/L in co-culture
(Li et al., 2009).
When the yeast C. albicans was co-cultured with the bacterium P. aeruginosa, the
formation of a pyocyanin related red pigment that was located intracellularly within C. albicans
was observed. It was suggested that a possible intermediate, 5-methyl-phenazinium-1carboxylat (5MPCA) produced by P. aeruginosa, was transformed to the red pigment within
the yeast (Gibson et al., 2009).
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Glionitrin A
Aspergicin

Ergosterol
Prenylated polyketide

Tanshinone
Paclitaxel

Subenniatin B

Figure 9. The structure of bioactive metabolites produced by microbial co-cultivation
20

1.3.6 Co-cultivation of cyclic dipeptide producing strains.
My laboratory previously reported that phenylahistin (PLH), an anti-mitotic metabolite
produced by the fungus A. ustus, could be converted to its dehydro derivative (ΔPLH) by
enzymes present in cell-free extracts of the actinomycete Streptomyces albulus a producer of
the dehydro cyclic dipeptide (CDP), albonoursin (Kanzaki et al., 2002). My Lab showed that
dehydrophenylahistin (ΔPLH) exhibited 1,000-fold greater anti-mitotic activity in the sea
urchin eggs development bioassay than PLH. My Lab speculated that co-cultivation of A. ustus
and S. albulus might result in the production of ΔPLH. The result showed that the interaction
of two CDP producing strains led to the production of ΔPLH, indicating that co-cultivation of
CDP-producing organisms can be a more efficient means of producing bioactive CDPs than
single-strain approaches.
Based on this finding, my Lab speculated that co-cultivation of two CDP-producing
fungal strains may result in the production of new metabolites compared with those obtained
from single culture. The co-cultivation of A. ustus NSC-F038 with the selected fungus
P. aurantiogriseum IAM-13793 or A. repens (Yagi and Doi, 1999), these fungal strains are
known diketopiperazine producer were studied. The results shown that co-cultivation of
between A. ustus and P. aurantiogriseum have the potential to produce a novel compound.
However, the co-cultivation of same species between A. ustus and A. repens was particularly
striking that A. ustus could outcompete A. repens in co-cultivation condition. These result led
us to suppose that A. ustus may produce extracellular molecules inhibit A. repens (Table 3).
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Table 3. Inhibition of A. repens growth by A. ustus in different co-cultivation methods
Co-cultivation
Single culture
Co-cultivation
Methods
Aspergillus ustus
Aspergillus repens

Double vessel

Only A. ustus was observed.

Mixed culture

Only A. ustus was observed.

Agar culture

Only A. ustus was observed.

1.4 Objectives of the study
The aim of this study is to fractionate the antifungal compound from A. ustus with the
guidance of spore germination assay using A. repens as the test fungi. Based on antifungal
activity against A. repens, the active compound was purified by ethyl acetate extraction,
reversed-phase column chromatography, and then followed by preparative HPLC. The
structure of compound was elucidated by a combination of spectroscopic analyses (1D, 2D
NMR, HRMS, UV and optical rotation). Moreover, the pure compound is also evaluated its
antimicrobial activity against fungi and bacteria.
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Chapter 2
Purification of bioactive compound produced by Aspergillus ustus
2.1 Introduction
Filamentous fungi is a member of a large group of eukaryotes that includes
microorganisms such as yeasts, moulds and some mushrooms, is also classified as a kingdom,
Fungi, which is separated from plants, protists, animals and bacteria. One major difference is
that fungal cells have cell walls containing chitin, a main disparity from plant cell walls which
contain cellulose and bacterial cell walls. Filamentous fungi are found in different habitats in
the environment including, air, water and soil (Egbuta et al., 2016).
Filamentous fungi are defined by their ability to form highly polarized hyphae that
enable the efficient colonization of diverse environments. They encompasses many genera of
fungi including Aspergillus, Penicillium, Fusarium, Cladosporium, Emericella, Eurotium,
Paecilomyces and Curvularia (Egbuta et al., 2016). Filamentous fungi are important sources
of SMs. There is a broad range of biological activities of fungal SMs that include antibacterial,
antifungal, antivirals, antimycotics, antiprotozoans and cytotoxics activity, which make them
extremely important for human health, pharmaceutical and food industry applications.
Aspergillus species, one of the most important genera of filamentous fungi. They
produces a wide range of structurally SMs that are of considerable interest in a variety of fields.
They are the most of widespread source of lifesaving drug, devastating toxins. Some species
produce SMs that are harmful to animal and human. A large number of novel compound are
produced by Aspergillus species including aflatoxin, ochratoxins, fumonisins, patulin, glitoxin,
kojic acid, emodin, aflatrem, ophiobolins and so on. Some are medically attractive as drugs
and drug leads, some are used as food additives (Gupta, 2016).
A. ustus is a common filamentous fungus belonging to Aspergillus section Usti together
with A. granulosus, A. puniceus, and A. pseudodeflectus. Aspergillus ustus found in foods, soil
and indoor air environment. In the present study, an antifungal compound produced by A. ustus
was identified via a spore germination assay using A. repens as the test fungi. The active
compound was isolated and purified by ethyl acetate (EtOAc) extraction, reverse-phase column
chromatography, and preparative HPLC.
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2.2 Materials and Methods
2.2.1 Microorganisms and culture conditions
The A. ustus strain NSC-F038 was grown on 150Ha agar medium (Kanoh et al., 1997)
consisting of glucose 0.5%, glycerol 2%, yeast extract 0.2%, Pharmamedia® (Traders Protein)
2%, NaCl 0.25%, CaCO3 0.4%, and agar 1.5% at 28 C for 7 days. A. repens MA0310 was
isolated from a commercial dried bonito (Katsuobushi). We found that A. repens MA0310 can
also produce a cyclic dipeptide, neoechinulin A, which was reported to be produced by A.
repens MA0197 (Yagi and Doi., 1999).

Figure 10. Aspergillus ustus on 150Ha agar medium after 7 days of incubation at 28°C

Table 4 Composition of 150 Ha agar

Table 5 Composition of MY20 medium

150 Ha medium (g/L)

MY 20 medium (g/L)

Glucose

5 g

Glycerol

20 g

Glucose
Polypepton

40 g
1 g

Yeast extract

2 g

Yeast extract

0.6 g

Phamamedia

20 g

Malt extract

0.6 g

NaCl

2.5 g

pH 5.3

CaCO3
Agar

4 g
15 g

pH 6.5
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2.2.2 Bioassay screening
The present study was designed to extract and purify the antifungal compound produced
by A. ustus using bioassay-guided study. The antifungal compound was fractionated with the
guidance of spore germination assay using A. repens as the test fungi.
2.2.2.1 Spore germination assay
The antifungal activity of the crude extracts and collected fractions were evaluated
using a spore germination assay performed in sterile, flat-bottom, 96-well microplates (Falcon).
The screening of the crude extracts and collected fractions was performed using A. repens as
fungal indicator. The crude extracts were diluted 10-fold before preparing two-fold serial
dilutions in the wells of a 96-well microplate. MeOH was removed from each well by
evaporation. Fungal spore suspensions were prepared in 0.05% Triton X-100 and diluted in
MY 20 medium for a final spore density of 105 spores/mL. A 100 µL volume of this suspension
was inoculated into each well. The plates were incubated at 28 C and examined
microscopically after 24 h to detect spore germination. Cycloheximide was used as the positive
control and MeOH as the negative control. The antifungal activity of each fractions were
determined by measuring total activity in arbitrary units (AU).
Total activity (AU)

=

Total sample volume of compound (µL)
Lowest sample volume that inhibit the visible growth (µL)

One arbitrary units (AU) was defined as the reciprocal of the highest dilution factor that
showed inhibition of the indicator strain.
2.2.3 Purity analysis
2.2.3.1 Thin Layer Chromatography (TLC)
Thin layer chromatography is one of the most common isolation techniques for
analysis. Thin layer chromatography is a simple, quick, and inexpensive procedure that gives
a quick answer as to how many components are in a mixture. TLC is used to check the
similarity of collections from the column, in order to combine different fractions for further
separation. TLC also was used to determine whether the active fractions obtained were pure.
Compound were spotted on silica coated aluminium thin layer chromatography plate
with a capillary and developed with EtOAc; MeOH; 90:10 in the cylinder under saturated
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conditions. Detection of the compounds is performed by observing the absorption at 254 and
365 nm under a UV-lamp to determine the active spots and finally sprayed with p-anisaldehyde
sulphuric acid (Table 6.) and followed by heating at hot plate until the spot was appeared. If
two or more spots were obtained then the fractions were concluded to be unclean and further
purification had to be done.

