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Abbreviations
Abbreviations Full name
ACN Acetonitrile
AS Anisaldehyd-sulphuric acid
BLAST Basic Local Alignment Search Tool
COSsY Correlation spectroscopy
CFU Colony forming unit
DAD Diod Array Detector
DMSO Dimethyl sulfoxide
E Average
ESIMS Electrospray ionization mass spectrometry
EtOH Ethanol
GCIMS Gas chromatography-mass spectrometry
GCQ GCQ ion trap mass spectrometer
gHMBC gradient-selected version of HMBC
HMBC Heteronuclear multiple-bond correlation spectroscopy
HSQC Heteronuclear single quantum correlation
or Heteronuclear single quantum coherence
HPLC High performance liquid chromatography
HMQC Heteronuclear multiple-quantum correlation spectroscopy
ICs0 The half maximal inhibitory concentration
IMDM Iscove’s Modified Dulbecco’s Medium
INT lodonitrotetrazolium Chloride
LOD Limit of detection
LOQ Limit of quantification
MEM Mimimum Essential Medium Eagle
MeOH Methanol
MIC Minimal Inhibition Concentration
MS Mass spectrometry
1D NMR One dimensional nuclear magnetic resonance
2D NMR Two dimensional nuclear magnetic resonance
NOESY Nuclear Overhauser effect spectroscopy
oD Optical Density
PBS Phosphate buffered saline
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PTFE
ROESY
RP

rRNA
SPE
SRC

SS

STET Buffer
TE Buffer
TES

TFA

TLC
TOCSY
TYG

uv
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Polytetrafluorethylen

Rotating frame nuclear overhauser effect spectroscopy
Reversed phase

Ribosomal ribonucleic acid

Solid phase extraction

Strange round cell

Solvent system

a mixture of NaCl, Tris buffer, EDTA and Triton X-100
a mixture of Tris buffer and EDTA
N-Tris-(hydroxymethyl)-methyl-2-amino-ethanesulfonic acid
Trifluoroacetic acid

Thin layer chromatography

Total correlation spectroscopy

Tryptone yeast extract glucose medium

Ultraviolet
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FLUOstar Omega microplate readers (BMG LABTECH GmbH, Offenburg, Germany),
MultiDoc-It Digital Imaging System (Ultra-Violet Products Ltd., Cambridge, GB),
Doc-ItLS V. 6.1.1,

Geminyx Version 1.91,

LCsolution software, Shimadzu,

GraphPad Prism 5.0,

Microsoft Windows 7,

Microsoft Office Excel 2010,

Microsoft Office Powerpoint 2010,

Microsoft Office Word 2010,

ChemDraw Ultra 12.0,

EndNote X6,

Microscope Axioskop 2 plus (Carl Zeiss, Germany) coupled digital camera (AxioCam
MRc camera, software Axiovision version 4),

ImageJ software (Research Services Branch (RSB), National Institutes of Health
(NIH)).
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|. Introduction

l.1.  Antifungal drugs in use, problems, and urgent need

Currently used antifungal drugs can be classified into five groups (Table I-1) based on their site of

action in fungal cells (Bossche et al., 1994; Andriole, 1999; Bossche et al., 2003).

Since 1950s, griseofulvin, polyenes, and triazoles are still the most-commonly used classes of
antifungal agents in therapy. Their antifungal activities target on ergosterol, a component of yeast and
fungal cell membranes, which serves the same function as that of cholesterol in animal cells. This
sterol does not occur in plant and animal cells. Therefore, it has become an attractive target for
antifungal activity. The polyenes, amphotericin B and nystatin, selectively bind to ergosterol and
disrupt the fungal plasma membrane (Brajtourg et al., 1990). The azoles affect the biosynthesis of
ergosterol and lead to an altered plasma membrane composition and affect membrane functions
(Andriole, 1999). Griseofulvin interferes with the microtubule assembly process and thereby disrupts
fungal cell division (Bowman et al., 2006). Flucytosine works as an antifungal agent through its
conversion to 5-fluorouracil within target cells. Fluorouracil then incorporates into RNA, causing
premature chain termination, and it inhibits DNA synthesis through effects on thymidylate synthase.
However, limitation of its spectrum on pathogen yeasts (restricted to Candida species and C.
neoformans), as well as primary and secondary resistances has restricted the use of flucytosine in the
clinic (Dixon et al., 1996; Odds et al., 2003).

Nevertheless, invasive fungal infections, particularly aspergillosis and fusariosis, in
immunocompromised patients (cancer, transplants, premature infants, intensive therapy unit (ITU)
patients, AIDS, etc.) have increased dramatically since 1990s (Andriole, 1999; Yamazaki et al., 1999;
Odds et al., 2003; Nosanchuk, 2006). Treatments of these systemic fungal infections are restricted to
few existing classes of agents, which are often associated with toxicity problems (Table I-2),
administrative limitation, drug resistance, and limited spectrum of action (Table I-1) (Kontoyiannis et
al., 2002; Ashley et al., 2006; Shao et al., 2007; Shalini et al., 2011). Therefore, systemic fungal
infections continue to expand the urgent need for new antifungal agents, which should have a safety
broad fungicidal spectrum of action, good pharmacokinetic properties and fewer dose-limiting side

effects.



[. Introduction

Thanh Huong Bui

Table I-1. Important classes of antifungal agents based on mechanism of action

Targets Chemical Antifungal Limitation
classes agents
DNA and RNA synthesis | Pyrimidine Flucytosine Retricted to pathogenic yeasts,
(Pyrimidine analogues/ Drug resistance (Dixon et al., 1996;
Thymidylate ~ synthase Odds et al., 2003)
inhibitors)
Membrane barrier | Polyenes Amphotericin B Serious nephrotocixity, drug
function interactions, resistance (Ryley et al.,
1981; Brajtburg et al., 1990; Gallis et
al., 1990; Dixon et al., 1996)
Nystatin Nephrotocixity, side effects (Ryley
JF, 1981; Gallis, Drew and Pickard,
1990)
Pimaricin Topical use only (Dixon et al., 1996)
(natamycin)
Ergosterol| Squalene Allylamines Naftifine, Side effects (Ryder, 1987; Dixon et
synthesis | epoxidase Terbinafine al., 1996)
Butenafine (Ilwatani et al., 1993)
Thiocarbamate | Tolnaftate Limited to dermatophyte fungi.
(Barrett-Bee et al., 1986)
140- Azoles Drug-drug  interactions  (Dvorak,
Demethylase 2011)
Imidazoles Bifonazole, Hepatoxicity, drug interactions
Clotrimazole, (Raab, 1978; Rotowa et al., 1990; Yu
Miconazole, et al., 2005)
Econazole,
Ketoconazole
Triazoles Fluconazole, Hepatoxicity, — drug interactions
ltraconazole, (Gearhart, 1994; Yu et al., 2005;
Voriconazole Aperis et al., 2006)
Terconazole
Thiazole Abafungin (Borelli et al., 2008; Kashyap et al.,
2012)
A -Reductase | Morpholines Amorolfine Only topical treatment (Odds et al.,
A8 > A7 -Iso- 2003)
merase
Mitosis inhibition Griseofulvin Limited to dermatophyte fungi.

Hepatoxicity, drug interactions /
adverse reactions (Williams, 1958;
De Matteis, 1982; Okey, 1986; De
Carli, 1988; Vanden Bossche, 1994)

1,3-B-D-Glucan synthesis

Echinocandins

Caspofungin,
Micafungin,
Anidulafungin

(Denning, 1997; Barrett, 2002;
Saravolatz et al., 2003)
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Table I-2. Comparative toxicities of antifungal agents.

Antifungal agent
Type of toxicity ABCD
AmB and ABLC LAB | Flu | Itr | Vor | Pos | Ani. | Caspo. | Mica. | Flucy.

Hepatic ++ ++ S S N B + + + ++
Nephrotic 4+ +H+ ++ | - - - - - - - -
Hematologic + + + |NR|NR|NR|NR |NR + + +HH
Infusion-related ++ +++ + | - - | - [ NA| + + + NA
Electrolyte o+ ++ ++ [NR| + | + |NR]| + + NR |+
abnormalities?

Adapted from Ashley et al. (Ashley et al., 2006). Plus signs indicate degree of toxicity: +, mild; ++, moderate; and +++,
severe. AmB, amphotericin B; ABCD, amphotericin B colloidal dispersion; ABLC, amphotericin B liquid complex; LAB,
liposomal amphotericin B; Flu, fluconazole; Itr, itraconazole; Vor, voriconazole; Pos, posaconazole; Ani., anidulafungin;
Caspo., caspofungin; Mica., micafungin; Flucy., flucytosine; NA, data not available because of a lack of formulation; NR,

not reported; 2 Includes hypokalemia and hypomagnesemia.

It is worth mentioning here that lipopeptides have become a potent group of antifungal agents. In a
report of Newman published in 2012, among 29 antifungal drugs approved to market from 01/1981 to
12/2010, 19 drugs were azole-based compounds (Newman et al., 2012) (Table I-3). Eight new
agents, which reached the market just in the last ten years, include five new triazoles (eberconazole,
fosfluconazole, luliconazole, posaconazole, and voriconazole) and three lipopeptides (caspofungin
acetate, micafungin sodium, and anidulafungin) (Newman et al., 2012; Singhal, 2013). These three
lipopeptides are categorized as natural derivatives and belong to the group of echinocandins, a
distinct and relative new class of antifungal agents that target the fungal cell wall (Cappelletty et al.,
2007). They inhibit the synthesis of 1,3-B-D-glucan, an essential homopolysaccharide in the wall of
many fungal pathogens, which is not present in mammalian cells (Saravolatz et al., 2003). The
echinocandins represent the first novel target of antifungal drug discovery since 1980s in terms of
clinically useful drugs (Odds et al., 2003). They have emerged as a promising therapy for aspergillosis
and candidiasis without cross-resistance to existing agents (Groll et al., 2001). The lipopeptide
caspofungin (1) is a semisynthetic derivative of pneumocandin BO (2) - a fermentation product of the
fungus Glarea lozoyensis. Caspofungin is the first of the echinocandins class which was approved in
2001 by the US Food and Drug Administration (FDA) for treatment of invasive aspergillosis in patients
who are refractory to or intolerant of treatment using amphotericin B, lipid formulations of amphotericin
B, and/or itraconazole (Groll et al., 2001; Saravolatz et al., 2003). Compared to amphotericin B,
caspofungin seems to have a relatively low incidence of side effects (Groll et al., 2001; Saravolatz et
al., 2003). Micafungin (3) received the final approval from the U.S. Food and Drug Administration in
2005, and is indicated for candidemia and candidosis treatment (Barrett, 2002; Jarvis et al., 2004). A

3
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clinical trial (number NCT00106288) published in 2007 concluded that micafungin was as effective as
liposomal amphotericin B in the first-line treatment of candidemia and invasive candidosis (Kuse et al.,
2007). It also caused fewer adverse events than liposomal amphotericin B. Anidulafungin (4) is
available for use since 2006 (Menichetti, 2009). Currently, all three agents are approved for the
treatment of oesophageal candidiasis, candidaemia and other selected forms of invasive candidiasis
including intra-abdominal abscesses and peritonitis (Kuti et al., 2010; Chen et al., 2011). Resistance
to echinocandins is still rare and all agents are well tolerated, with similar adverse effect profiles and
few drug interactions (Sucher et al., 2009; Chen et al., 2011). Overall, the three agents are relatively
safe and effective agents for the treatment of Candida infections (Cappelletty et al., 2007; Sucher et
al., 2009; Felder et al., 2010; Chen et al., 2011). Till now, the remained problem is echinocandins are

expensive to use (Chen et al., 2011).

Up till now, the prime requirement for new antifungal drug candidates is a broad antifungal spectrum of
susceptible species, fungicidal activity both in vitro and in vivo, and fewer dose-limiting side effects
(Andriole, 1999; Barrett, 2002; Odds et al., 2003).

There are a number of new antifungal compounds are under study (Groll et al., 1998; Andriole, 1999;
Sangamwar et al., 2008). Examples of antifungal agents with new mechanism of actions are sordarins
and nikkomycins. Sordarins are a class of antifungal agents that formerly abandoned in the early
1970s and have received recent interest although not developed for clinical use (Andriole, 1999;
Bueno et al., 2002; Odds et al., 2003; Liang, 2008). Sordarins (GM193663 (5), GM531920 (6)) inhibit
fungal protein synthesis by blocking the function of fungal translation elongation factor 2 (EF2) (Bueno
et al, 2002; Liang, 2008). Nikkomycins (7) are nucleoside-peptide antibiotics produced by
Streptomyces species. Their antifungal activities target the synthesis of chitin, one main component of
the fungal cell wall found in most medically important fungi but mammalian cells (Li et al., 1999).
Besides, a new-generation of triazole antifungal drugs such as albaconazole (8), isavuconazole (9)

and ravuconazole (10) are in Phase Il and Il trials (Girmenia et al., 2011).
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Table I-3. Antifungal Drugs from 01/01/1981 to 12/31/2010
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(organized according to year introduced to the market)

Year

No. Generic name Trade name . Source
introduced
1 | anidulafungin Eraxis 2006 ND
2 | eberconazole Ebernet 2005 S
3 | luliconazole Lulicon 2005 S
4 | posaconazole Noxafil 2005 S
5 | fosfluconazole Prodif 2003 S
6 | micafungin sodium Fungard 2002 ND
7 | voriconazole Vfend 2002 S
8 | caspofungin acetate Cancidas 2001 ND
9 | liranaftate Zefnart 2000 SINM
10 | interferon gamma-nl 0Gammal00 1996 B
11 | flutrimazole Micetal 1995 S
12 | lanoconazole Astat 1994 S
13 | neticonazole HCI Atolant 1993 S
14 | butenafine hydrochloride Mentax 1992 SINM
15 | sertaconazole nitrate Dermofix 1992 S
16 | amorolfine hydrochloride Loceryl 1991 S
17 | terbinafine hydrochloride Lamisil 1991 SINM
18 | fluconazole Diflucan 1988 S
19 | itraconazole Sporanox 1988 S
20 | fenticonazole nitrate Lomexin 1987 S
21 | butoconazole Femstat 1986 S
22 | cloconazole HCI Pilzcin 1986 S
23 | sulconazole nitrate Exelderm 1985 S
24 | naftifine HCI Exoderil 1984 S
25 | oxiconazole nitrate Oceral 1983 S
26 | terconazole Gyno-Terazol 1983 S
27 | tioconazole Trosyl 1983 S
28 | ciclopirox olamine Loprox 1982 S
29 | ketoconazole Nizoral 1981 S

Adapted from the work of David J. Newman and Gordon M. Cragg (Newman et al., 2012)

Major Categories of Sources:

“B” Biological; usually a large (>45 residues) peptide or protein either isolated from an organism/cell line or
produced by biotechnological means in a surrogate host.

“ND” Derived from a natural product and is usually a semisynthetic modification.

“S” Totally synthetic drug, often found by random screening/modification of an existing agent.