Table 6. p-Anisaldehyde sulphuric acid spray reagent
Ethanol

9 mL

p-Anisaldehyde

0.5 mL

conc. H2SO4

0.5 mL (added slowly)

2.2.3.2 Analytical HPLC
High performance liquid chromatography (HPLC) is a technique where substances in a
mixture are separated by passing the mixture through a packed column with a solid stationary
phase. The substances separate from each other because they interact differently with the
solvent that is passed through the column, as well as the mobile phase and the surface of the
stationary phase based on their chemical properties. The substances that have weak interactions
with the stationary phase will travel faster through the column than the ones that have stronger
interactions.
Reversed-phase chromatography uses a hydrophobic or non-polar stationary phase and
a hydrophilic or polar solvent, usually water with increasing amount of methanol or acetonitrile
is employed for mobile phase. The hydrophilic compounds are eluted earlier than the
hydrophobic compounds.
In this study, analytical HPLC was used for the analysis the purity and content of active
compounds produced by A. ustus and fractions collected from the preparative HPLC
purification. The analysis was carried out with a reverse phase ODS-3 column (Inertsil® ODS3, 5 µm, 4.6 mm × 250 mm; (GL Sciences, Japan)) using an isocratic elution of 80% CH3CN).
The flow-rate was kept constant at 0.53 mL/min for a total run time of 30 min. The injection
volume was 5 µL. Peaks were monitored at 240 nm with the DAD detector.
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Table 7. Analytical conditions of analytical HPLC
Pump
HITACHI L-2130
Column
Inertsil® ODS-3, 5 µm, ɸ4.6 mm × 250 mm
Column oven
HITACHI L-2300
Column temp
30° C
Detector
HITACHI L-7455
Detection
240 nm
Flow rate
0.53 mL/min
Eluent
isocratic elution of 80% CH3CN; 30 min

2.2.4 Purification of bioactive compound produced by A. ustus
The antifungal compound produced by A. ustus was identified via a spore germination
assay using A. repens as the test fungi. The active compound was purified by ethyl acetate
(EtOAc) extraction, reverse-phase column chromatography, and preparative HPLC.
2.2.4.1 Comparison of different solvents on the extraction of mycelium cultures of A. ustus
Various solvents were used for the extraction of bioactive compounds from the
mycelium of A. ustus including water containing triton x 100, methanol (MeOH), ethyl acetate
(EtOAc) and hexane. The mycelium of A.ustus was extracted in these solvents by firstly adding
the mycelial cultures (1 Petri dishes) into 5 mL of solvent. The mixture was soaked in room
temperature for 2 h (the mixture was shaked thoroughly once every 30 minutes). Next, the
extracts were filtered using Buchner filtration system (Whatman Filter Paper No.1).
Subsequently, each organic extracts was concentrated under reduced pressure using rotary
evaporator to remove organic solvents. The dry extract was redissolved in 1 mL of MeOH for
further determination of antifungal activity against A. repens using spore germination assay.
The organic solvents that show highest antifungal activity was selected for future analysis.
2.2.4.2 Preparation of crude extracts
Mycelial cultures on Petri dishes (90×15 mm, n=54) were separated and extracted with
EtOAc (5 mL of each). It was then filtered using Buchner filtration system. Subsequently, the
organic extracts were evaporated using rotary evaporator. The dry extract was redissolved in
MeOH for further determination of antifungal activity and analysis.
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2.2.4.3 Purification of bioactive compound by Oasis® HLB cartridge
The Oasis HLB is a reversed-phase extraction cartridge with a hydrophobic-lipophilic
adsorbent, which bind hydrophobic compounds.
The EtOAc crude extract (51.9 mg) was purified using an Oasis® HLB cartridge (Oasis
HLB 60 µm, 6 cc, 500 mg). It was conditioned before processing the sample. Oasis HLB
cartridges were sequentially conditioned with 6 mL of 100%, 80%, 60%, 40% and 20%
methanol (MeOH) and then equilibrated with 6 mL of distilled water. After that, the sample
was passed through the cartridge at a flow rate of 20 drops per minute, followed by washing
with 6 mL of distilled water prior to elution. The retained compounds were eluted with 6 mL
of MeOH by using stepwise elution to provide three fractions (60% MeOH, 80% MeOH and
100% MeOH). An aliquot of each fraction was evaluated for antifungal activities using spore
germination assay against A. repens. The highest active fraction was selected for future
analysis.
2.2.4.4 Purification of bioactive compound by preparative HPLC
Preparative HPLC is used for the isolation and purification of target compound. In this
study, the most active fraction (80% MeOH fraction, 30 mg) was further fractionated by
preparative HPLC (Inertsil® ODS-3, 5 µm, 20 mm × 250 mm; (GL Sciences, Japan)) using an
isocratic elution of 80% CH3CN at a flow rate of 10 mL/min. The eluates were monitored using
UV absorbance at 240 nm. An aliquot of each fractions was tested for antifungal activity against
A. repens using the spore germination assay. During the purification procedure the purity and
content of active compound were determined by analytical HPLC (Inertsil® ODS-3, 5 µm, 4.6
mm × 250 mm; (GL Sciences, Japan)) using an isocratic elution of 80% CH3CN at a flow rate
of 0.53 mL/min at a wavelength of 240 nm. The highest active fraction was selected for future
analysis.
Table 8 Analytical conditions of preparative HPLC
Pump
Waters 616 Pump
Column
Inertsil® ODS-3, 5 µm, ɸ20 mm × 250 mm
Column temp
30° C
Controller
Waters 600 Controller
Detector
Waters 486 tunable Absorbance Detector
Detection
240 nm
Flow rate
10 mL/min
Eluent
isocratic elution of 80% CH3CN; 30 min
Fraction size
15 sec/fraction
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2.3 Results and Discussion
2.3.1 Purification of bioactive compound produced by A. ustus
2.3.1.1 The effect of different extraction solvents on antifungal activity of crude extracts from
A. ustus
The suitable solvent for extracting target compounds should be selected carefully
because the extracted compound will be based on the type of solvents used (Zarnowski and
Suzuki, 2004). A polar solvent will isolate polar compound and non-polar solvent will extract
non-polar compound thus different solvents will yield different extracts and extract
composition.
In this study, the spore germination assay was used for determining the effect of
extraction solvents on the antifungal capacity of A. ustus extracts. The result showed that
different solvents had significant effects on the extractable mycelium culture of A. ustus
(Table 9.). EtOAc extract showed highest antifungal activity with total activity 6,400 AU.
While, MeOH extract, hexane extract exhibited antifungal activity with total activity 3,200 and
800 AU, respectively. The results indicating that the compound has hydrophobic character that
make EtOAc is suitable extraction solvent for bioactive compound produced by A. ustus.
Moreover, water extract showed lack antifungal activity indicated that water could not be used
as extraction solvent for bioactive compound produced by A. ustus. Therefore, EtOAc extract
which was noted to be more active was selected for further extraction.
EtOAc is widely used solvent due to its high extraction yield. Previous reported, seven
new ophiobolins along with the 11 known analogues were isolated from the ethyl acetate
extracts of the liquid and solid cultures of the mangrove fungus A. ustus 094102 (Zhue. et al.,
2018).
Table 9 Antifungal activity of aqueous and organic extracts of A. ustus
Total antifungal activity
Solvents extraction
(AU)
EtOAc
6,400
MeOH

3,200

Hexane

800

Water + Triton X 100

1,600
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A

B

Figure. 17 Inhibition of fungal spore germination by crude extract from A. ustus. Crude
extract inhibit germination of spores of A. repens (A). Spore germination were observed
in medium without crude extract (B). Spore germination was observed under microscopy

2.3.3.2 Purification of bioactive compounds produced by A. ustus using chromatographic
method
The mycelial culture of A. ustus on Petri dishes (90×15 mm, n=54) extracted with ethyl
acetate yielded a brown residue after removal of the solvent. The antifungal activity of EtOAC
crude extract was determined by spore germination assay against A. repens. Furthermore, the
biologically active compound was targeted for purification using bioactivity guided
purification. This was done using an Oasis® HLB cartridge following by preparative HPLC.
The 51.9 mg yield of EtOAc crude extract with total activity 276,480 AU was subjected
to reverse-phase chromatography using an Oasis® HLB cartridge (Oasis HLB 60 µm, 6 cc, 500
mg) with methanol (MeOH) stepwise elution to provide three fractions (60% MeOH, 80%
MeOH and 100% MeOH). All fraction were tested against A.repens.
The results showed that 80%MeOH eluted fraction showed the highest inhibition
against A.repens with total activity 204,763 AU and 74.06 percentage of the yield recovery.
Moreover, in second bed of 80%MeOH eluted fraction still have high total antifungal activity
at 51,200 AU and 18.52 percentage of the yield recovery indicated that some of active
compound still remain in this fraction. Additionally, 100%MeOH and 60%MeOH fraction was
also exhibited small amount of inhibition activity against A.repens with total activity 7,692 and
1,920 AU, respectively (Table 10).
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Table 10. Total activity and bioactive compound content in each eluted fractions
from HLB cartridge purification. Antifungal activity was determined by spore
germination assay
Fr.
Total activity
Recovery
Weight
(AU)
(%)
(mg)
Loaded
1 EtOAc extract
276,480
100
51.9
Total activity

Collected
Fractions

1
6
7
8
9
10
11
12
13
14

Sample
Distilled water
60% MeOH
60% MeOH
80% MeOH
80% MeOH
80% MeOH
100% MeOH
100% MeOH
100% MeOH

1,920
204,763
51,200
3,200
7,692
200
-

0.69
74.06
18.52
1.12
2.78
0.34
-

13.33
23.85
6.16
2.34
5.34
0.84
-

In this study, the high active fraction was received from 80%MeOH eluted fraction (fr.
9, 10). Moreover, each active fraction that show antifungal activity was tested the purity and
content again by TLC and analytical HPLC. The results of TLC showed that only the crude
compound of 80% MeOH fraction (fr. 9, 10) after HLB purification showed 3 spots similar to
each other indicated that the compound in both fraction should be similar compound and each
fraction consist more than one component (Fig 12.). The result was confirmed by analytical
HPLC that show similar HPLC chromatogram of both 80% MeOH fraction (fr. 9, 10) (Fig 13.).
Finally, both fractions were pool together to receive total activity 256,000 AU and
92 percentage of the yield recovery for further analysis.
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A

Crude

80%(1) 80%(2) 80%(3) 100%
HLB fraction

B

Crude

80%(1) 80%(2) 80%(3) 100%
HLB fraction

Figure 12 Determination of the purity and identity of each fraction after HLB purification by
analytical thin layer chromatography. Spots were detected in short wavelength UV light (A).
TLC spots of compound were detected under p-anisaldehyde sulphuric acid fume (B)
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Figure. 13 Analytical HPLC chromatogram of 80%MeOH HLB fraction detected at 240 nm

30 mg (256,000 AU) of 80%MeOH HLB cartridge fraction was further fractionated by
preparative HPLC (Inertsil® ODS-3, 5 µm, 20 mm × 250 mm; (GL Sciences, Japan)) using an
isocratic elution of 80% CH3CN at a flow rate of 10 mL/min. The progress of HPLC was
monitored at 240 nm. Each peak was collected separately and tested for antifungal activity.
The peak eluted at tR 22.4 min (Fig. 14) showed highest antifungal activity. All active collected
fractions at tR 22.4 min were analysed by analytical HPLC to check purity and combined same
fraction together. The homogeneity of the purified compound was confirmed by analytical
HPLC analysis which showed a single symmetrical peak at tR 22.4 minute (Fig. 15). After
process, the antifungal compound was obtained as a white powder (2.1 mg, 196,000 AU),
the recovery is about 70% of the initial activity in the finally purified fraction (Table. 11).
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Figure. 14 Preparative HPLC chromatogram of 80%MeOH HLB fraction detected at
240 nm
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Figure 15. Analytical HPLC chromatogram of purified compound after pre-HPLC detected
at 240 nm
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Table. 11 Summary of the purification steps of bioactive compound produced by A. ustus
Purification steps

Total amount

Antifungal activity (AU)

content (mg)

Total activity (AU)

Recovery (%)

EtOAc extraction

51.9

276,480

100

HLB purification

30.0

256,000

92.6

Preparative-HPLC

2.1

196,000

70.1

A. ustus is a very common filamentous fungus found in foods, soil, indoor and
environment. It is known that these fungi are able to synthesize a great number of various
secondary metabolites.
The isolated fungus A.ustus from sand dunes of Puducherry and Karaikal coastal areas
was used for the extracellular biosynthesis of silver nanoparticle (AgNPs). The antimicrobial
efficacy of the nanoparticle was evaluated against the pathogens Pseudomonas aeruginosa,
Shigella dysenteriae, Klebsiella pneumoniae, E. coli, S. aureus, B. cereus. The biosynthesized
nanoparticle obtained from A.ustus showed a high antibacterial susceptibility against the
selected gram positive and gram negative bacteria. (Nayak and Anitha, 2014).
Glycolipoprotein was isolated from marine endosymbiotic fungi A. ustus (MSF3). The
biosurfactant produced by MSF3 showed broad spectrum of antimicrobial activity against
S. aureus, M. luteus, E. faecalis, P. aeruginosa and S. epidermidis. Moreover, biosurfactant
also showed a high activity against the yeast Candida albicans (Kiran et al., 2009).
Two new metabolites, ophiobolin G and ophiobolin H were isolated from A. ustus. Both
inhibited growth of B. subtilis cultures, ophiobolin H was a more potent inhibitor at rates >250
μg/disk than ophiobolin G. Neither inhibited growth of E. coli (Culter et al., 1984). Moreover,
A. ustus has been claimed to produce a range of extrolites including austdiol, austocystins,
brevianamide

A,

sterigmatocystin,

austalides,

austamide,

dehydroaustin,

pergillin,

dehydropergillin, phenylahistin, ophiobolins G, H and K, drimans, diacetoxyscirpenol and
ustic acid (Houbraken et al., 2007).
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Chapter 3
Structure elucidation of bioactive compound produced by A. ustus
3.1 Introduction
Screening and discovery for novel bioactive secondary metabolites with a potential for
the treatment and prevention of infectious disease still remains an important because the
development of combined with the emerging infectious diseases and increasing number of drug
resistance in pathogenic microbes (Talbot et al., 2006). Presently most studies of secondary
metabolite production are bioassay guided studies aimed on finding compounds with specific
biological effects such as cytotoxicity, antimicrobial activity and antidiabetic.
Filamentous fungi have proven to be an incredible source of diverse bioactive
compounds. They produce a wide range of bioactive secondary metabolites, some of which
have been exploited commercially (Keller et al., 2005). They include peptides and polyketides
that result from the activity of complex, multidomain enzymes, non-ribosomal peptide
synthetases (NRPS) and polyketide synthases (PKS). New secondary metabolites produced by
filamentous fungi such as Penicillium and Aspergillus are being discovered continuously
(Frisvad et al., 2004).
A. ustus is a common filamentous fungus belonging to Aspergillus section Usti together
with A. granulosus, A. puniceus, and A. pseudodeflectus. A. ustus found in foods, soil and
indoor air environment. The fungi belonging to this group can produce secondary metabolites,
which can be polyketides (PK), peptides and terpenoids derived or of mixed biosynthetic
origin. Some of SMs show a variety of biological activities, such as antibacterial, antifungal,
antitumor and antioxidant activities. A. ustus 094102 was found to produce ophiobolin and four
other terpenes, including the sesquiterpenoids drimane, isochromane, sterols and dipeptides
(Yang, et al., 2012., Lu, et al., 2009). Moreover, A. ustus claimed to produce a range of SMs
including austdiol, austocystins, brevianamide A, sterigmatocystin, austalides, austamide,
dehydroaustin, pergillin, dehydropergillin, phenylahistin, ophiobolins G, H and K, drimans,
diacetoxyscirpenol and ustic acid (Houbraken et al., 2007).
In this study, the active compound produced by A. ustus was determined the structure
by a combination of spectroscopic analyses (1D, 2D NMR, HRMS, UV, and optical rotation)
and by comparison to literature data.

36

3.2 Methods
3.2.1 Structure elucidation of bioactive compound produce by A. ustus
3.2.1.1 NMR analysis
The structure of the purified compound was determined using nuclear magnetic
resonance (NMR) spectroscopy. NMR spectra were recorded on a Varian NMR System 600
spectrometer (Varian, Palo Alto, CA, USA) at 600 MHz for 1H and 150 MHz for 13C NMR in
deuterated chloroform. Chemical shifts were given in δ and ppm (parts per million) based on
comparison with the values obtained for chloroform (internal standard) at δ 7.26 and 77.16
ppm in 1H and 13C NMR, respectively. Structure elucidation of the antifungal compound was
carried out in detail by various one- and two-dimension NMR spectral studies such as 1H-1H
COSY, HSQC, HMBC and NOESY.
1

H NMR was recorded for isolated compound and was used as a primary source of

structural information. The chemical shifts and integration indicated the number and type of
protons present in molecule, whereas, the multiplicity and coupling constants indicated the
adjacent protons and their spatial arrangements. The purity of the compound was also
determined from 1H NMR spectra.
13