“NM" Natural product mimic.
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8 Albaconazole

9 Isavuconazole 10 Ravuconazole

It is no doubt that parallel with the increase of invasive fungal infections, the clinical need for
antifungal agents have altered considerably and continuously since the specific antifungal agents
have been discovered in 1950s (Odds et al., 2003). However, the searching of effective antifungal
agents for clinical use continues to be a major challenge because the antifungal compounds normally
possess both antifungal activity and cytotoxicity (Andriole, 1999; Bueno et al., 2002).

l.2.  Physiology and taxonomic classification of cyanobacteria

Cyanobacteria (blue-green algae) are photoautotrophic, prokaryotic microorganisms distributed in
diverse habitats, including also hot springs, Antarctic lakes and soils, and extreme euryhaline and
eurythermal environments (Friedmann et al., 1974; Colyer et al., 2005; Tiwari et al., 2005).
Cyanobacteria lack cellulose in outer cell wall, do not reproduce sexually and have no membrane-
bound nuclei or specialized organelles (Zaccaroni et al., 2008). The main pigments of cyanobacteria
are chlorophyll a and phycobiliproteins organized as phycobilisomes - light harvesting pigment
complexes of phycobiliproteins - which are typical for cyanobacteria and responsible for the

characteristic color of these organisms.
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There are many different methods to classify cyanobacteria but the taxonomic identification itself mostly
based on morphological features. According to the botanical nomenclature, assigned by Rabenhorst
1865, Bornet and Flahault 1886-1888, Gomont 1892, Geitler 1932, 1942, Desicachary 1959, Stamarch
1966, Bourrelly 1970 and Kondrateva 1975 (Geitler, 1932; Silva et al., 1987), cyanobacteria are
classified based on morphology, reproduction and physiology. From this system, 150 genera and about
2000 species are known. According to the bacteriological taxonomy, in which bacteria were assigned
under the International Code of Bacteriological Nomenclature, Cyanophyceae are divided into 5
sections (Table 1-4), namely Chroococcales, Pleurocapsales, Nostocales, Oscillatoriales, and
Stigonematales (Stanier et al., 1971; Stanier et al., 1978; Rippka et al., 1979; Castenholz, 19893, b;
Waterbury, 1989; Waterbury et al., 1989; Waterbury, 2006). These two taxonomic systems were largely

relied on morphological features.

The modern cyanobacterial classification established by Anagnostides and Komarek (Anagnostidis et
al., 1985, 1986, 1988, 1989, 1990) is based on morphological, physiological characteristics, and
biochemical standards. In this system, cyanobacteria are also assigned under the International Code of

Bacteriological Nomenclature.

Modern molecular genetic methods for taxonomic characterization are based on analogy of highly
conserved regions in the 16S rRNA, 23S rRNA genes and other qualitative markers such as
biochemical markers (cyanotoxins, oligopeptides, etc. (Pearson et al., 2010)) or sequence of hetR,
rpoB, rbcLX, mcy-genes, gvp-genes, nif-genes, etc. (Rajaniemi et al., 2005; Tanabe et al., 2007; Neilan
et al, 2008). These approaches have allowed determination of phylogenetic affiliations among
cyanobacteria (Komarek, 2005, 2006; Neilan et al., 2008; Pearson et al., 2010).

According to the National Center for Biotechnology Information (NCBI), which provides unique
taxonomic identifiers for all organisms (taxons) that are represented in the international nucleotide
sequence database and in UniProtkB (The UniProt Knowledgebase), cyanobacteria were classified into

seven orders (Table I-5).
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Table I-4. The principal groups of cyanobacteria
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(A comparison of modern and early systems of classification. Adapted from Singh et al. (2005)).

Section Basic Reproduction | Plane of | Order Representative genera
Rippka et al. | morphology division (Family)
(1979) Fritsch (1945)
I Unicellular or Binary fission Single Chroococcales Gloeothece, (Anacystis, Agmenellum) Synechococcus,
colonial Gloeobacter
Two or more Chroococcus, Merismopedia, Microcystis, Gloeocapsa,
Synechocystis
Budding Chamaesiphonales Chamaesiphon
I Unicellular or Multiple fission Chroococcidiopsis, Dermocarpa, Dermocarpella
colonial
Pleurocapsales Hyella, Dermocarpella, Myxosarcina, Pleurocapsa group,
Xenococcus
I Filamentous trichome Single Nostocales Lyngbya,  Microcoleus,  Oscillatoria,  Phormidium,
non- fragmentation, (Oscillatoriaceae) Plectonema, Pseudanabaena, Schizothrix, Spirulina
heterocystous normogonia
v Filamentous Trichome Single (Nostocaceae) Anabaena, Anabaenopsis, Aphanizomenon,
heterocystous breakage, Cylindrospermum, Nodularia, Nostoc
hormogonia,
akinetes (Rivulariaceae) Calothrix, Dichothrix, Gloeotrichia, Rivularia
(Scytonemataceae) Scytonema, Tolypothrix
v Branched Trichome Two or more Stigonematales Chlorogloeopsis, Fischerella, Hapalosiphon,
filamentous, breakage, Mastigocoleus, Mastigocladus, Nostochopsis, Stigonema,
heterocystous hormogonia, Westiella
akinetes
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Table I-5. Cyanobacterial taxonomic scheme according to NCBI Taxonomy Browser

(August 31, 2009).

Order Representative genera
Family
Order Chroococcales Chamaesiphon,  Chroococcus,  Merismopedia,
Microcystis, Gloeothece, Gloeocapsa,
Synechococcus, Synechocystis,
Order Gloeobacterales Gloeobacter
Order Nostocales
Family Microchaetaceae Coleodesmium, Fremyella, Hassallia, Microchaete,
Petalonema, Rexia, Spiriresti, Tolypothrix
Family Nostocaceae Anabaena, Anabaenopsis, Aphanizomenon,
Cylindrospermum, Nodularia, Nostoc
Family Rivulariaceae Calothrix, Gloeotrichia, Rivularia
Family Scytonemataceae Brasilonema, Scytonema, Scytonematopsis
Order Oscillatoriales Lyngbya, Microcoleus, Oscillatoria, Phormidium,

Planktothrix, ~ Plectonema,  Pseudanabaena,
Schizothrix, Spirulina

Order Pleurocapsales Chroococcidiopsis, Dermocarpa, Dermocarpella,
Myxosarcina, Pleurocapsa, Xenococcus

Order Prochlorophytes
Family Prochloraceae Prochloron
Family Prochlorococcaceae Prochlorococcus
Family Prochlorotrichaceae Prochlorothrix
Oder Stigonematales Chlorogloeopsis,  Fischerella,  Hapalosiphon,

Mastigocladopsis, Mastigocladus, Nostochopsis,
Stigonema, Westiellopsis

|.3.  Cyanobacteria as source of novel natural products
1.3.1.  Pharmaceutical compounds originated from cyanobacteria in clinical trial

A paper of Gerwick et al. (2012) highlighted recent trends in marine natural product research revealed
that heterotrophic bacteria and cyanobacteria accounted for fully 80% of products which were
approved as pharmaceutical agents or present in clinical trials. Besides, an analysis of 121 products
that are available in biomedical research revealed that sponges, cyanobacteria and algae/plants
(microalgae, macroalgae, and aquatic plants) are the sources of most of these products (Gerwick et
al., 2012) (Figure I-1).

In the last decades cyanobacteria have been recognized as sources of novel cytotoxic and antifungal
metabolites (Sharma et al., 2011). Some of these metabolites such as cryptophycin 52, soblidotin,

synthadotin have potential for development of new pharmaceutical compounds (Liu et al., 2010).
10
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Figure I-1. The collected sources of marine natural products used as research biochemicals.

The synthetic analog cryptophycin 52 (11) of cryptophycin 1 (12), a cyclic depsipeptide previously
isolated from Nostoc sp. ATCC 53789 as an antifungal agent (Trimurtulu et al., 1994), progressed to
Phase Il of clinical trials for the treatment of patients with platinum-resistant ovarian cancer (Trimurtulu
et al., 1994; D'Agostino et al., 2006). Dolastatin 10 (13), a peptide originally isolated from the Indian
Ocean sea hare Dolabella auricularia (Pettit et al., 1987) and later isolated from the marine
cyanobacterium Symploca sp. VP642 (Luesch et al., 2001), was an early promising antitumor agent.
Nevertheless, it failed to demonstrate significant clinical activity in phase [l of clinical trials
(Vaishampayan et al., 2000). Another synthetic analog of dolastatin 10, such as soblidotin (or TZT-
1027, auristatin PE) (14), displayed promising activity against human colon adenocarcinomas but was
unsuccessful due to the lack of efficacy and induced peripheral neuropathy in phase Il clinical trials
(Gerwick et al., 2012). However, monomethyl auristatin E (15)- a synthetic analog of dolastatin 10 which
conjugated to the anti-CD30 monoclonal antibody cAC10 resulted in brentuximab vendotin (Francisco et
al., 2003) gained FDA approval for use in anaplastic large cell lymphoma and Hodgkin’s lymphoma in
August 2011 (Gerwick et al., 2012). Synthadotin (Tasidotin or ILX-651) (16), derived from dolastatin 15
(17) showed promising results in phase Il clinical trials of inoperable, locally advanced or metastatic

melanoma (Chetsumon et al., 1994; Ebbinghaus et al., 2004).
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1.3.2. Nitrogen-containing secondary metabolites from cyanobacteria

More than 4000 strains of cyanobacteria have been studied to date, with more than 1000 secondary
metabolites described (Gademann et al., 2008; Kim et al., 2012). A literature study indicated that
approximately 68% of natural products derived from marine cyanobacteria contain nitrogen (Burja et
al., 2001). Up to 2007, over 300 nitrogen-containing secondary metabolites from marine cyanobacteria

12
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have been reported in literature (Tan, 2007). In fact, peptides or peptide-containing substructures form
a major group of cyanobacterial secondary metabolites (Moore, 1996; Namikoshi et al., 1996; Burja et
al., 2001; Singh et al., 2005; Liu et al., 2010). Further analysis of Burja of 424 marine cyanobacterial
natural products showed that 40.2% are lipopeptides (cyclic or linear), 5.6% are pure amino acid
compositions, 4.2% are fatty acids, 4.2% are macrolides and 9.4% are amides (Burja et al., 2001). The
structures and bioactivities of 50 new Lyngbya peptides were reported from 2006 to 2010 (Liu et al.,
2010).

Cyanobacterial lipopeptides have been identified as interesting biochemically active compounds.
Approximately 85% of them are bioactive, including cytotoxic (41%), antitumor (13%), antibiotic (12%),
enzyme inhibitor (8%), antiviral (4%) and antifungal activities (4%) (Burja et al., 2001) (Figure 1-2). The
remaining activity (18%) covers tumor promoting, herbicide, antimycotic, antimitotic, antimalarial,
antimicroalgal, cell-differentiation promoting activity, cardioactivity and UV absorbing activity useable as

sunscreens (Burja et al., 2001).

From 2001 to 2006, 128 cyanobacterial alkaloids were published with a wide structural diversity and
variety of biological actions such as antifungal activity, cytotoxicity, sodium channel modulation, and
inhibition of proteases (Tan, 2007; Harvey, 2008; Vasas et al., 2010). Majority of them were originated
from the filamentous genera Lyngbya, Oscillatoria, and Symploca (Williams et al., 2001, 2004; Osswald
et al., 2007; Grindberg et al., 2008).

No activity Others
Enzyme 15% \
inhibitor ____.. N Antibiotic
%

Antiviral 0
- 4%

Figure I-2. Biochemical activity of lipopeptides isolated from cyanobacteria. (Burja et al., 2001)

13
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Some cyanobacteria have been used as human food for many years because of their high protein
content (35-65%) and nutritional value (Venkataraman, 1997; Belay, 2002; Medina-Jaritz et al., 2011).

Among them, Spirulina (now Arthrospira) is the well-known example.

Moreover, cyanobacteria are known for the production of toxins associated with water blooms. About 40
genera of cyanobacterial species that are responsible for the production of freshwater and marine
cyanobacterial toxins have been found (Grindberg et al., 2008). These toxins, namely cyanotoxins, can
be grouped according to their toxic mechanism in vertebrates as hepatotoxins, neurotoxins, irritants and
dermatotoxins, and general cytotoxins. They fall into three broad groups of chemical structures: cyclic
peptides, alkaloids and lipopolysaccharides (Jones et al., 1999; Stewart et al., 2006). The best known

cyanotoxins are microcystins and nodularins, which are potent inhibitors of protein phosphatases.

Together with those toxins, during the last few decades hundreds of cyanobacterial secondary
metabolites were reported (Carmichael, 1992; Patterson et al., 1994; Harada, 2004; Ferreira, 2006;
Newman et al., 2012). These metabolites possess different chemical structures such as fatty acids
(Wada et al., 1993 ; Mundt et al., 2003), phenolics (Pedersén et al., 1973; Cano et al., 1990), terpenoids
(Jaki et al., 1999), N-glycosides (Bonjouklian et al., 1991), lipopeptides (MacMillan et al., 2002; Neuhof
et al., 2005; Neuhof et al., 2006), linear and cyclic peptides (Pergament et al., 1994; Burja et al., 2001;
Tan, 2007; Zainuddin et al., 2009) and alkaloids (Moore et al., 1987b; Bonjouklian et al., 1991; Raveh et
al., 2007; Mo et al., 2009). In addition, they exhibit a diverse spectrum of biological activities including
antibacterial (Soltani et al., 2005; Svircev et al., 2008), algicidal (Dale et al., 2003), antifungal
(Frankmdlle et al., 1992a; Jaki et al., 2001; Zorica Svircev, 2008) antiviral (Zainuddin et al., 2002),
anticancer (Gerwick et al., 1994), cytotoxic (Thornburg et al., 2011), and enzyme inhibiting activities
(Cannell et al., 1988a; Ishida et al., 1995; Shin et al., 1996). Therefore, cyanobacteria are considered
as a source of potential pharmaceutical substances (Borowitzka, 1995; Newman et al., 2012) including

antifungal compounds.

1.3.3.  Antifungal metabolites from cyanobacteria

Several extracts of cyanobacteria belong to Oscillatoriales, Nostocales, and Stigonematales have
shown antifungal activity in in-vitro test systems (Namikoshi et al., 1996; Burja et al., 2001; Ghasemi et
al., 2003; Bhadury et al., 2004; Singh et al., 2005; Soltani et al., 2005; Abed et al., 2009). Antifungal
compounds isolated from these extracts are presented in Table I-6.
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Table 1-6. Selected antifungal compounds of cyanobacteria and representative producing

species.
(Namikoshi et al., 1996; Burja et al., 2001; Singh et al., 2005; Abed et al., 2009)
Source Compound Activity Class of | References
compound
Order Chroococcales: no report until now
Order Pleurocapsales
Hyella caespitosa Carazostatin (18) | antifungal Alkaloid (Cardellina 1 et
al., 1979)
Order Oscillatoriales
Lyngbya majuscula | Tanikolide (19) antifungal, Lactone (Singh et al,
cytotoxic 1999)
Lyngbya majuscula | Lyngbyabellin A, B | antifungal, Cyclic (Milligan et al.,
(20, 21) cytotoxic depsipeptide 2000)
Lyngbya majuscula | Hectochlorin (22) antifungal, Cyclic (Marquez et al.,
cytotoxic depsipeptide 2002)
Lyngbya Lobocyclamides antifungal Cyclic (MacMillan et al.,
confervoides A-C(23-25) lipopeptide 2002)
Schizothrix sp. Schizotrin A (29) antibacterial, Cyclic peptide (Pergament et al.,
antifungal 1994)

Order Nostocales

Anabaena laxa Laxaphycins A | synergistically | Cyclic (Frankmdlle et al.,
and B (26, 27) antifungal, lipopeptide 1992a;
cytotoxic Frankmélle et al.,
1992Db)
Hormothamnion Hormothamnins antifungal, Cyclic peptide (Gerwick et al.,
enteromorphoides (28) cytotoxic 1989; Gerwick et
al., 1992)
Calothrix fusca Calophycin (30) antifungal Cyclic peptide (Moon et al,
1992)
Nostoc commune Nostofungicidine antifungal Cyclic (Kajiyama et al.,
(31) lipopeptide 1998)
Scytonema Scytophycins (32, | cytotoxic, Scytophycin- (Moore et al.,
pseudohofmanni, 33) antifungal type macrolide | 1986; Stewart et
Scytonema  mirabile, al., 1988)
Scytonema . : .
burmanicum. (|Sh|ba§hl, 1986;
Carmeli et al.,

Scytonema ocellatum,
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Cylindrospermum

1990a; Jung et

muscicola al., 1991; Smith
etal., 1993)
Tolypothrix Tolytoxin (34) cytotoxic, Nucleoside (Moore et al.,
conglutinate, antifungal 1986; Stewart et
Scytonema  mirabile, al., 1988; Carmeli
Scytonema ocellatum, et al., 1990b)
Scytonema
burmanicum
Tolypothrix Tubercidin (35) cytotoxic, Nucleoside (Moore et al.,
byssoidea antifungal 1986; Stewart et
al., 1988)
Tolypothrix tenuis Toyocamycin (36) | antifungal Nucleoside (Moore, 1982)
Tolypothrix Tjipanazoles (37) antifungal Alkaloid (Bonjouklian et
tiipanasensis al., 1991)
Tolypothrix sp. Hassallidin A and | antifungal Cyclic peptides | (Neuhof et al.,
B (38, 39) 2005; Neuhof et
al., 2006)
Order Stigonematales
Fischerella Fischerellin (40) antifungal, Lipopeptide (Srivastava et al.,
muscicola herbicidal 1999)
Fischerella Tjipanazole D antifungal Indole alkaloid (EI Omari, 2011)
ambigua
Hapalosiphon Anhydrohapalox- antibiotic, Indole (Moore et al.,
fontinalis indole (41), | antifungal alkaloids 1987h)
fontonamide (42),
Hapalindoles (43) antibiotic, Indole (Moore et al.,
antifungal alkaloids 1987a)

H
L,

OH

CsH1s

18 Carazostatin

16

19 Tanikolide
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42 Fontonamide 43 Hapalindoles

Aim of work

A large number of reports about novel bioactive compounds isolated from cyanobacteria during the last
few decades state that cyanobacteria are identified as a source of potential drugs. Due to increasing
fungal infections and limitations of available drugs such as drug safety, resistance, drug—drug
interactions, narrow spectrum of activity and effectiveness the discovery of novel antifungals with a
safety broad fungicidal spectrum of action, good pharmacokinetic properties and fewer dose-limiting

side effects is an important task for drug discovery.

In our continuing efforts to discover novel and biological active metabolites cyanobacterial strains
isolated from water and soil samples, collected in North Vietnam near Hanoi, from the Baltic Sea near
Rugen and Hiddensee and from ponds and water reservoirs in the North of Germany were investigated

with the following aims:

1. Identification of extracts with specific antifungal activity by in vitro screening for antifungal
activity followed by antibacterial screening of the intra- and extracellular crude extracts prepared

with solvents with different polarity;

2. Isolation, identification and structural elucidation of active compounds from extracts exhibiting

potent antifungal activity by bioassay-guided isolation to discover novel structures;

3. Culture optimization of selected strains which possess strong and specific antifungal activity to
enhance yield of biomass and active compound production;

4. Taxonomic classification of cyanobacterial strains producing novel antifungal compounds.
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Il. Materials and methods

II.1.  Cultivation of cyanobacteria

[1.L1.1. Stock cultures

29 cyanobacteria, including 23 Vietnamese and 6 German strains, used in the antimicrobial screening
are listed in Table 1I-1. The Vietnamese strains, were isolated from rice fields and shallows in Northern
of Vietnam (Thanhhoa, Thaibinh, Namdinh and Hanoi). These strains were maintained in the culture
collection of the Department of Pharmaceutical Biology, Institute of Pharmacy, Ernst-Moritz-Arndt
University Greifswald, Germany.

Table II-1. Investigated cyanobacteria

No | Strain Origin and Order Medium Morphology

Cultivated strains

1. |AS Well water BG 11 Anabaena solitaria. Filaments are not long, no
sample/Miinchen branches; spherical to cylindrical cells;
Nostocales heterocytes and akinetes are spherical.

2. |154 Greifswald BG 11 Pseudanabaena catenata. Short filaments, no
Oscillatoriales branches; cells are rectangular, always longer

than wide; no heterocyst.

3. |1611 Garden pond near BG 11 Anabaena cylindrica. Thin filament contains
Cambridge cylindrical cells, no branches; heterocysts and
Nostocales akinetes are terminal or intercalar in the filament.

4. | CAVN 3 | Nostocales MBL Filamentous; subspherical cells; the curved

filaments are constricted at each cross-wall, the
trichome looks like as string of beads; no
heterocysts in filament; no branches.

5. |CAVN4 | Nostocales BG 11 Single filament contains cylindrical cells; trichome
looks like as string of beads; no heterocysts; no
branches; akinetes are intercalar in the filament.

6. |CAVN5 | Nostocales BG 11 Filament contains subspherical and cylindrical
cells; no heterocysts in filament; no branches.

7. |CAVN7 | Nostocales BG 11 Cells are square or long rectangular; the curved
filaments are constricted at each cross-wall, so
that the trichome looks like as string of beads; no
heterocysts in filament; no branches.

8. |CAVN8 | Nostocales BG 11 Filament contains cylindrical cells; trichome looks
like as string of beads; no heterocysts; akinetes
are terminal or intercalar in the filament.
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9. | CAVN 12 | Nostocales BG 11 Long, thin filaments with oblong rectangular cells;
no heterocysts; akinetes in long chains.

10. | CAVN 14 | Oscillatoriales BG 11 Limnothrix sp. (Fricke, 2006); long, thin filaments
with rectangular cells; heterocysts, akinetes and
branches are absent.

11. | CAVN 15 | Nostocales BG 11 Filamentous, cylindrical cells; akinetes are
terminal or intercalar in the filament; no branches;
no heterocysts.

12. | CAVN 17 | Nostocales BG 11 Filamentous, cells nearly spherical; the curved
filaments are constricted at each cross-wall, the
trichome looks like as string of beads; no
heterocysts in filament; no branches; akinetes are
long cylindrical.

13. | CAVN 20 | Oscillatoriales BG 11 Long trichomes without any branching, not
constricted at the crosswalls; cells discoid,
without heterocysts.

14. | TVN40 Nostocales BG 11 Nostoc sp. Long trichomes constricted at the
crosswalls, look like string of beads, cells barrel-
shaped, mostly longer than broad; no heterocysts
in filament; no branches.

15. | SRC unidentified BG 11+ | Unicells or a colony of spherical cells covered

Cobalt | with a distinct sheath.
16. | Bio 33 The Baltic Sea BG 11 + | Anabaena cylindrica. Single filament contains
Grambow/Riigen 0.5% cylindrical cells. Heterocysts and akinetes appear
Nostocales NaCl intercalar in the filament.

Biomasses of the following strains were screened (not cultivated by the author)

17. |CAVN 1 | Nostocales BG 11 Nostoc entophytum

18. | CAVN 2 | Nostocales BG 11 Nostoc sp.

19. | CAVN 10 | Nostocales BG 11 Nostoc sp.

20. | CAVN 11 | Nostocales BG 11 Nostoc sp.

21. | CAVN 16 | Stigonematales BG 11 Fischerella musicola

22. | TVN7 Nostocales BG 11 Nostoc spongiaeforme

23. | TVN9 Nostocales BG 11 Nostoc sp.

24. | TVN14 Nostocales BG 11 Nostoc coeruleum

25. | TVN16 Oscillatoriales BG 11 Oscillatoria sp.

26. | TVN201 | Nostocales BG 11 Calothrix marchica

27. | TVN202 | Nostocales BG 11 Calothrix elenkinii

28. 1233 Meinigen bridge BG 11 Pseudanabaena catenata
Oscillatoriales

29. |1 The Baltic BG 11 Anabaena variabilis
Sea/Hiddensee
Nostocales
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Axioskop 2 plus (Carl Zeiss, Germany).
Figure II-1. Cultivated cyanobacterial strains.
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[1.L1.2. Cultivation conditions

Axenic cultivation

Fernbach cultivation - —
Large-scale cultivation

Figure 1I-2. Cultivation of cyanobacteria

1.1.2.1. Media

Chemicals and equipments:

+ Sodium chloride (Carl Roth, Germany)
« Other chemicals (Merck/Carl Roth, Germany)
+ Labor-Autoclave VARIOKLAV® (H + P Labortechnik GmbH, Germany)

The stock and micronutrient solutions were kept at 4°C until use. The mixed nutrition medium was

autoclaved for 20 min at 121°C bhefore use.

Table 1I-2. Composition of BG 11 medium
[Ripka and Herdman, 1993]

Stock solution  Nutrient solution

(g/lOO mL) (mL)
NaNOs 15.0 10.0
KoHPO4 0.31 10.0
MgS0Q4.7H20 0.75 10.0
CaClz.2H.0 0.36 10.0
Citric acid 0.06 10.0
Ferric ammonium citrate 0.06 10.0
EDTA (dinatrium-salt) 0.01 10.0
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Na2COs 0.20 10.0
Trace elements solution 1.0
Distilled water 919.0

Composition of the BG 11 trace elements solution [Kuhl and Lorenzen, 1964]:

Stock solution

(mg/100 mL)
H3BOs3 6.1
MnS0O4.4H20 22.3
ZnS04.7H0 28.7
CuS04.5H20 0.25
(NH4)sM07024.4H20 1.25

BG 11 - Nis BG 11 medium without NaNOs. BG 11 + Co is BG 11 medium supplemented with CoZ* in
the trace element solution. For cultivation of Bio 33, 0.5% NaCl was always added.

Composition of the BG 11 + Co trace elements solution:

Stock solution

(mg/100 mL)
H3BO3 6.1
MnS04.4H20 22.3
ZnS04.7H0 28.7
CuS04.5H20 0.25
(NH4)sM07024.4H,0 1.25
Co(NO3)2.6H20 4.94

Table I1-3. Composition of MBL medium

[Lorenzen and Guillard, 1972, modified according to Chu]

Stock solution  Nutrient solution

(9/50 mL) (mL)
CaCl2.6H20 2.74 1
MgS04.7H.0 1.85 1
NaHCO3 0.63 1
KoHPO4 0.44 1
NaNOs 4.25 1
NazSi03.5H,0 1.06 1
Trace elements solution 1
Distilled water 993.0
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TES 0.115 g/L medium

Composition of the trace elements solution:

Stock solution (g/100 mL)
Na-EDTA 0.4360
FeCls.6H20 0.3150
CuS04.5H20 0.0010
ZnS04.7H0 0.0022
CoCl2.6H20 0.0010
MnCl2.4H20 0.0180
NazMo04.2H,0 0.0006
H3BOs 0.1000

MBL — N is MBL medium without NaNOs. MBL — Co is MBL medium without CoCl» .6H20 in the trace

elements solution. For cultivation of Bio 33, 0.5% NaCl was always added.

11.1.2.2. Equipments

45 L glass column (JENAer Glas Rasotherm®, Germany)

pH Measurement Ecoline® pH 170 (Wissenschaftlich — Technische Werkstatten GmbH,
Germany)

Heater Tetratec HT 100 (230V/50Hz, Poland)

2 L Fernbach flasks (Merck, Germany)

Erlenmeyer flasks 100 and 300 mL (Merck, Germany)

Cellulose steristopper No. 18d, Ne. 29, 30 (Fisher Scientific GmbH, Germany)

Centrifuge Rotanta 460R (Andreas Hettich GmbH & Co. KG, Germany)

Centrifuge Stratos D37520 (Heraeus Instruments, Germany)

Lyophylizer Alpha 1-4 (Christ GmbH, Germany)

Filter paper 595 %2 @ 185 mm (Schleicher & Schuell GmbH, Germany)

Orbital shaker incubator OSFT-LS (TEQ GmbH, Germany)

Incubation-shaking cabinet CERTOMAT® BS-1 (Sartorius, Germany),

Orbital shaker Innova 2100 Platform Shaker (New Brunswick Scientific USA, USA)
Cool-white fluorescent lamps (Radium NL 36W/21 — 840, Spectralux Plus Weiss, Germany)

[1.1.2.3. The stock culture

For maintenance of laboratory culture, 2 — 3 mL of a 3-week-old cyanobacterial stock culture were

inoculated in 50 mL BG 11 or MBL contained in 100 mL Erlenmeyer flasks. The cultivation was carried

out at room temperature (18 - 20°C) and continuous illumination of 10 umol photons m-2 s-1 by cool-
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white fluorescent lamps. The stock cultures were shaken manually 2 times per week and renewed

every 4 weeks.

[1.1.2.4. The Fernbach culture

A volume of 5 mL of a 3-week-old cyanobacterial stock culture was inoculated into 50 mL medium
contained in 100 mL Erlenmeyer flasks. After 2 to 3 weeks of incubation at room temperature (18 -
20°C), cyanobacteria were transferred to 300-mL flasks containing 100 mL medium. After 2 to 3
weeks, well-grown cyanobacteria were transferred into 2 L Fernbach flasks containing 1000 mL of
medium. Fernbach flasks were incubated at room temperature under continuous fluorescent
illumination and were manually shaken two times per week. Cool-white fluorescent lamps supplied a
continuous irradiance of 10 pumol photons m2 s-1, After 2 to 3 weeks in culture, 1 Fernbach flask was

partitioned into 10 Fernbach flasks.

Cyanobacteria were harvested after 35 days (Lincoln et al., 1996) by Rotanta 460R centrifuge at 4100
rpm for 10 min at 20°C. The biomass was washed with distilled water, lyophilized and kept at -20°C

until used. The culture medium was filtrated by filter paper and frozen at -20°C until used.

[1.1.2.5. Large-scale cultivation

A volume of 10 mL of a 3-week-old cyanobacterial stock culture was inoculated in 100 mL medium
contained in 200 mL Erlenmeyer flasks. After 2 to 3 weeks, these flasks were used as stock culture for
the small-scale cultivation in 2 L Fernbach flasks containing 1000 mL medium. After 2 to 3 weeks,
three Fernbach flasks were inoculated into a 45 L fermenter containing 15 L BG 11 medium. In the
next 4 days, the fermenter was filled with 5 L medium every day until 35 L were achieved. The culture
column was illuminated continuously with cool white fluorescent tubes at 20 pmol photons m2 s-1.
Temperature was maintained at 22.5°C for strain Bio 33 and 26°C for strain TVN40 by using an
aquarium heater. At 6" day, the pH value of the large-scale culture was adjusted to 8.5 using CO»

supplementation. During the cultivation, the culture was aerated with a mixture of CO, and air.