C NMR was recorded for isolated compound, to determine the number and types of

carbons present in molecule. In the spectra, quarternary (C) and methylene (CH2) carbon
signals appeared in the positive phase (blue), while methyl (CH3) and methine (CH) signals
were evident in negative phase (red) of the spectra.
Correlation spectroscopy (COSY), COSY spectral data was recorded for compound.
Cross-peaks were generated from 1H-1H nuclei that share a mutual scalar coupling and
normally evidenced for a germinal (2J) and vicinal (3J) coupling connectivity. This information
provided the 1H-1H connectivity for the analysed compound.
Heteronuclear single quantum coherence (HSQC), 2D HSQC experiments were
performed on compound. These experiments were used to one bond (1J) 1H-13C
connectivities. Cross peaks were generated from proton-carbon nuclei that are directly
connected to each other through a single bond.
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Heternuclear multiple bond coherence (HMBC), 2D HMBC spectral data was record
for isolated compound, to detect long range 2 to 3 bond 1H-13C coupling. Certain 4-bond cross
peak were also observed in the HMBC experiments as a weaker intensity signal than that for 2
and 3 bond cross-peak. This experiment provided important structural information which
helped to elucidate selected complex structures. It also provided information regarding
connectivity between structural fragments.
1H-1H NEOSY (Nuclear Overhauser Effect Spectroscopy) is useful for determining
which signals arise from protons that are close to each other in space even if they are not bonded
This information can be useful for determining the relative configuration of natural products.
3.2.1.2 Mass analysis
Two common categories of mass spectrometry are high resolution mass spectrometry
(HRMS) and low resolution mass spectrometry (LRMS). Not all mass spectrometers simply
measure molecular weights as whole numbers. High resolution mass spectrometers can
measure mass so accurately that they can detect the minute differences in mass between two
compounds that, on a regular low-resolution instrument, would appear to be identical.
Low resolution mass spectrometry (LRMS)
The molecular mass of the purified compound was firstly determined using lowresolution electrospray ionization mass spectrometry (LR-ESI-MS). LR-ESI-MS data were
obtained using a micrOTOF mass spectrometer (Bruker Daltonics, Billerica, MA, USA).
High resolution mass spectrometry (HRMS)
The molecular mass of the purified compound was also determined using highresolution electrospray ionization mass spectrometry (HR-ESI-MS). HR-ESI-MS data were
obtained using a micrOTOF mass spectrometer (Bruker Daltonics, Billerica, MA, USA).

3.2.1.3 UV-Vis spectroscopy
UV spectroscopy was used for the preliminary identification of compounds,
particularly for the identification of the presence of phenolic groups or conjugated double
bounds. Compound initial UV profiles were obtain on the analytical HPLC and these profiles
were confirmed with UV-visible spectrophotometer.
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3.2.1.4 Optical activity
Compound was dissolved in methanol and the optical rotation of compound measured
at 25oC in a JASCO P-2000 digital polarimeter (JASCO, Tokyo, Japan) at the sodium
wavelength, 598 nm. The solvent without sample was used as a blank and the sample cell (50
mm) was subsequently dried prior to taking the sample reading. The specific rotation [α] of
compound in degree at a specific temperature (T) and wavelength (λ) is determined by
following formular:
Where: The specific rotation at sodium D-line (589 nm)
[α]D = 100 x α observe
lxd
Where: [α] = The angle of rotation (o)
l = The length of polarimeter tube (0.5)
d = The concentration of the substance (g/100 mL)
3.3 Results and Discussion
3.3.1 Structure elucidation of bioactive compound produce by A. ustus
3.3.1.1 Interpreting NMR spectra
The antifungal compound was obtained as a white powder. The 1H NMR spectrum
(Table 12) showed aldehyde proton with a characteristic singlet signal at 9.22, four singlet
methyl protons at δH 0.97, 1.36, 1.74, 1.81, and one doublet methyl proton at δH 0.91 (d, 6.7
Hz). The

13

C NMR spectrum of the antifungal compound exhibited 24 carbons with one

overlapping carbon signal at δC 26.7. The 13C NMR data together with HSQC NMR data of
the antifungal compound revealed the presence of one carbonyl carbon at δC 217.8, one
aldehyde carbon at δC 196.4, five methyls (CH3) at δC 25.8, 18.9, 20.6, 18.3, and 26.7, and
five methylenes (CH2) at δC 35.2, 55.1, 25.6, 42.7, and 26.7, and five methines (CH) at δC
50.4, 48.7, 53.7, 47.3, and 36.0., an oxygenated quaternary carbon at δC 77.0, a quaternary
carbon at δC 44.0, four olefinic carbons at δC 164.2, 137.2, 122.6, and 120.0, and two olefinic
quaternary carbons δC 141.5, 136.3.
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Table. 12 1H (600 MHz) and 13C NMR (150 MHz) data of active
compound in CDCl3
δC
δH
mult. (J in Hz) Functional groups
18.3
1.74
s
Methyl
18.9
0.97
s
Methyl
20.6
0.91
d (6.7)
Methyl
25.6
2.13
s
Methylene
2.96
dd (8.2, 12.6)
25.8
1.36
s
Methyl
26.7
1.60
m
Methylene
1.80
m
26.7
1.81
s
Methyl
35.2
1.21
dd (12.6, 14.7)
Methylene
1.76
m
36.0
2.71
m
Methines
42.7
1.43
m
Methylene
1.43
m
44.0
47.3
2.08
m
Methines
48.7
3.27
d (10.6)
Methines
50.4
2.37
m
Methines
53.7
1.60
m
Methines
55.1
2.50
d (19.5)
Methylene
2.80
d (19.5)
77.0
120.1
5.97
dd (0.9, 11.4)
122.6
6.04
dd (10.3, 11.4)
136.3
137.3
5.18
t (10.3)
141.5
164.2
7.12
t (8.7)
196.4
9.22
s
Aldehyde
217.8
Carbonyl
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3.3.1.2 Mass analysis
Low resolution mass spectrometry (LRMS)
Active compound was analysed by low-resolution in both positive and negative mode.
The compound only observed strong single peak in positive mode at m/z 407. The result
indicate that molecular mass ion of compound should be around 407.
Intens
105

407

2.5
2.0
1.5
1.0
0.5
0.0

100

200

300

400

500

600

700

800

900

m/z

Figure 16. LRESIMS spectra of active compound in positive mode

High resolution mass spectrometry (HRMS)
Active compound was also analysed to determine molecular formula by high-resolution
positive MS. The molecular formula C25H36O3 was apparent on the basis of the molecular ions
observed in the positive HRESIMS: namely, m/z 4 0 7 . 2 5 5 3 [M+Na]+ (calcd. 4 0 7 . 2 5 5 7 for
C25H36O3Na ).

Table 13 The HRESIMS of active compound analysis
Found
Calculated
Compound
407.2553
407.2557

41

Formula Ion
C25H36O3Na+

Intens
105

407.2553
1.0
0.8
0.6
0.4
0.2
0.0

50

100

150

200

250

300

350

400

m/z

Figure. 23 HRESIMS spectra of active compound in positive mode

3.3.1.3 Structural identification of bioactive compound
Form the above results, there are a possibility that this active compound should be
terpene compound (Table 14) containing 25 carbon atom made from 5 isoprene unit because
this compound contained five number of methyl group, carbon atom signal 25 carbon atom.
Moreover, the result of 1H NMR revealed the characteristic signal of aldehyde compound at
9.22 ppm because aldehyde compound usually was observed 1H NMR at 9.5-10.5 ppm. All
data are helpful to determine target compound. Therefore, terpene 25 carbon atom
(sesterterpene) and aldehyde (δH 9.22) were used as keyword to find bioactive compound
produced A. ustus.

Table 14 Classification of terpenoids
Carbon Isoprene
atom
unit
10
2
15
3
20
4
25
5
30
6

Classification
Monoterpene
Sesquiterpene
Diterpene
Sesterterpene
Triterpene

Molecule
formula
C10H16
C15H24
C20H32
C25H40
C30H48
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Isopentenyl pyrophosphate

Dimethylallyl pyrophosphate

Figure 18. Isopentenyl and dimethylalyl pyrophosphate
Terpenes are generated from the common precursors, isopentenyl diphosphate (IPP)
and dimethylallyl diphosphate (DMAPP). Two of these then react together to form geranyl
pyrophosphate, which is the precursor of all monoterpenes .This can react further with another
molecule of isopentenyl pyrophosphate forming farnesyl pyrophosphate, which is the precursor
of sesquiterpenes. Two farnesyl pyrophosphate molecules can couple to give squalene, the C30
precursor of triterpenes, and also of steroids.

Table 15 Keywords searching in SciFinder and Google Scholar database
Origin

Character of compound

Interesting compound group

Aspergillus ustus

Aldehyde (9.22 ppm)

Terpene (sesterterpene and triterpene)

Database
(SciFinder, Google Scholar)

Based on the above keyword, sesterterpene and aldehyde (9.22 ppm) and A. ustus to
find candidate of active compound. The search engine was SciFinder. The results was
suggested that the active compound may be sesterterpene, ophiobolins.
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3.3.1.4 Confirmation of the structure of ophiobolins
Confirmation of the structure by using 1H NMR and 13C NMR data
The structure of ophiobolin was confirm by 1H NMR and

13

C NMR assignment

(Fig. 19 and 20). The results agree that this compound is ophiobolin K (Wei et al., 2004).
Table 16 1D and 2D NMR spectroscopic data
δC

H-H
Position
1

δH mult. (J in Hz)

a

1.21

dd (J = 12.6, 14.7)

b

1.76

m

2.37

m

2

35.2

1a, 1b, 6

50.4

a

2.50

d (J = 19.5)

b

2.80

d (J = 19.5)

6, 11

2

6

1b, 6, 20, 22

55.1

3, 5, 20

20

2, 3, 5, 6
217.8

6

3.27

d (J =10.6)

48.7

7

2, 3, 5, 7, 8,21

2, 9b, 22

6, 21

9b, 10, 21

141.5

8

7.12

t (J = 8.7)