The cyanobacterial biomass was harvested after 35 days (Lincoln et al., 1996) by Stratos D37520
centrifuge at 6500 rpm at 10°C. The biomass was washed with distilled water, lyophilized and kept at -
20°C until used. The culture medium was stored in plastic cans at 4°C for immediately using (within 1

week) or frozen at -20°C until used.
I.2.  Preparation of the extracts

[1.2.1. Chemicals and equipments

e n-Hexane (GeReSo mbH, Einbeck, Germany)
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e Ethyl acetate (GeReSo mbH, Einbeck, Germany)

e Methanol (GeReSo mbH, Einbeck, Germany)

e Sodium sulfate, water free (Merck KgaA, Germany)

e Laboratory sea sand p.a. (Merck KgaA, Germany)

e Porcelain mortar and pestle

e 250 mL and 500 mL Erlenmeyer flasks (Merck, Germany)

e System of rotatory vacuum evaporator: pump B-178, vacuum controller B-721, Rota vapor
R-114, water bath B-480 (Biichi Labortechnik AG, CH)

e Centrifuge Rotana 96R (Hettich Zentrifugen GmbH & Co. KG, Germany)

e 100 mL centrifuge tube (Schott Duran, Germany)

o Freeze Lyophylizer Alpha 1-4 (Martin Christ Gefriertrocknungsanlagen GmbH, Germany)

o Filter paper 595 %2 @ 185 mm (12 — 25 um pore wide) (Schleicher & Schiill Microscience
GmbH, Germany)

e Ultrasonic bath (Transsonic 460, EiIma GmbH & Co KG, Germany)

e Magnetic stirrer (Variomag® Electronicriihrer Mono H + P Labortechnik GmbH, Germany)

e Shaker (IKA-Labortechnik HS250 basic, IKA®-Werke GmbH & Co. KG, Germany)

e Thermo-plate DESAGA® 25-200°C (Sarstedt-Gruppe, Germany)

n-Hexane, ethyl acetate and methanol were distilled before use.
[1.2.2. Extraction of cyanobacterial biomass and medium

11.2.2.1. Extraction of biomass

16 cyanobacterial strains shown in Figure 1I-1 were cultivated by the author in the years 2009 - 2010.
The other biomasses named “old” biomasses (see Result, 11l.1), were received from the collection of
Department of Pharmaceutical Biology, Institute of Pharmacy, Ernst-Moritz-Arndt University

Greifswald, Germany. Those cyanobacterial strains were cultivated before 2008.

1 g of dried biomass was crushed with sea sand and a small portion of the 150 mL n-hexane in a
mortar with pestle to get a fine suspension. The rest of n-hexane was added and the cells were broken
again in ultrasonic bath for 7 min. Then, the biomass was extracted under magnetic stirring for 2 h at
room temperature. The supernatant was separated from the residue by centrifugation at 4100 rpm for
10 min at 10°C. This step was repeated three times. The rest of n-hexane was removed by incubation
on a thermo-plate at 40°C. The biomass residue was dried overnight and further extracted with 3 x

150 mL MeOH followed by 150 mL water. Rotary evaporator followed by lyophilization was used to
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remove the solvents completely. The MeOH extract and H»O extract were weighed and kept at -20°C

until use.
[ 1 g dry biomass ]
crushed with seasand
7 min ultrasonification
3 x 150 mL n-hexane
3 x 2 h magnetic stirred
centrifugation
Supernatant Residue
f||ttr ation i dried overnight
rotary evaporation 3% 150 mL MeOH
[ n-hexane extract ] 3 x 2 h magnetic stirred
centrifugation
Supernatant Residue
filtration , .
: dried overnight
rotary evaporation 1x 150 mL He0
[ MeOH extract ] 1 x 2 h magnetic stirred
centrifugation
lyophilization

[ H20 extract ]

Figure II-3. Extraction of cyanobacterial biomass for screening experiments.
11.2.2.2. Extraction of medium with EtOAc

A volume of 3 L culture medium was reduced to 300 mL by rotary evaporator (40°C). 300 mL of
EtOAc were added and the mixture was shaken for 24 h. The EtOAc layer was separated from the
aqueous layer. The aqueous layer was shaken again with 300 mL of fresh EtOAc. The EtOAc layers
were combined, dried over Na,SOs and rotary evaporator was used (40°C) to remove the organic
solvent. The rest of EtOAc was removed on the thermo-plate at 40°C. The aqueous layer was

discarded. The extracts were weighed and kept at -20°C until use.
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I.3.  Screening for antimicrobial and cytotoxic activity

[1.3.1. Culture media

Table 1I-4. Composition of standard Il nutrient agar

(Merck, Germany)

Amount (g/L)
Peptone from meat 3.45
Peptone from casein 3.45
NaCl 5.1
Agar-agar 13.0

25 g mixture of standard Il nutrient agar was suspended in 1 L distilled water, mixed thoroughly and
autoclaved at 121°C for 20 min.

Table II-5. Composition of Malt agar

Amount (g/L)
Malt extract (Glucose 10-15%, Maltose 40-50%, Dextrin 10-15%, Protein 5%) 30.0
(Dr. Frankle and Max Eck, Fellbach, Germany)
Agar-agar (Carl Roth, Germany) 15.0

Malt extract and Agar-agar were weighed and the mixture was suspended in 1 L distilled water, mixed

thoroughly and autoclaved at 121°C for 20 min.

Table 1I-6. Composition of Mueller Hinton Il agar

(Becton, Dickinson & Company, France)

Amount (g/L)
Beef extract 2.0
Acid hydrolysate of casein 175
Starch 15
Agar 17.0

38 g mixture of Mueller Hinton Il agar were suspended in 1 L distilled water, mixed thoroughly and

autoclaved at 121°C for 20 min.

[1.3.2. Test-organisms

The n-hexane, methanol, water and ethyl acetate extracts were tested for antibiotic activity against

Gram-positive bacteria Staphylococcus aureus ATCC 6538, Bacillus subtilis ATCC 6051, Gram-

negative bacteria Escherichia coli ATCC 11229, Pseudomonas aeruginosa ATCC 27853 and the
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yeast Candida maltosa SBUG 700 by agar diffusion assay. The extracts were used in a dose of 2
mg/6 mm paper disc. The experiment was repeated 3 times (2 parallels). Inhibition zone was

measured including the diameter of the paper disc.

The bacteria were maintained on Mueller Hinton Il agar plate and the yeast was maintained on Malt
agar. They were renewed every four weeks. Before antimicrobial or antifungal test, the organisms
were streaked out on fresh agar plates and incubated at 37°C (for bacteria) or 26°C (for yeast) over
18 -24h.

In addition, the main fraction FlIl (see 11.4.2) (1 mg/6 mm paper disc) was tested against the human
pathogenous yeasts and fungi Candida albicans ATCC 90028, Candida krusei ATCC 90878,
Aspergillus fumigatus, Microsporum gypseum, Microsporum canis, and Mucor sp.. These tests were
carried out by Gudrun Schroder (Friedrich Loeffler Institute of Medical Microbiology, University

Medicine Greifswald).
11.3.3. Agar diffusion test

[1.3.3.1. Materials

o Nystatin (Carl Roth, Germany)

e Gentamycin sulfate (Biochrom AG, Germany)

o Ampicillin (Merck KGaA, Germany)

o Sterile plastic Petri dishes (@ 90 mm) (VWR, Germany)

e Incubator Mytron BS 120 (Memmert, Germany)

e Metal pins (1 x 20 mm)

o Sterile antibiotic test paper discs @ 6 mm (Schleicher & Schill Microscience GmbH,
Germany)

e NaCl 0.9% (Merck KGaA, Germany)

e Laminar flow box (Heraeus Instruments, Germany)

¢ Plastic inoculating loop, sterile (VWR, Germany)

e 10 mL disposable serological pipettes (VWR, Germany)

o Sterile tips 1-200 pL, 100 - 1000 uL (Carl Roth, Germany)

e Polystyrene plate (20 x 20 cm)

o Beaker glass (Merck, Germany)

¢ lodonitrotetrazolium chloride (INT) (Sigma-Aldrich Chemie GmbH, Germany): 5 mg of the
reagent was dissolved in 1 mL of ethanol 50% to get a spraying solution.

e Bacteria: see I1.3.2.
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11.3.3.2. Method

Table 1I-7. Concentration of the positive control in agar diffusion test

Substance  Amount (pg/paper disc) Tested organism
Nystatin 10 Candida maltosa
Ampicillin 10 Bacillus subtilis

Ampicillin 10 Staphylococcus aureus
Ampicillin 50 Escherichia coli
Gentamicin 25 Pseudomonas aeruginosa

Method was done according to Mundt et al. (2001). 2 mg of the extract or 1 mg of the fraction of the
isolation procedure (see 11.4.2) were dissolved in 50 pL of the extracting solvent. The solutions were
dropped on paper discs. The discs were fixed by pins on a polystyrene plate for drying 1-2 h under
sterile condition. A volume of 20 mL nutrient agar was cooled down to 40°C in a sterile beaker glass.
One full loop of a stock culture of bacteria was suspended in 3 mL NaCl 0.9% and mixed thoroughly.
200 pL of this bacterial suspension were mixed well in chilled nutrient agar (about 40°C). The mixture
was poured into a Petri dish. After solidification of the agar, the solvent-free paper discs containing
cyanobacterial extracts or fractions were placed on the surface of the agar. The petri dish was kept at
4°C about 3 h for prediffusion. Afterwards, the plates were incubated for 24 h at 37°C for bacteria and
at 26°C for Candida maltosa in an inverted position. Negative control experiments were performed by
using paper discs loaded only with an equivalent volume of the solvent and positive control
experiments were performed with antibiotics shown in Table 1I-7. At the end of the incubation period,
the inhibition zones were measured and expressed as the diameter of the clear zone including the

diameter of the paper disc (& 6 mm).
[1.3.4.  Minimum inhibitory concentration (MIC)

11.3.4.1. Materials
e Incubator Mytron BS 120 (Memmert, Germany)
e 20 -50 mL beaker glass (Merck, Germany)
e 50 mL Erlenmeyer flasks (Merck, Germany)
o Sterile Petri dishes (@ 90 mm) (Carl Roth, Germany)
o 96 well microtiter plate (TPP, Switzerland)
e 4 canal and 8 canal pipettes and tips (Biohit Proline, Finland)
o Shaker waterbath GFL 1083 (Gesellschaft flir Labotechnik, Germany)
e FLUOstar Omega microplate reader (BMG LABTECH GmbH, Germany)
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o Sterile NaCl 0.9% (Merck KGaA, Germany)
¢ lodonitrotetrazolium chloride (INT) (Sigma-Aldrich Chemie GmbH, Germany): see 11.3.3.1.

Table [1-8. Composition of PBS buffer
(PBS Dulbecco, Biochrom AG, Germany)

Amount
(9/100 mL)
NaCl 8.0
KCI 0.2
KH2PO4 0.2
NazHPO4 1.15

9.55 g dry PBS was dissolved in 100 mL distilled water. The solution was autoclaved at 121°C for 20

min.

Table 11-9. Composition of Bouillon broth

(Merck, Germany)

Amount (g/L)
Peptone from meat 5.0
Meat extract 3.0

8 g dry powder was dissolved in 1 L distilled water. The solution was autoclaved at 121°C for 20 min.

11.3.4.2. Method

The minimum inhibitory concentration of the main fraction Flll (see 1.4.2) was determined by broth
dilution method using 96-well microtiter plates against Candida maltosa SBUG 700. MIC value of the
positive control nystatin against Candida maltosa SBUG 700 was estimated as 1.02 pg/mL. The yeast
Candida maltosa was renewed 22 h before use. For the broth dilution method, the suspension A of the
yeast was prepared by suspending a loop of the renewed Candida maltosa in 2 mL of sterile NaCl
0.9%. 100 pL of suspension A was inoculated into 10 mL of sterile Bouillon broth (the suspension B).
B was shaken at 26°C, 125 rpm for 22 h in a water bath. After incubation, B was diluted 1/100 with
sterile NaCl 0.9%. Then, 1 mL of the suspension was mixed well with 10 mL Bouillon solution to create

the final suspension for the MIC estimation (the suspension C).

The main fraction FIll of Bio 33 (see 11.4.2) was dissolved in PBS to get stock solutions C1 (2.75
mg/mL) and C2 (2.5 mg/mL). Each stock solution was tested in four parallels. 200 uL of each stock
solution were pipetted into the 1st row of the 96-well plate (C1 from Al to D1 and C2 from E1 to H1).
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100 L of PBS was pipetted into all other wells from 2nd to 12t row of the micro titer plate except the
well H12. The two-fold serial dilution was done by pipetting 100 pL of the first row into the
corresponding well of the second row and so on until the 11t row was reached. The 100 uL of the 11t
row were discarded. The final concentrations were between 1375 (or 1125) and 1.343 ug/mL (or
1.099 ug/mL).

100 uL of the suspension C was then pipetted into all wells from 1t row to 11t row. The wells A12 to
D12 were filled with 100 pL PBS and 100 uL suspension C as negative controls (Y-contr.). 100 uL
PBS and 100 uL Bouillon broth were added into the wells E12 to G12 as medium controls (B-contr.).
The well H12 was kept empty as photometric blank. The diagram of the 96-well plate is shown in

Figure 11-4.

C C2 Cl22 C[22 C[2¢ C[2> C[26 C[2" C[28 C[2° C[210 Control
1 2 3 4 5 6 7 8 9 10 11 12

A | C1/2 Y-contr.
B | C1/2 Y-contr.
C | C1/2 Y-contr.
D | C1/2 Y-contr.
E | C22 B-contr.
F | C22 B-contr.
G | C22 B-contr.
H | C2/2 Blank

Y-contr.: control included yeast + Bouillon broth + PBS; B-contr.: control included bouillon broth +PBS. Concentration C1/2
and C2/2 were the highest concentrations of the Flll main fraction in the wells A1-D1 (C1) and wells E1-H1 (C2) of finished
test plate.

Figure lI-4. Preparation of the microtiter plate for MIC estimation against Candida maltosa.

The plate was incubated at 26°C for 22 h. After the incubation, 20 uL of INT (p-iodonitrotetrazolium
violet, 2.5 mg/ml 50% EtOH) was added to each well and the plate was incubated for 30 min. The OD
was measured using FLUOstar Omega microplate reader at 550 nm.

The MIC was estimated as the lowest concentration of the tested compound that still inhibited the
yeast growth. The inhibition curve was plotted based on the OD values of wells containing yeast
cultivated in the presence of different concentrations of tested substances in relation to wells
containing yeast cultivated without tested substances. Based on the inhibition curve, the minimal
inhibition concentration of a given substance was determined as the average of the last concentration
in which yeast cells can growth and the first concentration in which they did not grow.