9a, 9b

164.2

a

2.13

m

8, 9b

25.6

b

2.96

dd (J = 8.2, 12.6)

8

1.60

m

9a, 14

10

53.7

11
12

2, 6, 11, 10, 22

77.0

5

9

NOESY

COSY

3
4

HMBC

8, 10, 11
7, 8, 10, 11, 14

6, 8

8, 9, 11, 14,15,23

1a, 8, 14

44.0
a

1.43

m

b

1.43

m

a

1.60

m

b

1.80

m

14

2.08

m

15

47.3

15

2.71

m

16

36.0

16

5.18

t (J = 10.3)

17

137.3

17

6.04

dd (J = 10.3, 11.4)

16, 18

122.6

15, 19

16, 24

18

5.97

dd (J = 0.9, 11.4)

17

120.1

24, 25

15, 25

2, 3, 4

2, 4a

6, 7

8

13

13a,13b

42.7

11,14,22

14

26.7

11,15
14

19

8, 10, 11

10,13b,16
18,22,23
9b,14,17,23

136.3

20

1.36

s

25.8

21

9.22

s

196.4

22

0.97

s

18.9

1, 10, 11

2, 6, 15

23

0.91

d (J = 6.7 )

20.6

14, 15

15

24

1.74

s

18.3

18, 19, 25

17, 25

25

1.81

s

26.7

18, 19, 24

18, 24

OH

3.20

s

44

0.91
2.96
9.22

2.13
1.60

7.12

2.71 5.18

2.08

1.60

6.04
5.97

3.27

3.27

1.43 1.80

2.80

2.37 1.21
2.50

1.76

0.97

1.74

1.81

1.36

Figure 19. Confirmation of the structure by using 1H NMR data

1.36

20.6
36.0
196.4

164.2

25.6
53.7

141.5

55.1

122.6

47.3
26.7

48.7
217.8

137.3

44.0
50.4 35.2
18.9
77.0

42.7

120.1
136.3
18.3

26.7

25.8
Figure 20. Confirmation of the structure by using 13C NMR data
2D NMR analysis (COSY and HMBC)
COSY (Correlation Spectroscopy) is the simplest 2D NMR experiment and used for
identifying the protons that are scalar coupled to each other. The coupled spins are manifested
as off diagonal signals (cross peaks) involving the spin system. The spins those are not involved
in any J coupling will have only the diagonal signal. The COSY spectrum of the sample helps
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to identify the various coupling partners of different protons. The bold moieties in Fig 21
showed COSY spectrum of ophiobolin K and the various coupled protons are identified.
The 2D HMBC experiment allows to obtain a 2D heteronuclear Chemical Shift
correlation between long-range coupled proton and heteronuclei (13C). This experiment gives
information about protons that are near to (usually separated by two or three bonds) different
carbons and provide very useful information about molecular structure, since the long range
proton-carbon correlations can include quaternary carbons, in addition to protonated carbons.
Ophiobolin K structure was also confirmed by the HMBC data of the cross peaks from H 18 to
C-25, and H-24 to C-25, which identified the chemical shift of C-25 (δC 26.7) (Fig 21).

Figure 21 Selected COSY connectivities (bold lind) and
HMBC connectivities (arrows) for ophiobolin K

3.3.1.5 UV-Vis spectroscopy
UV-visible spectroscopy measurements of compound was carried out on a UV-2550
spectrophotometer (Shimadzu, Kyoto, Japan). The UV absorption analysis showed a peak
showing absorption maxima (λmax) at 240 nm (ε 22,300) in MeOH. This is similar to the
reported value of ophiobolin K (Singh et al., 1991)
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Table 17 UV-vis spectra of active compound
λ max (nm)
Absorbance
Purified compound
240.00
0.822

ε max
22,300

ε max = Amax
lxc
= 0.822
1 x 3.69x10-5

ε max = 22,300
1.0
240 nm

3.3.2 Stereochemistry of active compound

0.5

0.0
200.0

250.0

300.0
Wavelength (nm)

350.0

400.0

Figure 22. UV-visible spectrum of bioactive compound

3.3.2 Stereochemistry of bioactive compound
3.3.2.1 NOESY analysis
Another very important NMR tool for structural characterization is the experiments
based on Nuclear Overhauser Enhancement (NOE) spectroscopy. These experiments can be
performed in 1D as well as 2D mode. Here, we have employed a 2D NOE experiment, NOESY

47

for characterization. In the NOESY (Nuclear Overhauser Enhancement Spectroscopy)
spectrum, the protons those are close in space and hence have NOE will show cross peak
between them. Since NOE is inversely proportional to the sixth power of the distance between
the spins, the cross peak intensity give information about inter nuclear distances. The spins that
are close will show stronger NOE and stronger cross peaks whereas with spins that are more
than ~5Å apart will not show any cross peak. The cross peak intensity diminishes rapidly as
inter nuclear distances increases. The relative configuration of the antifungal compound was
elucidated by detailed analysis of the NOESY spectra (Fig. 23). The NOESY spectrum of the
antifungal compound showed NOE correlations from H-2 (δH 2.37) to H-6 (δH 3.27), H-1b (δH
1.76), H3-20 (δH 1.36) and H3-22 (δH 0.97); H-6 (δH 3.27) to H-9b (δH 2.96) indicating a cis
fusion of the ring A/B. NOE correlations between H-16 (δH 5.18) and H-17 (δH 6.04)
established the CIS nature of the C-16, C-17 double bonds. NOE correlations were also
observed between H-24 (δH 1.74) and H-17 (δH 6.04), H-25 (δH 1.81) and H-18 (δH 5.97).
Moreover, the presence of a hydroxyl group at C-3 was also observed in the NOESY spectrum
but gave rise to negative cross peak with the residual water in the solvent.

Figure 23. Selected NOE correlations for ophiobolin K

3.3.2.2 Optical rotation
Optically active compounds contain at least one chiral centre. Optical activity is a
macroscopic property of a collection of these molecules that arises from the way they interact
with light. The instrument with which optically compounds are studied is a polarimeter. This
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equipment consists of a light source, two polarising filters and a cell that contains a solution of
an optically active compound. A method of differentiating enantiomers is based on the
following differences: the d or (+) optical isomer rotates the light plane clockwise (dextrorotary) and the l or (-) optical isomers rotates the light plane counter-clockwise (levo-rotary)
The optical rotation, [𝛂]𝟐𝟗.𝟑
of active compound was observe at +152o (c, 0.36 in
𝐃
MeOH). The optical rotation value of active compound and literature values (Table. 16) were
similar. Based on these results, the absolute configuration identified as 11S, 13R, 14S, 15S, and
16R. All of data confirm that this compound is ophiobolin K
Table 18. Rotation observe for a specific sample

Purified compound; 29.30oC
0.2734
0.2725
0.2731
0.2745
0.2740
0.2735
0.2723 Min
0.2735
0.2747 Max
0.2743
0.2738
0.2740
0.2736

α observe

α observe

[𝛂]𝟐𝟗.𝟑
= 100 x α observe
𝐃
lxd
= 100 x 0.2736
0.5 x 0.36
[𝛂]𝟐𝟗.𝟑
= +152o
𝐃

Table 19. Comparison of specific rotation of active
compound and literature value
Purified compound

Literature value
(Singh et al., 1991)

[𝛂]𝟐𝟗.𝟑
𝐃

[𝛂]𝟐𝟑.𝟎
𝐃

+152o (c 0.36, MeOH)

+168° (c 0.4, MeOH)

Ophiobolins are a group of naturally occurring sesterterpenes characterized by an
unusual tricyclic (5-8-5) ring system (Fig. 24). These small molecules, ranged in molecular
weight from 338 to 432, are produced by fungi mainly belong to the genus Bipolaris sp and
Aspergillus sp. (Table. 20)
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Figure 24. The structure of ophiobolins
The mangrove fungus A. ustus 094102 was refermented in liquid and solid media. The
compounds were isolated by using ethyl acetate extraction. A chemical investigation led to
seven new ophiobolins that named as ophiobolins X, and Y, 21-dehydroophiobolin U,
ophiobolin Z, 21-epi-ophiobolin Z, 21-epi-ophiobolin O, and 21-deoxyophiobolin K, as well
as 11 known analogues being identified. The known compounds included ophiobolin K, 6-epiophiobolin K, ophiobolin G, 6-epi-ophiobolin G, ophiobolin P, 21-O-dihydro-6-epi-ophiobolin
G, ophiobolin O, ophiobolin Q, ophiobolin H, 6-di-epi-ophiobolin H, and ophiobolin U.
Compounds showed cytotoxicities against the G3K, MCF-7, MD-MBA-231, MCF/Adr, A549,
and HL-60 human cancer cell lines with the IC50 values ranging from 0.6 to 9.5 μM
(Zhu et al.,2018).