[.3.5. Cytotoxicity assay

Cytotoxicity assay of extracts and fractions of strain Bio 33 was performed by the Cell working group,
Pharmaceutical Biology, Institute of Pharmacy, Ernst-Moritz-Arndt University Greifswald, Germany.
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11.3.5.1. Chemicals and equipment

e Solution:

A.

Swelling buffer:

20 mM Tris-buffer substance (242 mg) (PUFFERAN®, Carl Roth, Germany)

1 mM MgCl2.6H20 (20 mg) (Carl Roth, Germany)

0.5 mM CaCl2.6H20 (11 mg) or CaCl2.2H20 (7 mg) (Carl Roth, Germany)

Add 100 mL of deionized water (PAA, Austria) and adjust pH to 7.4

Lysis buffer:

5% Benzalkonium chloride (0.5 g) (Sigma-Aldrich Chemie GmbH, Germany) in 0.3
mL 3% acetic acid (Carl Roth, Germany)

Add cell culture water (PAA, Austria) to 10 mL

Trypsin/EDTA solution (Biochrom AG, Germany) (10x), 0.5%/0.2% (w/v), w/o Ca?*,
w/o Mg?*, dilute 1:10 with cell culture water (PAA, Austria)

PBS/EDTA solution:

Fill up 5 mL 0.1 M EDTA solution (preparation: dissolve 3.772 g EDTA-Naz.2H20
(Sigma-Aldrich Chemie GmbH, Germany) in 100 mL cell culture water (PAA, Austria))
with Dulbecco’s PBS (PAA, Austria) (1x, w/o Caz, w/o Mg#) to 100 mL.
Filtersterilized with 0.22 pum Whatman filter (Whatman, Germany)

RPMI medium with 10% FCS:

Roswell Park Memorial Institute Medium 1640 (RPMI 1640) with L-Glutamine
(BioWhittaker®, Lonza, Belgium)

Add 1% Penicillin/Streptomycin solution (10000 U/10000 wpg/mL) (Sigma-Aldrich
Chemie GmbH, Germany)

Add 10% v/v FCS (fetal calf serum) (Sigma-Aldrich Chemie GmbH, Germany)

Neutral red (3-amino-7-dimethylamino-2-methyl-phenazine hydrochloride) (Sigma-
Aldrich Chemie GmbH, Germany)

Stock solution: 0.33 g neutral red in 100 mL cell culture water (PAA, Austria)

Used solution for 1 plate: 120 L stock solution/12 mL medium RPMI (with 10% FCS)

(see above)

G. Ethanol/Acetic acid: 1% acetic acid, 50% EtOH and 49% deionized water.

H. Dilution of test substance (extracts)

250 pg/mL (end concentration in the well), dilute 1:2 with medium (8 dilutions);
possible: stock solution of 20 mg/mL in EtOH (EtOH/H,0, DMSO) dilute with medium
Positive control: Etoposide (Sigma-Aldrich Chemie GmbH, Germany)
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Stock solution: 80 M
Used solution: 0.5 uM per well
e HBSS (Hanks’ Balanced Salts Solution) (PAA, Austria) 1x, with Caz*, Mg2*, w/o phenol red
e Acetic acid 100% (Carl Roth, Germany)
e Ethanol 96% (Merck KgaA, Germany)
o Cell culture water (AP), EP Grade, steril (PAA, Austria)
e 5637 cell line: human urinary bladder cancer cell line (German Collection of
Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany))
o 96 well micro titer plate — cell culture (Biochrom AG, Germany)
o 8 channel pipette and tips (Biohit Proline, Finland)
e 50 mL plastic flasks for cell culture (Biochrom AG, Germany)
¢ Incubator Mytron BS 120 (Bio- und Solartechnik GmbH, Germany)
e 5mL glass Pasteur pipette (Merck, Germany)
e Manger (or Petri dish) for 4 — 8 channel pipettes (Merck, Germany)
e Shaker IKA-Vibrax-VXR (IKA Labortechnik, Germany)
o Blrker cell counting chamber 0.1 mm; 1/25 + 1/400 mm2 (Biirker fein-Optik Bad, Germany)
e FLUOstar Omega microtiter readers (BMG LABTECH GmbH, Germany)

1.3.5.2. Method
Cytotoxic activity was determined by Neutral Red Uptake Assay (NRU-Test) according to
Bohrenfreund and Puerner (1985) with the cultivated human bladder carcinoma cell line 5637 (ATCC

HTB-9) used for the assay.

For cytotoxicity assay, the 5637 cells were seeded in a 96-well plate one day before testing as
described in the following. The old medium RPMI (with 10% FCS) from a T25 c¢cm? cell culture flask
seeded with the 5637 cell line was decanted. The cells were rinsed by shaking the flask carefully for
30 s with 1 mL PBS/EDTA. The solution was decanted. 1 mL of PBS/EDTA was added and the flask
was incubated for 10 min at 37°C. After that, the solution was decanted. 1 mL of Trypsin/EDTA was

added and the flask was incubated for 3 min at 37°C.

After incubation, 3 mL of RPMI medium (with 10% FCS) were added. The cells were detached from
the bottom of the flask by rinsing and transferred into a centrifuge glass. The cells were centrifuged at
1000 rpm/min for 3 min and the supernatant was carefully decanted. 2 mL of RPMI medium (with 10%
FCS) were added and mixed well. 20 uL of prepared cell suspension was mixed with 460 uL of

swelling buffer in an Eppendorf tube, incubated for 7 min at room temperature. Then, 20 uL of lyses
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buffer were added and mixed well (shaker). After the cell suspension was prepared, subculture was

prepared in new T25 or T75 flask.

For seeding of one plate, 8 mL of RPMI medium (with 10% FCS) containing 0.24 Mio cells (3000
cells/well) was required. 100 uL of cell suspensions was added into the 2nd to 11t column; 2nd to 7t

row (the wells from 2B to 11G as shown in Figure II-5), mixed well and then incubated for 24 h.

For cytotoxic assay: After 24 h of incubation, the medium was removed and 100 uyL of new RPMI
medium (with 10% FCS) was added to the 3d and 11t column; 150 uL into all other wells. Etoposide
as positive control was added in a volume of 50 uL in the wells of the 3rd column; 50 uL of solvent as
control in the 11 column and 150 uL of test substance solution with the highest concentration in the

4th column.
12 3 4 5 6 7 8 9 10 11 12
A | RPMI| Cel Et;g Eng“t c12| cu2s| cuze| cuzs| s | c127l Solvent| RPMI
B 05 uM
C
D
E
F
G
H

Figure 1I-5. The 96 well plate for cytotoxicity assay.

C1: Highest tested concentration of substance.

without cells
with cells

The test substance in the 4t column was mixed well and then diluted 1:2 fold to afford the substance
concentration of 1:2 (C2), 1.4 (C3), etc. by pipetting 150 uL of C1 to C2, C2 to C3 and so forth (C1-C7

as shown in Figure [1-5). The cell culture microtiter plate was further incubated for 72 h at 37°C.

After incubation, the cells were washed with 200 uL of HBSS. New RPMI medium (with 10% FCS)
containing NRU solution was added. Cells were incubated for 3 h at 37°C. The supernatant of the cell
culture was then removed carefully. The cells were rinsed twice using 100 uL of HBSS. 100 uL of
EtOH/acetic acid were added into the wells and the microtiter plate was subsequently agitated for
30 min at room temperature. The OD of the cell culture was measured using a FLUOstar Omega

microtiter reader at wavelength of 540 nm.
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The cytotoxicity was determined based on the OD of the test wells in relation to the solvent control and
the cell control after staining with neutral red. The percentage of living cells was calculated by
comparison of the OD of wells containing the test solutions with the solvent controls and positive

control according to the equation see below:

LiVing cells [%] = [(ODtest - ODbIank)*].OO]/ (ODcontrol' ODbIank)

The cytotoxicity of substances was determined as percentage of reduced cell number in presence of

the test substance as following:
Cytotoxicity [%] = 100 - living cells [%]

I.4.  Bioassay-guided fractionation of the crude extracts

The isolation of the active compounds from the biomass of strain Bio 33 is summarized in Figure II-6.

[.4.1. Preparation of the crude extract

Initially, 2.5 g dried biomass was crushed with sea sand and a small portion of n-hexane in a mortar
with pestle to get a fine suspension. 250 mL n-hexane were added to the suspension followed by
homogenization for 7 min in ultrasonic bath. After this, the biomass was extracted under stirring for 2 h
at room temperature. The supernatant was separated from the residue by Rotanta 460R centrifuge at
4100 rpm for 10 min at 4°C. The residue was extracted with n-hexane three times and dried overnight.
The dried residue was further extracted with MeOH/H.O (1:1, v/v) three times applying the above
method. The organic solvents were reduced with the rotary evaporator and the rest of water was
removed completely by lyophilization. The MeOH/H.0 extract was weighed and kept at -20°C until

use.
1.4.2. Fractionation of MeOH/H.0 extract by silica gel column chromatography

[1.4.2.1. Materials

Sample: 600 mg MeOH/H20 crude extract/column
Glass column with a frit: 26 x 2.2 cm

1 L round bottom flasks (Merck, Germany)

O O O O

Stationary phase: 55 g silica gel for column chromatography (0.040 - 0.063 mm) (Merck,
Germany)

Fraction Collector Model 2110 (Bio-Rad Laboratories, USA)

0 5mL glass tubes

0 Mobile phase EtOAc/MeOH/H0 in different ratio 7:2:1, 5:3.5:1.5, 1:7:2 and 5:5

o
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[ 2.5 g dry biomass ]

crushed with sea sand

7 min in ultrasonic bath
3x250 mL n-hexane
3x2 h magnetic stirred

| ¥

[ n-hexane extract ] Re.:sidue, .
dried overnight

3x250 mL MeOH/H,0 (1:1)
3x2 h magnetic stirred
rotary evaporation, lyophilization

MeOH-H,O0 extract ]

column chromatography, silica gel 60
EtOAc/MeOH/H,0 in gradient

A 4

FI FII FIII FIV

SPE C18-E

A 4

[ SPE 50% MeOH ]

SPE 80% MeOH

Gemini RP-18
MeOH/H,0O + 0.05% TFA HPLC
A 4 A4 A 4
FIII-4 FIII-5 FIII-6 FIII-7
HPLC,RP-18 HPLC. RP-18 HPLC, RP-18 HPLC, RP-18 HPLC,RP-18
(B) ACN +0.05%_¥ ®) MeOH / (a) (B) MeOH / (A) (B) MeOH / (A) (B) MeOH / (A)
HCOOH/ (A) H,O O + 0.05% TFA H,O +0.05% TFA | H,0+0.05% TFA | H,0O+0.05% TFA
+0.05% HCOOH 2 ‘ h 4

[Compound2 ][ Compound 3 ][ Compound 4 ]
Compound 1

Figure 11-6. Diagram of isolation steps of balticidins from the biomass of strain Bio 33.

1.4.2.2. Method

Silica gel was mixed and saturated in the first solvent system SS1 (Table II-10). The suspension was
then carefully poured into the column to prevent any air bubble in the column. A 0.5 cm thick layer of
sea sand was filled on top of the silica gel column. Initially, the silica gel column was stabilized with the
first organic solvent for 30 min. The column flow was then adjusted to 3 mL/5 min. 600 mg of the sample
were mixed and crushed with 600 mg sea sand and applied dry on the surface of silica gel bed. The
mobile phase was continuously added in the order of solvent system SS1, SS2, SS3, SS4 (Table 1I-10).

40



[I. Materials and Methods Thanh Huong Bui

For elution of unpolar compounds, 200 mL of SS1 was used and Fl was collected as a whole. The
outflow of FII fraction eluted with SS2 was collected in volume of 3 mL automatically by the fraction
collector. The received 3 mL fractions were analyzed by TLC using the SS2 eluting solvent system,
detected with UV light at 254 nm, 356 nm and by spraying with anisaldehyde sulphuric acid reagent.
Fractions with the same spots on TLC were combined to 3 main fractions Fll-1, FII-2, FlI-3. The outflows

of solvent system SS3 (FlIl) and SS4 (FIV) were taken as a whole in round bottom flasks.

With the aim of identifying antifungal active fractions, all received fractions FI (SS1), FII-1, FlI-2, FlI-3,
Flll (SS3) and FIV (SS4) were tested against Candida maltosa. From the results of the agar diffusion
assay, the active fractions Fll-3 and FIll were combined for further isolation of the active compounds.

The other fractions exhibited no activity against Candida maltosa.

Table 1I-10. Solvent systems used in column chromatography for separation of MeOH/H.0O
extracts

Fraction Volume  Solventsystem Solvent Ration
(mL)
Fl 200 SS1 EtOAc/MeOH/H,0 721
Fil 150 SS2 EtOAc/MeOH/H,O  5:3.5:15
FlI 500 SS3 EtOAc/MeOH/H;0 1.7:2
FIV 400 S84 EtOAc/MeOH/H;0 55

1.4.3. Purification of the main fraction by solid phase extraction (SPE)

Material:

e STRATA® C18-E Giga™ tubes (55 pum, 70 A, 5 g/20 mL, Phenomenex, Germany)
e SPE 12 Port vacuum manifold (SPE-12G, J. T. Baker, USA)
e Pump (KNF lab, LABOPORT, USA)

The sorbent bed of the SPE cartridge was activated with 50 mL of MeOH. Afterwards, 20 mL of H,O
was added to equilibrate the sorbent. To remove the undesired polar compounds, 100 mg of fraction
FIll was suspended in 5 mL of 20% MeOH/H»0 and loaded on the SPE cartridge. The cartridge was
successively eluted with 20%, 45%, and 80% MeOH in H,O followed by 100% MeOH, each 100 mL.
The fractions were collected separately, rotary evaporated to remove the organic solvent and

lyophilized.
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The SPE cartridge was washed with 100 mL MeOH and 100 mL acetone to remove the unpolar

compounds. After being dried, the cartridge was reactivated with MeOH.
[1.4.4. Thin layer chromatography (TLC)

1.4.4.1. Materials
e Aluminum TLC plates Silica gel 60 F2s4, 20x20 cm, 0.2 mm (Merck, Germany)
¢ Anisaldehyde- sulphuric acid (AS) reagent: 10 mL 10% HSO. (Carl Roth Germany ) is
added to 50 mL acetic acid (Carl Roth, Germany) containing 0.5 mL anisaldehyde (Carl
Roth, Germany)
e Thermo-plate DESAGA® 25 - 200°C (Sarstedt-Gruppe, Germany)
e Desaga TLC-Lightbox HP-UVIS 254/366 nm (DESAGA, Germany)
e Kamera Canon PowerShot S 2 IS (Canon U.S.A. Inc., USA)
e Glass chamber for TLC (Camag, Switzerland)
¢ Organic solvents:
o methanol (GeReSo mbH, Einbeck, Germany)
o dichloromethane (GeReSo mbH, Einbeck, Germany)
o ethyl acetate (GeReSo mbH, Einbeck, Germany)
o water (Reinstwasseranlage SG-ClearUV, SG Wasseraufbereitungs- und

Regenerierstation GmbH, Germany)

1.4.4.2. Method

For analytical purpose, the thin layer chromatography sheet (20x20 cm) was cut into smaller sheets
(6.5x6.5 cm or 6.5x2 c¢m). The start line was marked 1cm above the bottom edge of the sheet and
running distance was 5 cm. The sample was applied on the start line of TLC sheet as a thin line. The
sheet was developed in a 9x3x9 cm glass chamber containing 10 mL solvent mixture. The migration of

a substance was determined by the Ry value.
The following solvent systems were used for analytical purpose.
Mobile phase:

o ethyl acetate: methanol: water (7:2:1)
o ethyl acetate: methanol: water (5:3.5:1.5)
o ethyl acetate: methanol: water (1:7:2)

e methanol: water (8:2)
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The chromatograms were detected at 254 nm and 365 nm UV light and by spraying with anisaldehyde

sulphuric acid reagent and heated at 110°C for 5 min.
1.4.5. Bio-autochromatography

1.4.5.1. Materials
e Aluminum TLC plate Silica gel 60 Fzs4, 20x20 cm, 0.2 mm (Merck, Germany)
o Petri dishes 20 - 50 mL (@ 90 mm) (Merck, Germany)
e Incubator Mytron BS 120 (Memmert, Germany)
e 50 mL sterile beakers (Merck, Germany)
e Laminar flow box (Heraeus Instruments, Germany)
o Sterile NaCl 0.9% (Carl Roth, Germany)
o Nutrient agar Il (Merck, Germany) (Table 11-4)
¢ Candida maltosa SBUG 700
o lodonitrotetrazolium chlorid (INT) (Sigma-Aldrich Chemie GmbH, Germany) 2.5 mg/ mL
ethanol 50%
¢ Organic solvents: see TLC method (11.4.4.1)
e Mobile phases: see TLC method (11.4.4.1)

1.4.5.2. Method

The TLC bioautographic method was used for detection of fractions containing antifungal compounds
in the crude extract or the main fraction. This assay based on the agar diffusion technique.