Table. 20 Source of sesterterpene, ophiobolins
Ophiobolins
Source
Ophiobolin A
Bipolaris oryzae

Reference
Phuwapraisirisan et al, 2007

Ophiobolin B

Bipolaris oryzae

Xiao et al., 1991

Ophiobolin C

Aspergillus insuetus

Bladt et al., 1996

Ophiobolin G

Aspergillus ustus

Cultler et al., 1984

6-epi-ophiobolin G

Aspergillus ustus

Liu et al., 2013

Ophiobolin H

Aspergillus ustus

Liu et al., 2013

8-deoxyophiobolin J

Aspergillus ustus

Singh et al., 1991

Ophiobolin K

Aspergillus ustus

Singh et al., 1991

Ophiobolin O

Aspergillus sp.

Zhang et al., 2012

Ophiobolin U

Aspergillus ustus

Liu et al., 2013
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The ophiobolin K (Fig. 25) are sesterterpenes compound often isolated from fungi
mainly belong to the genus Aspergillus sp. (Table 17 ).

Figure 25. The structure of ophiobolin K

Ophiobolin K and 6-epi ophiobolin K isolated from Aspergillus ustus. Ophiobolin K
exhibited nematode activity (ED50 10 µg/mL) against the free-living nematode
Caenorhabditis elegans, but the 6-epi ophiobolin K was found to be inactive
(Shing, et al., 1991).
The novel ophiobolin U was isolated together with the known ophiobolins C, H, K as
well as 6-epiophiobolins G, K and N from three fungal strains in the Aspergillus section Usti.
Ophiobolins A, B, C and K displayed bioactivity towards leukemia cells with induction of
apoptosis at nanomolar concentrations (Bladt, et al., 2013).

Table. 21 Source of sesterterpene, ophiobolin K
Ophiobolins
Source
Ophiobolin K

Reference

Aspergillus ustus

Shing et al, 1991

Emericella variecolor GF10

Wei et al., 2004

Aspergillus insuetus

Bladt et al., 2013

Aspergillus sp.

Bladt et al., 2013

Aspergillus calidoustus

Bladt et al., 2013

Cochliobolus heterostrophus

Tsipouras et al., 1991
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Chapter 4
Evaluation of antimicrobial activity of bioactive compound
4.1 Introduction
Sesterterpenoids are a group of compounds with C25 carbon frameworks derived from
five isoprene units, and exhibit a variety of biological activities including cytotoxic and
antimicrobial functions (Evidente et al., 2014). They have been found from widespread sources
including fungi, bacteria, plants, insects and marine organisms (Evidente et al., 2015; Wang et
al., 2013).
Ophiobolins are a class of sesterpenoids and characterized by the structure of a tricyclic
5-8-5 ring system derived from head to tail linkages of five isoprene units. These small
molecules, ranged in molecular weight from 338 to 432, are produced by fungi mainly belong
to the genus Bipolaris and Aspergillus. The first member of this family named ophiobolin A
was isolated from the pathogenic plant fungus Ophiobolus miyabeanus by Nakamura and
Ishibashi in 1958 (Nakamura and Ishibashi., 1958). There are enormous potential applications
of ophiobolins in different fields due to their wide biological effects. Initially, the researchers
focused on the investigations of phytotoxic properties of ophiobolins, which are produced by
pathogenic fungi attacking agricultural crops (Evidente et al., 2006; Au et al., 2000). Later,
ophiobolins have been proven to possess a broad spectrum of other biological properties, such
as antimicrobial, nematocidal and cytotoxic activities. Furthermore, ophiobolins also possess
anti-influenza and inflammation-promoting activities (Tian et al., 2017; Wang et al., 2013).
With their diverse pharmacological properties, ophiobolins are shown to be a group of
promising drug candidates.
Ophiobolin K exhibited antinematode activity against Caenorhabditis elegans with an
MIC value of 10 µg/mL (Singh et al., 1991), and anti-mitotic activity against various tumor
cell lines, including adriamycin-resistant mouse leukemia cells (P388) with an IC50 of 0.27–
0.65 mM (Wei et al., 2004). However, there are limited reports describing the antimicrobial
activity of ophiobolin K (de Carvalho et al., 2016). In this study, ophiobolin K was evaluated
antimicrobial activity against six fungal strains and seven bacterial strains.
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4.2 Materials and Methods
4.2.1 Evaluation of antifungal activity
4.2.1.1 Fungal strains and culture condition
Fungal strains were used to test for antifungal activity, A. repens and A. glaucus
MA0196 was isolated from a commercial dried bonito (Katsuobushi). P. aurantiogriseum JCM
22838 was obtained from JCM (Japan Collection of Microorganisms). A. niger NBRC 4050,
A. oryzae NBRC 4075, A. flavus NBRC 6343, A. repens NBRC 4087, A. repens NBRC 31809,
A. repens NBRC 4332, A. glaucus NBRC 112071, A. glaucus NBRC 33235 were purchased
from NBRC (Nite Biological Resource Center, Tokyo, Japan). All fungal strains (Table 22 and
23) were grown on potato dextrose broth (PDB, DifcoTM) at 28 C for 7 days.

Table 22. List of fungal strains used for antifungal activity study
Fungi
Source

Medium

Aspergillus repens MA0310

Dried bonito

PDB

Aspergillus glaucus MA0196

Dried bonito

PDB

Aspergillus flavus NBRC 6343

Shoe sole

PDB

Aspergillus niger NBRC4050

-

PDB

Aspergillus orezae NBRC4075

-

PDB

Penicillium aurantiogriseam JCM 22838

-

PDB

Table 23. List of A. repens and A. glaucus strains which are known to have both sexual
and asexual means of reproduction, obtained from NBRC culture collection for antifungal
activity study
Name
Synonymous name
Isolated
Aspergillus repens NBRC4087

Eurotium repens

-

Aspergillus repens NBRC31809

Eurotium repens

Paddy field soil

Aspergillus repens NBRC4332

Eurotium repens

Kaoliangchiu yeast cake

Aspergillus glaucus NBRC112071

Eurotium herbariorum Cosmetics

Aspergillus glaucus NBRC33235

Eurotium herbariorum House dust

53

Table. 24 Composition of Potato Dextrose broth (PDB)
Potato Dextrose broth (PDB) (g/L)
PDB powder (DifcoTM)
Distilled water

24 g
1000 mL

4.2.1.2 Spore germination assay
The antifungal activity of ophiobolin K was evaluated using a spore germination assay
performed in sterile, flat-bottom, 96-well microplates (Falcon). Ophiobolin K was tested
against various fungal strains. The compound was dissolved in MeOH to give a stock solution
of 1 mg/mL. The stock solution was diluted 10-fold before preparing two-fold serial dilutions
in the wells of a 96-well microplate to yield concentrations in the range from 100 to 0.05
µg/mL. MeOH was removed from each well by evaporation. Fungal spore suspensions were
prepared in 0.05% Triton X-100 and diluted in PDB medium for a final spore density of 105
spores/mL. A 100 µL volume of this suspension was inoculated into each well. The plates were
incubated at 28 C and examined microscopically after 24 h to detect spore germination.
Cycloheximide was used as the positive control and MeOH as the negative control. Minimum
inhibitory concentrations (MICs) are defined as the lowest concentrations at which no
germination could be observed.
4.2.2 Evaluation of antibacterial activity
4.2.2.1 Bacterial strains and culture condition
Seven bacterial strains were used to test for antibacterial activity. B. subtilis NBRC
3134, S. aureus NBRC 13276, Micrococcus luteus NBRC 3134, Pseudomonas aeruginosa
NBRC 15692, E. coli NBRC 3972 and Vibrio anguillarum NBRC 12710 were purchased from
NBRC (Nite Biological Resource Center, Tokyo, Japan). V. parahaemolyticus SR2 was
isolated from diseased farm-shrimps in Thailand (Chumpol et al., 2017). Bacterial strains were
cultured in NBRC No. 802 broth (composed of polypepton 1%, yeast extract 0.2%,
MgSO4.7H2O 0.1%; pH 7.0) except for Vibrio strains that were grown in tryptic soy broth
(TSB, Merck) supplemented with 1.5% NaCl at 28 C for 24 h.
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Table. 25 List of bacterial strains used for antibacterial activity study
Bacteria
Source
Medium
Gram positive bacteria
Bacillus subtilis NBRC 3134

-

802

Staphylococcus aureus NBRC 13276

Human lesion

802

Micrococcus luteus NBRC 13867

Air

802

Pseudomonas aeruginosa NBRC 13275

Outer ear infection

802

Escherichia coli NBRC 3972

Feces

802

Vibrio anguillarum NBRC 13266

Ulcerous lesion in cod

TSB

Vibrio anguillarum NBRC 12710

-

TSB

Gram negative bacteria

Vibrio parahaemolyticus TS2

Shrimp infection

TSB

Table. 26 Composition of NBRC
No.802 medium
NBRC No. 802 broth (g/L)

Table. 27 Composition of TSB medium

Polypepton

TSB powder (Merck)

30 g
15 g

Tryptic Soy Broth (TSB)