2 mg of the MeOH, MeOH/H0 crude extracts or 500 pg of the main fraction Flll were applied onto the
analytical TLC plate and developed with different solvent systems. The developed TLC sheets after
being dried carefully were fixed in the Petri dish containing 10 mL solid nutrient agar Il. 20 mL nutrient
agar Il solution inoculated with 200 pL Candida maltosa suspension (prepared by dissolving one full
loop of Candida maltosa stock culture in 2 mL NaCl 0.9%) was poured onto the surface of developed
TLC sheets carefully to prevent the development of air bubbles on the surface of TLC sheets. The
Petri dish was incubated at 4°C for 2.5 h and at 26°C over night (16 — 18 h). Clear zones on the agar
surface indicate antifungal activity. These zones became more visible against a dark pink background
by spraying the agar surface with INT reagent. The control chromatogram was detected at 254 nm and
365 nm UV light and by spraying with anisaldehyde sulphuric acid reagent.
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1.4.6. Purification of the active compounds by HPLC

1.4.6.1. Equipments
e HPLC column: reversed phase Gemini C18 column (Phenomenex, USA): 110 A, 250x4.6
mm, 5 pm; LiChrospher RP-18e (Merck, Germany): 100 A, 250x4.0 mm, 5 pm
e Methanol HPLC (gradient grade, Merck, Germany)
¢ Deionized water (Pure water system Clear UV plus, SG Water Preparation and Recycling
GmbH, Germany)
o TFA (for spectroscopy, Merck, Germany)
e HCOOH (for spectroscopy, Merck, Germany)
e HPLC system:
= Kontron Instruments (KONTRON, Italy)
o Diode array detector (DAD 440)
0 Auto sampler (SA360)
0 Pump 422 & 422S
o Geminix software, version 1.91
= SHIMADZU LC-20a prominence UFLC (SHIMADZU Corporation, Japan)
o Diode array detector SPD-M20A
Auto sampler SIL-10AF
Pumps LC-20AD
Control unit CBM-20A
Column oven CTO-10AS
LCsolution software

O O O O O

11.4.6.2. Analytical HPLC

The main fraction FIll and others active fractions were analyzed by analytical reversed phase HPLC
using Gemini C18 column and the mobile phase MeOH in H2O plus 0.05% TFA, flow rate 1 mL min-
(program 1 and program 2). The separation was controlled at 210, 226, 238, 254 nm by DAD. A
sample concentration of 4 mg/mL was used. A sample volume of 20 uL was injected.

HPLC program 1:

Time (min) | 0.5 [ 30.5 | 40.5 | 425 |46.0
% MeOH |10 | 100 [100 |10 |10

HPLC program 2:

Time (min) | 0.0 | 0.5 | 45| 7.5 | 30.5 | 35.5 | 37.5 | 42.5
% MeOH |40 |40 |60 | 70 | 100 | 100 | 40 |40
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11.4.6.3. Fractionation of FllI
From SPE fractions (45% and 80% MeOH fractions) of FlIl four peaks were collected using a
LiChrospher RP-18e column and the mobile phase MeOH/H20 + 0.05% TFA (program 3) with a flow
rate of 1 mL minl. A concentration of 200 pg/20 uL was injected per run. The separation was
detected at 226 nm by DAD.

HPLC program 3:

Time (min) | 0.5 45|75 26.0|28.0[33.0)350]375
%MeOH |40 |60 |74 |74 |100 | 100 |40 |40

11.4.6.4. Purification of isolated fractions

To purify the isolated fraction Flll-4, the mobile phase MeOH/H0 plus 0.05% TFA with a flow rate of
1 mL min- (program 4) was used. The column LiChrospher RP-18e was used as stationary phase.
The separation was controlled at 210, 226, 238, 254 nm by DAD. The sample concentration was 160
1g/40 L per run.

HPLC program 4:

Time (min) | 0.5 |25]175[19.0 | 235
% MeOH |60 |70 |90.4 /60 |60

In parallel, the pure compound 1 was isolated from Flll-4 with the mobile phase ACN plus 0.05%
HCOOH in H20 plus 0.05% HCOOH (HPLC program 5). The same column, flow rate and sample

concentration as above were used. The separation was controlled at 226 nm by DAD.

HPLC program 5:

Time (min) | 0.50 | 5.0 | 7.5 | 17.5 ] 20.0 | 23.0 | 24.0
%ACN |30 |35 |37 |37 |40 |40 |30

Fractions FllI-6 and FIlI-7 were further purified using an isocratic mobile phase with 74% MeOH in
H20 plus 0.05% TFA (HPLC program 6), flow rate 1 mL min-t with a LiChrospher RP-18e column. A

concentration of 50 pg/20 uL was injected per run. The separation was detected at 226 nm by DAD.

I1.5.  Structural elucidation of the isolated compounds

UV spectra were recorded on a LC-20a prominence UFLC (SHIMADZU Corporation, Japan) with a
diode array detector SPD-M20A. The IR spectra were recorded using a NICOLET IR200 Fourier
transform infrared spectrometer (FT-IR) (Thermo Electron Comporation, USA).

Structural elucidation was executed at the Helmholtz Centre for Infection Research, Braunschweig

(Germany).
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1D and 2D NMR spectra were recorded at 300 K on a Bruker AVANCE DMX 600 NMR spectrometer
(COSY, TOCSY, NOESY, HMQC and HMBC) and a Bruker AVANCE 600 NMR spectrometer (COSY,
TOCSY, NOESY, HSQC, 2D-edited HSQC, HSQC-TOCSY and gHMBC) equipped with an UltraShield
Plus magnet and a triple resonance cryoprobe with gradient unit. Each spectrometer was locked to the
deuterium resonance of the solvent, DMSO-ds or trifluoroethanol-do/H.O (1:1). Chemical shifts were
referenced to the residual signals of the respective solvents (DMSO 1H: 2.50 / 13C: 39.5 ppm and
CF3CDHOH 1H: 3.95 / 13C: 61.5 ppm, respectively).

ESI MSn. The compounds were analyzed on an Orbitrap Velos mass spectrometer (Thermo-Scientific,
Bremen, Germany) equipped with a nanospray ion source and an external high energy collision cell.
MS/MS spectra of the doubly protonated molecular ions were recorded at a resolution of 60 k and with
an average mass error of under 2 ppm. The most probable isotopic compositions of all major fragment
ions were determined, followed by their manual structural assignment. If necessary, MS3 and higher

order experiments were performed for corroboration of structural assignments.

Carbohydrate compositional analysis. Monosaccharides were analyzed as the corresponding
methyl glycosides after methanolysis and trimethylsilylation by GC/MS (Chaplin, 1982). The absolute
configuration of the monosaccharides was determined by separation of the trimethylsilylated S-(1)-but-

2-yl glycosides (Gerwig et al., 1978).

Enantioselective analysis of amino acids. A sample of compound 1 and 2 respectively was
hydrolyzed using 4 N TFA under various temperature-time regimes (80°C: 2 and 5h; 100°C: 3h),
conditions that resulted in the conversion of Gin to Glu. After drying, the resulting free amino acids
were derivatized with 4 N HCl/propan-2-ol (1 h, 110°C) and, after removal of reagents, the amino acid
isopropyl esters were then acylated with pentafluoropropionic acid anhydride in dichloromethane
(150°C, 12 min). Excess reagents were again removed and the amino acid derivatives analyzed on a
Chirasil Val column (50 m) connected to a GCQ ion trap mass spectrometer. The constituent amino
acids were identified by their characteristic mass spectra, and their chirality was determined where
possible by comparison to standard D, L amino acids.

[1.6. Growth of strain Bio 33 under different cultivation conditions

With the aim of enhancing the amount of the four active compounds produced by strain Bio 33, we
examined the effects of media (BG 11, MBL), the presence/absence of nitrate and cobalt in media BG
11 and MBL, temperature and light on the growth and the production of the desired compounds. The

experiments were carried out in batch culture. 0.5% NaCl (5 g/L) was added to all investigated media.
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To estimate the yield of biomass and of extracts, strain Bio 33 was cultivated in media BG 11 with and
without NaNOs, MBL with and without NaNOs, BG 11 with trace element cobalt and, MBL without trace
element cobalt under continuous illumination of 10 umol photons m2 s, room temperature (18 —
20°C) in Fernbach flasks as described in 11.1.2.4. The biomass harvested from 7 L medium was
extracted and separated by silica gel chromatography (see 11.4.2). The main fraction Flll was collected.
The extracts and fractions were tested against Candida maltosa in agar diffusion assay (see 11.3.3).
The activity of the extracts and fractions were evaluated based on inhibition zones and MIC values
(see 11.3.4). The active compounds produced in different media were also analyzed by HPLC with the
method developed in 11.6.1.

Preparation of the stock culture for the cultivation experiments:

7 mL of a 2 - 3 week old stock culture (stock culture was in the same medium as the test culture) were
inoculated into 200 mL Erlenmeyer flasks containing 70 mL of a new fresh medium. After 2 to 3 weeks
of incubation at room temperature (18 - 20°C), cyanobacteria were transferred into 2 L Fernbach
flasks containing 700 mL medium. The Fernbach flasks were shaken (orbital shaker Innova 2100
Platform Shaker (New Brunswick Scientific USA, USA)) at room temperature at 75 rpm for 2 - 3 weeks
and were used as stock cultures for the cultivation experiment. The continuous fluorescent illumination
(Radium NL 36W/21 — 840, Spectralux Plus Weiss, Germany) supplied a continuous irradiance of
10 umol photons m2 s-1. The following cultivation experiments were carried out in the Sartorius
incubators (Sartorius AG, Germany) and OSFT/LS/R-32 orbital shaker incubator (TEQ®, Germany)
with a shaking speed of 75 rpm. All tested conditions for Bio 33 grew in BG 11 and MBL media are

summarized in the following table. (“w/wo” means with and without)

Factors Medium Light intensity | Time of Temperature
No. (umol photons | irradiance (°C)
m2 s1) (h)
1. | Nitrate BG 11 w/wo nitrate 20 24 18, 22.5, 26
MBL w/wo nitrate 20 24 22.5, 26
2. | Cobalt BG 11 w/wo cobalt 20 24 15, 22.5, 30
MBL w/wo cobalt 20 24 15, 22.5, 30
3. | Light 10, 20 24 22.5
intensity BG 11 wiwo nitrate
Time  of | MBL w/wo nitrate 20 12,24 22.5
irradiance
4. | Temperature | BG 11 20 24 15, 18, 22.5, 26, 30
MBL 20 24 15, 22.5, 26, 30
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For all experiments, 14 mL suspension of the Fernbach flask were inoculated into 300 mL Erlenmeyer
flasks containing 140 mL medium and the flasks were incubated over 4 weeks. All experiments were
carried out in parallel. The biomass was harvested every 5 days by Rotanta 460R centrifuge (4100
rpm, 10 min, 20°C), washed with distilled water and lyophilized. The dry weight of biomass was used
for estimating the cyanobacterial growth curves in five-day-steps. The dried biomasses were stored at

-20°C for later extraction to estimate the production of the active compounds.

The growth of strain Bio 33 cultivated in BG 11 plus 0.5% NaCl at 22.5°C, 20 umol photons m2 s, 12
h/12 h light/dark rhythm was used as reference. Growth was determined by measuring the dry weight
of biomass harvested every 5 days and was represented by the growth curves (see above). The
specific growth rate constant (p) of strain Bio 33 under different conditions was estimated based on

the expression:

InN — InN log;oN, — log;oN
0= ° _ 5303 x g10N2 g10N1
t 2— 4

where N2 and N; are the biomasses at the different time points (t1 and t) respectively (Fogg et al.,
1987).

The mean doubling time G is calculated as following:

In2
G= —

1.6.1. Method development for quantification of the antifungal compounds

The objective of this work was not accurate quantification of balticidins A-C but developing a relative
quantification method based on a control sample growing under control conditions to compare the
amount of balticidins A-C produced under different cultivation conditions. Thus, method development
and optimization for analyzing balticidins A-C from strain Bio 33 based on the dried biomass of strain
Bio 33 cultivated in large-scale in a 35 L fermenter aerated with air, with BG 11 medium + 0.5% NacCl,
pH 8.5, 22.5°C, light intensity 20 pmol photons m2 s under 24 h continuous irradiance, in 35 days

(the control biomass).

For quantification experiments, 100 mg biomass were extracted in 50 mL Falcon tubes (VWR,
Germany) by stirring at 1000 rpm with a magnetic stirrer (1x0.5cm  stirrer bar, Variomag®

Electronikriihrer Mono H+P Labortechnik GmbH, Germany).
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11.6.1.1. HPLC analysis

A Shimadzu LC-20a HPLC equipment (see 11.4.6.1) was used to perform the method development and
validation. LCsolution software was used for data acquisition and system suitability calculations.
Different mobile phases such as ACN, MeOH with HCOOH or TFA and different reversed phase

columns (see below) were evaluated.
The examined columns are:

1. Synergi 4 um Hydro-RP 80 A, 250 x 4.6 mm. (Phenomenex, USA)

2. Luna 5 um C18 (2) 100 A, 250 x 4.6 mm. (Phenomenex, USA)
LiChrospher 5 um RP-18e 100 A, 250 x 4.0 mm. (LiChroCART, Germany)
Synergi 4 um Polar-RP 80 A, 250 x 4.6 mm. (Phenomenex, USA)

o k>~ w

Gemini 5 um C18 (110 A) 250 x 4.6 mm. (Phenomenex, USA)

1.6.1.2. Effect of filter and solvent on the preparation of HPLC sample

The MeOH/H,0 (1:1) extract of strain Bio 33 was used to study the effect of the filters and solvents on
the content of the desired compounds. 4 mg of extract were dissolved in 1 mL of solvent MeOH/H20 in
different ratios (9:1, 8:2, 7:3, 6:4, 5:5, 4.6, 3.7, 2:8, 1:9). The mixture was sonicated for 15 min.
Afterwards, the sample was filtered separately by three different filters: cellulose acetate membrane
(25 mm, 0.2 um, VWR, Germany), nylon (25 mm, 0.2 um, VWR, Germany) and PTFE (12.5 mm, 0.2
um, VWR, Germany). 20 uL of each sample was analyzed by the HPLC per run.

11.6.1.3. Effect of solvents on the extraction of balticidins A-C

100 mg dried biomass was filled into 50 mL Falcon tubes. 45 mL of each solvent (100%, 90%, 80%,
70%, 60%, 50%, 40% MeOH and 100%, 70%, 50% EtOH) were added and the Falcon tubes were
sonicated in an ultrasonic bath for 15 min. The biomass was then extracted utilizing magnetic stirrer
(1000 rpm) for 24 h. After that, the Falcon was centrifuged (4300 rpm, 7 min, 20°C) and the
supernatant was filtered by Whatman filter paper (Grade 1, 11 um). (This supernatant was marked as
E1). The residue was extracted again two times, using 45 mL of the initial extracting solvent and % h
stirring by magnetic stirrer for each time. (The supernatants were marked as E2, E3). The residue was
dried overnight and further extracted with 45 mL MeOH/H20 (7:3) for 24 h. (The supernatant was
marked as E4). All supernatants were dried in vacuum to remove MeOH and lyophilized to get the

crude extract.

For HPLC analysis, the crude extract (combining of E1 + E2 or E1 + E2 + E3) from 100 mg biomass

was dissolved in 6.6 mL MeOH/H,0 (7:3). (The volume of the solvent was calculated equivalent to
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15 mg dried biomass in 1 mL solvent). Due to the small amount of crude extract, extract E3 and E4
were dissolved in 500 pL and 1 mL MeOH/H,O (7:3), respectively. The mixture was sonicated for
15 min. Afterwards, the samples were filtered with cellulose acetate membrane filters (0.2 um). 40 L

of each sample was analyzed by HPLC.

[1.6.1.4. Effect of extraction time and volume of extraction solvent

100 mg dried biomass was filled into a 50 mL Falcon tube. The solvent MeOH/H20 (7:3, viv) was
added and the Falcon tubes were sonicated for 15 min. The extraction was carried out with magnetic

stirrer at 1000 rpm. The solvent volume and the extracting time are shown in Table 1I-11.

After each extraction, the Falcon was centrifuged (4300 rpm, 7 min, 20°C) and the supernatant was
filtered by Whatman filter paper (Grade 1, 11 um). The supernatants namely E1, E2, E3, E4 were
rotary evaporated and lyophilized to get the crude extract. The crude extract of 100 mg biomass was
filtered with cellulose acetate membrane filter (0.2 pm). 40 L of each sample was analyzed by HPLC.

Table 1I-11. Solvent volume and extraction time used to extract the biomass

No. Volume of solvent x time of extract x times  Extract

1. 25mL x 2 hx 3times E1+E2+E3
25mLx%h E4

2. 35mLx2hx3times E1+E2+E3
35mLx%h E4

3. 45 mLx 2 hx 3times E1+E2+E3
45mLx%h E4

4, 25mLx24h+25mLx%h E1+E2
25mLx%h E3

5. 35mLx24h+35mLx%h E1+E2
35 mLx¥%h E3

6. 45mLx24h+45mLx%h E1+E2
45 mLx%h E3

1.6.1.5. Effect of tubes used for extraction on quantification of active compounds

100 mg dried biomass was extracted with and 45 mL MeOH/H,O (7:3) by utilizing magnetic stirrer
(1000 rpm) for 24 h in two different containers: 1) 100 mL glass Erlenmeyer flask (Merck, Germany)
with cellulose steristopper (Fisher Scientific GmbH, Germany) wrapped by aluminum foil; 2) 50 mL
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Falcon tube (VWR, Germany). After extraction the tubes were centrifuged (4300 rpm, 7 min, 20°C)
and the supernatant was filtered by Whatman filter paper (Grade 1, 11 um). The residue was
reextracted for % h. The supernatants were pooled, solvent was removed with rotary evaporator and
lyophilized to obtain the crude extract. The samples were filtered with cellulose acetate membrane
filters (0.2 um). 40 uL of each sample was analyzed by HPLC. The experiment was done with two

different biomasses and each was repeated 3 times.

11.6.1.6. Effect of ultrasound and position of the extraction tube

To estimate the stability of the extract components, the HPLC sample (concentration equivalent to 15
mg biomass/mL solvent) was sonicated for 5, 15, 30, 60 min, 2 h, 6 h and 12 h, respectively, in Falcon
standing vertically in water bath. After filtration and removing solvent, samples were analyzed by

HPLC. The experiment was done in replicate.

To estimate the effect of the position of the Falcon on the active compounds, 100 mg dried biomass
was filled into a 50 mL Falcon tube and 45 mL MeOH/H,O (7:3) were added. The Falcon tubes were
positioned horizontally or vertically in the ultrasonic bath and sonicated for 0, 15, 30, 60 min. The
extraction was carried out utilizing magnetic stirrer (1000 rpm) for 24 h. After the first extraction cycle,
the tubes were centrifuged (4300 rpm, 7 min, 20°C) and the supernatant was filtered by Whatman
filter paper (Grade 1, 11 um). The residue was reextracted for ¥ h. The supernatants were pooled,
solvent was removed with rotary evaporator and lyophilized to obtain the crude extract. The samples
were filtered with cellulose acetate membrane filters (0.2 um). 40 uL of each sample was analyzed by
HPLC.

[1.6.1.7. Evaluation of the extraction conditions

100 mg dried biomass was filled into a 50 mL Falcon tube. 45 mL MeOH/H;0 (7:3) were added and
the Falcon tube was placed horizontally in the ultrasonic bath for 15 min. The biomass was extracted
utilizing magnetic stirrer (1000 rpm) for 24 h. After extracting, the Falcon was centrifuged (4300 rpm, 7
min, 20°C) and the supernatant was filtered with Whatman filter paper (Grade 1, 11 um). The residue
was extracted again three times, each with 45 mL MeOH/H,0O (7:3) for 1/2 h. The supernatants were
collected separately, namely E1, E2, E3 and E4, rotary evaporated to remove MeOH and lyophilized

to obtain the crude extract.

For analytical HPLC, the crude extract was dissolved in MeOH/H20 (7:3). The concentration used was
equivalent to 15 mg biomass in 1 mL solvent. The Falcon was placed horizontally in the ultrasonic
bath and sonicated for 15 min. Before analyzing by HPLC, the sample was filtered through a cellulose

acetate membrane filter (0.2 um). 40 uL of sample was loaded on the LiChrospher RP-18 column
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(100 A, 250 x 4 mm, 5 um), precolumn C18 (2) with mobile phase MeOH/H,O plus 0.05% TFA,

(solvent gradient program 2, see 11.4.6.2) and a flow rate of 1.0 mL min-1, Detection at 226 nm.

11.6.2. Method validation for quantification of the antifungal compounds

The developed method was validated according to the FDA (US FDA, 2001), ICH guidelines (ICH,
1996) and the guidelines comparison according to Chandran (Chandran et al., 2007). The validation
included tests on method reproducibility, linearity, accuracy and stability of samples. Biomass of strain
Bio 33 cultivated in 35 L fermenter with BG 11 + 0.5% NaCl, pH 8.5, 22.5°C, 24 h continuous

irradiance was used to perform the method validation.

11.6.2.1. Method reproducibility

Method reproducibility was determined by measuring the repeatability and intermediate (between-
days) precision of retention times and peak areas for peaks 1, 2, and 3 (Figure 111-29). Repeatability
was determined by replicate injection (n = 6) of a 70% MeOH extract of the control biomass with a
concentration equivalent to 15 mg biomass in 1 mL solvent (70% MeOH in H20). The intermediate

precision was also evaluated over two days by performing six successive injections each day.

The relative standard deviation (%RSD) is used to express the precision and repeatability of the

assay.

S
%RSD = o x 100
where s = standard deviation of the array; x = mean of the array

11.6.2.2. Linearity

Detector response linearity was assessed by preparing seven calibration sample solutions of the
control crude extract (concentration equivalent to 15 mg biomass in 1 mL solvent) in the range from
0.75 mg/mL to 15 mg/mL in MeOH/H.0O (7:3). The regression equation was obtained by plotting peak
area against concentration, using the least squares method. Linearity was checked in six replicates in
the same concentration range using the same stock solution. The %RSD of the slope and Y-intercept
of the calibration plot were calculated.

11.6.2.3. Accuracy and recovery

The accuracy of an analytical method describes the closeness of mean test results obtained by the
method to the true value (concentration) of the analyte. In our study, accuracy is determined by
analysis of known bhiomass. Three determinations per each concentration in the range of expected

concentrations were measured.
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The recovery of active compounds in HPLC analysis based on the detector response obtained from
each peak extracted from a certain amount of the control biomass. Recovery experiment was
performed by comparing the analytical results for extracted samples at low, medium, and high

concentration in the range of expected concentrations, each with three replicates.

2, 4, 8, 15, 30, 40, 60 and 100 mg biomass were extracted by the developed method. The crude
extracts were dissolved in 2 mL MeOH/H0 (7:3) and analyzed by HPLC. The linearity of the analytical
procedure was checked based on the peak area-responses which are directly proportional to the
analyte concentration. These peak areas were applied to the linear regression equation to determine
the accuracy of the method. The recovery was calculated from the slope and Y-intercept of the

obtained calibration plot.

11.6.2.4. LOD and LOQ

The limit of detection (LOD), defined as smallest amount of analyte that can be clearly detected above
the baseline signal, was estimated as the amount for which the signal-to-noise ratio was 3. The limit of
quantification (LOQ), defined as the lowest concentration of analyte that can be quantified with
suitable precision and accuracy, was estimated as the amount for which the signal-to-noise ratio was
10. LOD and LOQ were determined by injecting a series of diluted solutions from the control. LOD and
LOQ were also calculated by using the equations LOD = 3.3 x Syx/s and LOQ = 10 x Syx/s, where Syx
is residual variance from the regression and s is the slope of the calibration plot.

The precision of the method at the limit of quantification was checked by analysis of five test solutions

of the control biomass prepared at the LOQ level and calculating the %RSD of peak area.

11.6.2.5. Stability in solution

The stability of balticidins A-C in the crude extract solutions in MeOH/H20 (7:3) in the autosampler (at
25°C) was evaluated by analyzing one sample with a concentration equivalent to 15 mg biomass/mL
three times a day on three different days at a time interval of 7 h. The samples stayed in the

autosampler over the period.

11.6.3.  Production of bioactive compounds from strain Bio 33

The active compounds were analyzed based on the developed method (described in 111.4.1.7). The
production of bioactive compounds by strain Bio 33 cultivated in 35 L fermenter with BG 11 medium
plus 0.5% NaCl at 22.5°C, 20 umol photons m2 s, under 24 h continuous irradiance was used as

control.
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[1.6.4. Statistical treatment

Student’s paired test and one-way ANOVA were used to analyze statistical differences related to
growth and antifungal compound analysis. A value of P < 0.05 was considered statistically significant.
Data were analyzed using GraphPad Prism 5.0 (GraphPad Software, Inc., USA). All related data were
expressed as mean + standard deviation (SD) of 2 independent observations. Correlation coefficients

between the concentration of balticidins and biomass were calculated for each experiment.

I.7.  Isolation and purification of the active compounds from the culture
medium of strain TVN40

[.7.1. Extraction of intracellular bioactive compounds

For screening of intracellular bioactive compounds from strain TVN40, the dried biomass was

extracted sequentially by n-hexane, MeOH and distilled water as shown in Figure 11-3.
[.7.2.  Extraction of extracellular bioactive compounds

[1.7.2.1. Extraction of the extracellular bioactive compounds with EtOAc

For antimicrobial screening, the culture medium of TVN40 was extracted as described in 11.2.2.2. The

aqueous layer was further extracted with dichloromethane.

[1.7.2.2. Extraction of the extracellular bioactive compounds with Amberlite™ XAD-16

The development of a method using Amberlite XAD-16 to separate the antibacterial fraction out of the
culture medium of strain TVN40 was represented in detail in the Master thesis of Heinek (2011).
Based on the results of Heinek, the cultivation medium of TVN40 was extracted with an open glass
column packed with Amberlite™ XAD-16.

Amberlite™ XAD-16 is hydrophobic polyaromatic resin (dipole moment 0.3) and has a surface area of
900 m2 g1, a particle size of 0.3 — 1.2 mm, a wet density of 1.02 g mL, an average pore diameter of

100 A, and a pore volume of 1.82 mL gL,

A suspension of 52 g Amberlite™ XAD-16 in 50% MeOH was poured carefully into a glass column (@
5.5 cm) packed by a layer of cotton wool followed by sea sand. On the top of the resin bed, a small
layer of glass wool followed by sea sand was applied to protect the resin layer from disturbing when
medium and eluent were added. The resin was washed with 500 mL distilled water. A volume of 6.5 L
culture medium passed the resin with a flow rate of 1.5 mL minl. Afterwards, the eluents - H.O
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(650 mL), 80% MeOH (650 mL), 100% MeOH (650 mL), acetone (1300 mL) and dichloromethane
(1300 mL) - sequentially passed the column. The elution rate was 13 mL min't, The elutes were
collected as a whole and dried by rotary evaporator lyophilization. The dried extracts were stored at -

4°C until use.

[1.7.3.  Antimicrobial activity

All of the isolated extracts and fractions of strain TVN40 were screened for antimicrobial activity by
agar diffusion test as described in 11.3.3.

[.7.4. Purification of the active compounds by HPLC

Equipments: see 11.4.6.1.
HPLC column: Synergi Hydro RP, 80 A, 250x4.6 mm, 4 um (Phenomenex LTD, Germany)
MeOH, ACN: HPLC grade (Merck, Germany)

H.O: Milli-Q® Advantage A10 ultrapure water purification system (Merck, Germany)

[1.7.4.1. Purification of acetone fraction

For analytical HPLC, the column Synergi Hydro RP was used with mobile phase ACN/H20 with a flow
rate of 1 mL min-t according to the following HPLC programs. Detection was done at 210, 220, 238,
254, 366 nm.

Program 1.
Time |05 |185 |225 [245 |265
%B 5 60 100 | 100 |5
Program 2:
Time |05 |185 [225 |35 37
%B 5 60 100 | 100 |5
Program 3:

Time |05 |35 50 93 | 57
%B 5 100 100 |5 5

The successful isolation of pure compounds was carried out with the Synergi Hydro RP column,
mobile phase ACN/H20 (program 4), with a flow rate of 1 mL min-1. Detection was recorded at 210
and 238 nm.