10 g

Yeast extract

2 g

NaCl

MgSO4.7H2O

1 g

Distilled water

Distilled water

1000 mL

Agar*

Agar*

1000 mL
15 g

15 g

pH 7.0

4.2.2.2 Microbroth dilution assay
The antibacterial activity of the ophiobolin K was determined against seven bacterial
strains comprising gram-positive bacteria (B. subtilis, S. aureus and M. luteus) and gramnegative bacteria (P. aeruginosa, E. coli, V. anguillarum and V. parahaemolyticus) using a
microbroth dilution assay performed in sterile, round-bottom, 96-well microplates (IWAKI).
A stock solution was prepared according to the procedure described above. A suspension of
each bacterium was prepared with sterile normal saline (0.85% NaCl) and was diluted with a
suitable medium to give a final cell density of 105 CFU/mL. A 100 µL volume of bacterial cell
suspension in a suitable medium (containing 0.17% of the NaCl of normal saline) was
inoculated into each well. The plates were incubated at 28 C for 24 h before growth was
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determined by visual inspection. Chloramphenicol was used as the positive control and MeOH
as the negative control. The MICs were defined as the lowest concentration inhibiting the
visible growth of bacteria.
4.3 Results and Discussion
4.3.1 Antifungal activity of ophiobolin K against various fungal strains
The antimicrobial activities of ophiobolin K were evaluated by a spore germination
assay against fungal strains. The results are presented in Table. 28 Ophiobolin K showed
inhibitory activities against all of the fungal strains. Interestingly, the growth inhibitory activity
against A. repens and A. glaucus was remarkably high, with MIC value of 0.78 µg/mL for both
strains, while relatively low antifungal activity was observed against A. oryzae, A. flavus, A.
niger and P. aurantiogriseum with MICs ranging from 25 to 50 µg/mL. The potency of
ophiobolin K against A. repens and A. glaucus was found to be approximately 100 times greater
than that observed against A. oryzae, A. flavus, A. niger and P. aurantiogriseum. Furthermore,
ophiobolin K was a more potent inhibitor of A. repens and A. glaucus growth than the positive
control cycloheximide (MIC of 1 and 16 µg/mL, respectively). The results suggest that
ophiobolin K exhibits highly specific activity against A. repens and A. glaucus.
Dannaoui et al. 1999 reported that the standard antifungal agents, amphotericin B and
itraconazole exhibited antifungal activity against the Aspergillus spp., A. flavus, A. niger and
A. terreus with MIC values ranging from 0.12 to 2.0 µg/mL. These values are comparable to
previously reported MICs for ketoconazole against Aspergillus spp. ranging from 0.5 to 2.0
µg/mL (Hsueh et al., 2005). Owing to MICs of less than 1 µg/mL demonstrated in the present
study, ophiobolin K can be considered a highly potent growth inhibitor against A. repens and
A. glaucus, with bioactivity close to that of standard antifungal agents. The strains used in this
study, A. glaucus and A. repens, were isolated from the final product of dried bonito
(Katsuobushi). It seems likely that ophiobolin K may show specific activity against the fungi
from dried bonito. This is certainly an interesting issue for further research.
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Table. 28 Minimum Inhibitory Concentration (MIC, µg/mL) of ophiobolin K produced by
A. ustus and cycloheximide against fungal strains
Microorganisms
Minimum inhibitory concentration
(MIC, µg/mL)
Ophiobolin K

Cycloheximide

Aspergillus repens MA0310

0.78

1.0

Aspergillus glaucus MA0196

0.78

16.0

Aspergillus flavus NBRC 6343

25.00

>32.0

Aspergillus oryzae NBRC 4075

50.00

16.0

Aspergillus niger NBRC 4050

50.00

32.0

>100.00

32.0

50.00

16.0

Aspergillus ustus NSC-F038
Penicillium aurantiogriseum JCM 22838

4.3.2 Antifungal activity of ophiobolin K against holomorphic fungi, A. repens and A.
glaucus strains
To confirm the hypothesis that ophiobolin K exhibits highly specific activity against A.
repens and A. glaucus. Ophiobolin K was also evaluated antifungal activity against A. repens
and A. glaucus that received from NBRC (Nite Biological Resource Center, Tokyo, Japan).
Ophiobolin K showed inhibitory activity all of fungi indicator. Its growth inhibitory activity
against A. repens and A. glaucus are remarkably high with MIC value range from 0.39-3.13
µg/mL (Table. 29). The ophiobolin K exhibited MIC value against A. repens and A. glaucus is
also better than the activity of cycloheximide (the positive control) with MIC value of 1 and
16 μg/mL, respectively. The results suggest that ophiobolin K showed specific mode of action
against A. repens and A. glaucus.
A. repens and A. glaucus were classified as holomorph fungi that is characterized both
by sexual and asexual reproductive states. Abdel-mongy, et al (2011) reported that Eurotium
repens (Anamorph Aspergillus repens) reproduced sexually state at sucrose concentrations in
medium less than 50% (w/v); water activity, 0.79. It reproduced asexually at high sucrose
concentration 60% (w/v) water activity, 0.75 (Abdel-mongy., 2011). The results indicate that
the environment and medium for cultivation result in reproductive states of Aspergillus repens.
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Table. 29 Minimum Inhibitory Concentration (MIC, µg/mL) of ophiobolin K produced by
A. ustus and cycloheximide against A. repens and A. glaucus strains, which were obtained
from NBRC culture collection
Microorganisms
Minimum inhibitory concentration(MIC, µg/mL)
Ophiobolin K

Cycloheximide

Aspergillus repens NBRC 4087

0.78

1.0

Aspergillus repens NBRC 31809

0.39

4.0

Aspergillus repens NBRC 4332

3.10

4.0

Aspergillus glaucus NBRC 112071

0.78

8.0

Aspergillus glaucus NBRC 33235

0.39

8.0

The fungal life cycle of the fungi has two main types of reproduction, sexual and
asexual. The sexual (perfect) state is referred to as the teleomorph while the asexual (imperfect)
state of a fungus is termed the anamorph. Asexual forms were often described separately and
given different names with the sexual form (teleomorph). Many fungi can have both states,
especially, Eurotium repens sexually reproduces as an ascomycete (teleomorph) whereas
asexual conidial reproduction of the same fungus (anamorph) is classified as Aspergillus repens
(Webster and Weber., 2007).
Anamorphic fungi
Asexual reproduction occurs either through spores or mycelial fragmentation.
Asexual spore reproduction begins with the formation of asexual non-motile spores
known as conidia, which are borne on the erect, aerial hyphae called conidiophores. The
conidiophore may be branched or unbranched. A fungal conidia can germinate in to a new
mycelium called hyphae to form a new fungi.
Mycelial fragmentation reproduction. The fungal mycelium separates into pieces and
each component grows into a separate mycelium (Webster and Weber., 2007).
Teleomorphic fungi
During sexual reproduction, hyphae from different mating strains fuse to form a diploid
zygospore, via a short-live dicaryotic intermediate. Germination of zygospore gives rise to an
arial sporangium; contains many haploid sporanggiospores, which give rise to another
vegetative mycelium (Webster and Weber., 2007).
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The fungus strains, A. repens and A. glaucus were classified as holomorphic fungi that
is characterized both by sexual and asexual reproductive states. Previously result was reported
that ophiobolin K showed a weak antifungal activity against A. oryzae, A. flavus, A. niger and
P. aurantiogriseum with MICs ranging from 16 to 50 µg/mL. Interestingly, these fungal strains
are known to reproduce through asexual spores only (anamorphic fungi) (Dyer and Paoletti.,
2005; Chitarra et al., 2004). It seems likely that ophiobolin K may show specific activity
against holomorph fungi (A. repens and A. glaucus).
Table 30 List of teleomorphic and anamorphic names of Eurotium species that
exhibited both stage of reproduction
Teleomorphic name
Anamorphic name
(sexual stage)
(Asexual stage)
Eurotium amstelodami
Aspergillus montevidensis
Eurotium chevalieri

Aspergillus chevalieri

Eurotium herbariorum

Aspergillus glaucus

Eurotium repens

Aspergillus repens

Eurotium rubrum

Aspergillus ruber

Eurotium species are economically highly relevant due to their ability to grow on low
water activity substrates causing spoilage of animal feeds and stored goods. These fungi can
synthesize a variety of secondary metabolites, many of which show animal toxicity, creating a
health risk for food production animals and to humans as final consumers, respectively. There
are four common foodborne species of Eurotium: Eurotium amstelodami, E. chevalieri, E.
repens, and E. rubrum (Greco., et al., 2015).
4.3.2 Antibacterial activity of ophiobolin K against various bacterial strains
The antibacterial activity of ophiobolin K against gram-positive and gram-negative
bacteria was also investigated. The MICs of ophiobolin K and positive control
(chloramphenicol) are given in Table. 31. The data showed that ophiobolin K exhibited
inhibitory effects against all bacterial strains except P. aeruginosa. Interestingly, ophiobolin K
showed the highest activity against gram-positive bacteria (B. subtilis, S. aureus and M. luteus)
with MIC values ranging from 0.78 to 3.12 μg/mL, whereas weak antibacterial activities were
observed against gram-negative bacteria (E. coli, V. anguillarum and V. parahaemolyticus)
with MIC values ranging from 12.5 to 25.0 μg/mL. This may due to the more complex structure
of the cell membrane of gram-negative bacteria (Bush., 2012). The positive control
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chloramphenicol showed MICs ranging from 4 to 8 μg/mL against gram-positive bacteria. The
results suggest that ophiobolin K specifically inhibits the growth of gram-positive bacteria. In
comparison, a common antibacterial agent, tetracycline, effectively inhibits the growth of both
gram-positive and gram-negative bacteria including B. megaterium (MIC, 4 µg/mL), S. aureus,
E. coli, and P. aeruginosa, with MICs of 8 µg/mL for all strains (Hussin et al., 2011). Kaur et
al, 2011 also reported that amoxicillin was effective against a variety of bacteria with MIC in
the range of 0.06-4.0 µg/mL for most bacterial strains except S. epidermidis and S. aureus
which required MICs up to 64 µg/mL and ≥256 µg/mL, respectively. Based on the comparison
with standard agents, we found that ophiobolin K showed remarkable inhibitory activity, with
a wide antibacterial spectrum against gram-positive bacteria.
However, the antimicrobial mode of action of ophiobolin K is not fully understood (de
Carvalho et al., 2016). Ophiobolins have been reported to exhibit cytotoxicity against chronic
lymphocytic leukemia (CLL) cells and that the presence of the hydroxyl group at C-3, the
aldehyde group at C-21 and the stereochemistry at C-6 is crucial for this activity (Bladt et al.,
2013). These findings are in agreement with previous reports that ophiobolins covalently bind
to calmodulin (Evidente et al., 2006) and inhibit calmodulin activated cyclic nucleotide
phosphodiesterase that is commonly overexpressed in cancer cells (Arai et al., 2013). In
filamentous fungi, calcium signaling involving calmodulin plays a critical role in several
processes of development and morphogenesis including cell cycle, formation and germination
of spores, growth of hyphal tips as well as orientation and branching of the hyphae (Kriśan et
al., 2010).
According to various reports, most standard antimicrobial agents show antimicrobial
activities specific to either fungi or bacteria (Logemann et al., 1961; Whiffen., 1948). However,
in the present study, we found that ophiobolin K was effective against both fungi and bacteria,
especially A. repens, A. glaucus, and gram-positive bacteria. The results demonstrate that
ophiobolin K exhibits a wide antimicrobial spectrum. This finding could serve as a basis for
further research towards the design of potent antimicrobial agents with activity against a wide
range of microbial pathogens.
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Table. 31 Minimum Inhibitory Concentration (MIC, µg/mL) of ophiobolin K produced by
A. ustus and chloramphenicol against bacterial strains
Microorganisms
Minimum inhibitory concentration
(MIC, µg/mL)
Ophiobolin K

Chloramphenicol

Bacillus subtilis NBRC 3134

0.78

4.00

Staphylococcus aureus NBRC 13276

1.60

8.00

Micrococcus luteus NBRC 13867

3.10

4.00

Escherichia coli NBRC 3972

25.00

8.00

Vibrio anguillarum NBRC 12710

13.00

0.80

Vibrio parahaemolyticus TS2

13.00

0.80

>100.00

64.00

Pseudomonas aeruginosa NBRC 13275
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Summary
Microorganism co-cultivation is simultaneous cultivation of two or more species of
microorganisms in the same confined environment to study the interactions between cell
populations. Many co-cultivation studies that have been conducted in recent years prove the
feasibility of this strategy and suggest that co-cultivation system results in unique phenomena
not observed by single strain cultivation. My laboratory previously reported that co-cultivation
of two cyclic dipeptide producing strains, A. ustus and Streptomyces albulus led to the
production of a new compound, indicating that co-cultivation of CDP-producing
microorganisms can be a more efficient means of producing bioactive CDPs than single-strain
approaches.
Based on this finding above, I speculated that co-cultivation of two CDP-producing
fungal strains, A. ustus and A. repens, may result in the production of metabolites which
were not found in the single culture. Interestingly, co-cultivation resulted in the potent
inhibition of A. repens growth, leading me to investigate the bioactive compounds produced
by A. ustus that could inhibit A. repens growth. The antifungal compound produced by A. ustus
was fractionated with the guidance of spore germination assay using A. repens as the test fungi.
Mycelial cultures of A. ustus on Petri dishes (90×15 mm, n=54) were separated and extracted
with EtOAc. The EtOAc crude extract (51.9 mg) was first subjected to reverse-phase
chromatography using an Oasis® HLB cartridge (Oasis HLB 60 µm, 6 cc, 500 mg) with
methanol (MeOH) stepwise elution to provide three fractions (60% MeOH, 80% MeOH and
100% MeOH). An aliquot of each fraction was evaluated for antifungal activity against A.
repens. The most active fraction (80% MeOH fraction, 29.9 mg) was further fractionated by
preparative HPLC (Inertsil® ODS-3, 5 µm, 20 mm × 250 mm (GL Sciences, Japan)) using an
isocratic elution of 80% CH3CN at a flow rate of 10 mL/min. The eluates were monitored using
UV absorbance at 240 nm. An aliquot of each fractions was tested for antifungal activity against
A. repens. The purified antifungal compound was obtained as a white powder (2.07 mg, tR 22.4
min).
The structure of the active compound including the absolute configuration was
determined by a combination of spectroscopic analyses (1D, 2D NMR, HRMS, UV, and optical
rotation) and by comparison to literature data. The 1H NMR spectrum showed aldehyde proton
with a characteristic singlet signal at 9.22, four singlet methyl protons at δH 0.97, 1.36, 1.74,
1.81, and one doublet methyl proton at δH 0.91 (d, 6.7 Hz). The
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13

C NMR spectrum of the

antifungal compound exhibited 24 carbons with one overlapping carbon signal at δC 26.7. The
molecular formula C25H36O3 was determined on the basis of the sodium adduct ion observed in
the positive HRESIMS: namely, m/z 407.2553 [M+Na]+ (calcd. 407.2557 for C25H36O3Na ).
Together with the NMR data, mass spectrum as well as by comparing with reference data from
available literature, the antifungal compound produced by A. ustus was considered to be a
sesterterpene belonging to the ophiobolin family. Furthermore, the relative configuration of the
antifungal compound was elucidated by detailed analysis of the NOESY spectra. The optical
rotation ([α]29.3
+152º (c 0.36, MeOH)) and UV absorption data (λmax 240 nm, ε 22,300 in
D
MeOH) of the antifungal compound agree with those previously reported. Based on the data
obtained from, 1H NMR,

13

C NMR, 2D NMR, mass spectrum, UV, and optical rotation

analyses, the active compound produced by A. ustus was identified as ophiobolin K.
To further characterize the antimicrobial potential of ophiobolin K, its growth
inhibitory activity against fungi and bacteria was evaluated. Interestingly, the growth inhibitory
activity against A. repens and A. glaucus was remarkably high, with MIC value of 0.78 µg/mL
for both strains, while relatively low antifungal activity was observed against A. oryzae, A.
flavus, A. niger and P. aurantiogriseum with MICs ranging from 25 to 50 µg/mL. The results
led us to further examine the antifungal activity of ophiobolin K against A. repens and A.
glaucus strains from culture collection. I found that ophiobolin K showed high activity against
all A. repens and A. glaucus strains with MICs ranging from 0.39 to 3.13 µg/mL. The fungus
strains, A. repens and A. glaucus were classified as holomorphic fungi that are characterized
both by sexual (teleomorph) and asexual (anamorph) reproductive states. While, the fungal
strains, A. oryzae, A. flavus, A. niger and P. aurantiogriseum are known to reproduce through
asexual spores only (anamorphic fungi). It seems likely that ophiobolin K shows specific
activity against A. repens and A. glaucus which are known to have both sexual and asexual
means of reproduction. Moreover, ophiobolin K also showed high inhibitory activity against
gram-positive bacteria (B. subtilis, S. aureus and M. luteus) with MIC values ranging from 0.78
to 3.12 μg/mL, whereas weak antibacterial activities were observed against gram-negative
bacteria (E. coli, V. anguillarum and V. parahaemolyticus) with MIC values ranging from 12.5
to 25.0 μg/mL. The results suggest that ophiobolin K specifically inhibits the growth of grampositive bacteria.
The results of this study show that A. ustus is a producer of ophiobolin K, which has a
wide spectrum of activity against fungi and bacteria. Interestingly, ophiobolin K exhibited
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marked antimicrobial activity against both fungi and bacteria. These results demonstrated that
ophiobolin K was a unique compound with a wide antimicrobial spectrum against both fungi
and bacteria, especially A. repens and A. glaucus and gram-positive bacteria. Ophiobolin K
could be a promising compound for the development of potent antimicrobial agents in the
future.
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APPENDIX
NMR spectra of bioactive compound produced by A. ustus
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