Program 4.

Time |05 [205 |255 [335 |35
%B 60 190 100 | 100 |60
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[1.7.4.2. Purification of 80% methanol fraction

The Synergi Hydro RP column (80 A, 250 x 4.6 mm, 4 um, Phenomenex) was used to analyze the
active fraction MeOHB80 and other active fractions according to program 1 and program 2, mobile
phase ACN/H20, flow rate 1 mL min-1. Detection was done at 210, 226, 238, 254 nm by DAD. Sample
concentration: 10 ug/20 pL/ injection.

Program 1:

Time |05 |75 |205 [225 275 |295 |345
%B 10 |15 |16 75 78 100 | 100

[.7.5.  Structural elucidation of isolated compounds

The structural elucidation of the isolated compounds was executed at the Leibnitz institute of Plant
Biochemistry in Halle (Germany). All 1D and 2D spectra were recorded on a Varian VNMRS 600 NMR
spectrometer operating at 599.832 MHz using a 5 mm inverse detection cryoprobe. Signals were
assigned by HMBC and comparison with published data (Suarez-Castillo et al., 2006). The proposed
structure is supported by HR-MS. Internal reference: 1H: TMS = 0 ppm; 13C: CD30D = 49.0 ppm.

[.7.6. Investigation of growth of strain TVN40

The stock culture, the batch culture and the large scale culture of strain TVN40 were prepared as
described in 11.1.2.3., 11.1.2.4. and 11.1.2.5. The large scale cultivation was maintained at 26°C, pH 8.5,
and light intensity of 20 umol photons m2 s, The biomass was harvested after 30 days. The medium
was stored at 4°C until use. The growth of strain TVN40 in different media (BG 11 medium, BG 11
with Co2*, MBL and MBL with Co2*) was evaluated based on dry weight of biomass over a cultivation
time of 30 days. To prepare the stock culture for the investigations, 7 mL of a 2 — 3 week old TVN40
culture were inoculated into 200 mL Erlenmeyer flasks containing 70 mL medium. After 2 to 3 weeks
incubation at room temperature (18 - 20°C), cyanobacteria were transferred into 2 L Fernbach flasks
containing 700 mL medium. The Fernbach flasks were shaken at room temperature at 75 rpm for 2 - 3
weeks. The continuous illumination by fluorescent lamps (Radium NL 36W/21 — 840, Spectralux Plus
Weiss, Germany) supplied a continuous irradiance of 10 pumol photons m2 s, For all investigations,
14 mL of the Fernbach flask were inoculated into 300 mL Erlenmeyer flask containing 140 mL medium
and the cultivations were carried out in parallel. The biomass was harvested every 5 days by
centrifugation (4300 rpm, 10 min at 20°C), washed with distilled water and lyophilized. The dry weight

was used for estimating the cyanobacterial growth curves in five-day steps.

56



[I. Materials and Methods Thanh Huong Bui

11.8. Isolation, cultivation, extration and testing of bacteria from SRC

[1.8.1. Materials

e Standard Il nutrient agar plate (see Table II-4)

e Malt agar plate (see Table 1I-5)

e TYG agar plate (see Table 1I-12)

e Tryptic soy agar (TSA) (Difco ™ Tryptic Soy Agar, Becton, Dickinson & Company, France)
e Luria-Bertani (LB) agar plate (see below)

e 1.5 mL Eppendorf tube (Eppendorf AG, Germany)

e Eppendorf Centrifuge 5430 R (Eppendorf AG, Germany)

e Centrifuge Rotanta 460R (Andreas Hettich GmbH & Co. KG, Germany
e Laminar flow box (Heraeus Instruments, Germany)

e Incubator Mytron BS 120 (Memmert, Germany)

e OSFT/LS/R-32 orhital shaker incubator (TEQ®, Germany)

e Plastic inoculating loop, sterile (VWR, Germany)

o Sterilized L-shape rod (Merck, Germany)

e Micropipettes and tips for 100 - 1000 uL (Carl Roth, Germany)

e NaCl 0.9% (Merck KGaA, Germany)

e Fresh sterilized BG 11 + Cobalt medium (see Table 1I-2)

Ingredients of TSA:
Amount (g/L)
Pancreatic Digest of Casein 15.0
Papaic Digest of Soybean 5.0
NaCl 5.0
Agar 15.0
Aquadest 1L

40 g mixture of TSA was suspended in 1 L distilled water, mixed thoroughly and autoclaved at 121°C
for 20 min. To prepare the plate, under laminar flow box, 20 mL of the mixture was poured into a 9 mm

Petri dish. After solidification of agar, the plate was stored at room temperature until use.
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Ingredients of LB agar plate:

Origin Amount (g/L)
Tryptone Sigma-Aldrich, Germany 10.0
Yeastextract  DIFCO, USA 5.0
NaCl Carl Roth, Germany 5.0
Bacto agar Becton, Dickinson & Company, France 12.0
Aquadest 1L

All components of LB were weighed and suspended in 1 L distiled water, mixed thoroughly and
autoclaved at 121°C for 20 min. To prepare the plate, under laminar flow box, 20 mL of the mixture
was poured into a 9 mm Petri dish. After solidification of agar, the plate was stored at room

temperature until use.

[1.8.2. Isolation of bacteria from culture medium of SRC

Dilution method was used to obtain a pure bacterial culture. 5 types of agar plate were used including
TSA, TYG, standard NA Il agar, Malt and LB. 1 mL of a 20 day-old SRC culture containing in an
Eppendorf was sonicated for 3 x 1 minutes. The Eppendorf tube was centrifuged for 30 s at 6500 rpm,
20°C. The supernatant (aliquot A) was diluted to 105, 106 with fresh BG 11 + Co medium. 100 uL of
these samples were streaked onto each agar plate using sterilized L-rods. All plates were incubated at
36°C for 3 days except for Malt agar plate at 26°C. The agar plates were stored at 4°C. A single
colony of each type of bacteria was diluted to 10-> with BG 11 + Co medium and 100 L of this sample
was pipetted into an agar plate and streaked using a sterilized L-rod. The plate was incubated at
36°C. The dilution process of a single colony was repeated three more times. Isolated bacteria were
cultivated separatedly on TYG agar plates and applied for taxonomic identification.

[1.8.3. Cultivation of bacteria from culture medium of SRC

The cultivation was carried out with the mixture of bacteria of SRC. Bacterial aliquot A (see 11.8.2) was
streaked on a TYG agar plate and incubated at 36°C for 2 days. A full loop of bacteria was mixed well
in 2 mL of NaCl 0.9%. 18 mL of TYG medium was added. The bacterial concentration of this stock
was 2.85x106 CFU/mL (ODsgo = 0.278). 300 uL of the bacterial stock was inoculated in 150 mL fresh
TYG medium contained in a 300 mL Erlenmeyer flask. A total of 5 L TYG medium was cultivated with
bacteria. After 2 days of cultivation at 33°C in the dark and at 100 rpm, the bacterial biomass and
culture medium were separated by centrifugation using 50 mL Falcon tube at 4300 rpm, 10 min, 4°C.
The biomass was washed with fresh TYG medium, lyophilized and extracted with n-hexane, MeOH
and H.0 according to 11.2.2.1. The supernatant was shaked with a same amount of EtOAc for 24 h, 2

times. The EtOAc extract was dried with Na,SO4. EtOAc was removed by rotary evaporator at 40°C.
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As control, 2 L of a double concentration of TYG medium was prepared, autoclaved and was extracted

with the same procedure as the culture medium. Antimicrobial activity of all extracts was tested

according to 11.3.3.

[1.8.4. ESIMS analysis

Biomass extracts and EtOAc extracts of culture media of non-axenic TVN40, SRC, bacteria isolated
LCMS-8030 Triple
Quadrupole Liquid Chromatograph Mass Spectrometer (LC/MS/MS) (Shimadzu, Japan) for the

from SRC, and TYG medium were analyzed using a HPLC/MS system -

presence of flourensadiol, the dioxindole derivative and other isolated compounds.

Parameter for the HPLC/MS analysis:

- Scan mode in positive and negative mode, with Q1 and Q3

e HPLC system SHIMADZU LC-20a prominence UFLC (SHIMADZU Corporation, Japan)
o Diode array detector SPD-M20A
Auto sampler SIL-10AF

Pumps LC-20AD

O O O O

Control unit CBM-20A
Column oven CTO-10AS

0 LCsolution software

e HPLC column: Synergi Hydro RP column (80 A, 250 x 4.6 mm, 4 um, Phenomenex)

e HPLC gradient:

Time

12.5

18.5

22.5

24.5

26.5

%B

25

60

100

100

e Mobile phase (LCMS-grade): A: Water, B: ACN

e Flow of mobile phase: 0.64 mL/min

e Interface temperature: HB+DL each 230°C

¢ Nitrogen-Flow: Nebulizing gas: 3 L/min, Drying gas: 15 L/min

e Oven-Temperature: 25°C
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11.9.  Axenization of cyanobacteria

Equipment and materials:

e Laminar flow box (W. H. Mahl Reinraum-, Klima- und Labortechnik, Germany)
e Fresh BG 11 medium normal and BG 11 medium 2x concentration (see 11.1.2.1)
o Sterile plastic Petri dishes @ 9 mm (Carl Roth, Germany)
o Sterile disposable Pasteur pipettes (VWR, Germany)
e Sterile glass Pasteur pipettes 230 mm (VWR, Germany)
e Glass L-shape rod
o Sterile 24-well plate (TPP, Switzerland)
e EtOH (Merck, Germany)
e Microscope (Planapo 1.6x, Leica, Germany)
o Flexible, silicone tube (Rotilabo®-Silicone tube, Carl Roth, Germany):
0 4.0x1.5x7.0 mm
o inner @6 mm, @ outer 9 mm
e 25 mL and 50 mL Erlenmeyer flasks closed with cellulose steristopper, wrapped by
aluminum foil and sterilized.
e Cellulose steristopper No. 18d, No. 29 (Fisher Scientific GmbH, Germany)
o Sterile Rotilabo® syringe filter, PVDF, 0.22 pum, @ 33 mm (Carl Roth, Germany)
o Filter wool (DOHSE Aquaristik KG, Germany)
o Parafilm (Parafilm® “M” USA)
o TYG plate (see below)

e Medium-agar plate (see below)

Table 1I-12. Composition of TYG

Origin Amount (g/L)
BBL™ Trypticase™ peptone  Becton, Dickinson & Company, France 10.0
Yeast extract DIFCO, USA 1.0
Glucose Carl Roth, Germany 1.0
NaCl Carl Roth, Germany 8.0
CaCl2.2H.0 Carl Roth, Germany 0.3
Bacto agar (1%) Becton, Dickinson & Company, France 10.0
Aquadest 1L

60



ll. Materials and Methods Thanh Huong Bui

All components of the TYG medium were weighed and suspended in 1 L distiled water, mixed
thoroughly and autoclaved at 121°C for 20 min. Under the laminar flow box, 20 mL of the aqueous
mixture was poured into a Petri dish. After solidification of agar, the plate was stored at room

temperature until use.
Test for axenization using TYG plate:

Work was carried out under a laminar box. The culture suspension was dropped onto the surface of a
TYG plate and let dry. The plate was incubated at 37°C for 48 h. A clear zone around cyanobacterial
filaments on the surface of TYG plate was checked carefully with a binocular.

Preparation of medium-agar plate:

The 2x concentration Bacto agar (1.6% Bacto agar in distilled water) and 2x concentration culture
medium were prepared in separated flasks, autoclaved and then mixed together after each has been
cooled down to near the gelling temperature (Andersen (2005)). The preparation step was done under
the laminar flow box. The Petri dishes filled with the agar mixture (30 mL) were stored at room

temperature until use.

11.9.1. Single-cell isolation by micropipette

Binocular TYG plate

N
&QC
3
Steril medium ©
A

[

Diluted 10 day-old
filaments

strains

Figure II-7. Isolation of single-cell cyanobacterium by micropipette.
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The single-cell isolation was done according to Andersen (2005). 1 mL of cyanobacterial stock culture
was inoculated into 10 mL fresh medium in a 25 mL flask. Flasks were incubated at room temperature
under continuous illumination (cool white fluorescence tubes, 10 pumol photons m2s-1). After 2 weeks,
the cyanobacteria were checked with Leica binocular. Well-grown cyanobacteria were used for
isolation. One drop of the cyanobacterial suspension was dropped into the surface of a sterile Petri
dish. 7 - 10 drops of fresh sterile medium were dropped around the drop of cyanobacterial suspension

by a sterile Pasteur pipette.

Micropipette isolation was performed with a sterile Pasteur pipette. The Pasteur pipette was heated in
a flame, extended and broken to form a capillary. One single filament was picked up by the
micropipette and was transfered carefully into the next sterile droplet of fresh medium. The filament
was picked up again and transferred to the second sterile droplet. This process was repeated until a
single filament, free of all other microorganisms was obtained. The washed filament was transferred to
one well of a 24-well-plate which was already filled with 1 mL of sterile medium/well. The 24-well-plate
was sealed with parafim and incubated at room temperature under low light condition (5 pmol
photons m2s-1). The growth of cyanobacteria was checked by the binocular. After 10 days to 3 weeks,
cyanobacterial filaments of each well were dropped on a TYG plate to check the axenization. The
axenic filaments were transferred into 25 mL flasks containing 10 mL sterile medium. The medium was

renewed after 1 month (see Figure II-7).

11.9.2. Streaking of cyanobacterial suspension

1 mL of 2-week stock culture was inoculated into 10 mL fresh medium in a 25 mL flask. Flasks were
incubated at 22°C under continuous illumination (cool white fluorescence tubes, 10 pumol photons m2
s1). After 2 weeks, the cyanobacteria were checked with a binocular. Well-grown cyanobacteria were
used for axenization. The culture suspension was diluted to 1:100 and 1:1000 with sterile medium.
100 uL of the diluted suspension was dropped onto the surface of a Bactor agar plate and was spread
out with an L-shape rod. The agar plate was incubated at room temperature under low light (5 pmol
photons m2 s1) until cell colonies were observed. The growth of cyanobacteria was checked by a
binocular. After 10 days to 3 weeks, the single filaments, without bacteria, were picked up by a sterile
micropipette. Each single filament was transferred to one well of a 24-well-plate, which was already
filled with 1 mL of sterile medium. The 24-well-plate was incubated at room temperature under low
light (5 umol photons m2s1). After 3 weeks, cyanobacterial filaments of each well were dropped on a
TYG plate to test for axenization. The axenic filaments were transferred into 25 mL flasks containing

10 mL sterile medium. The medium was renewed after 1 month.
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11.9.3. Renewing of isolated cyanobacteria

Strain Medium

Bio 33 BG 11 - NaCl - Co2*
BG 11 + NaCl - Co?*
BG 11 - NaCl + Co?*
BG 11 + NaCl + Co?*
MBL

TVN40 BG 11 - Co?*
BG 11 + Co?*
MBL

SRC BG 11 - Co?
BG 11 + Co?*
MBL

+: with; -; without

5 mL of non-axenic isolates of strains Bio 33, TVN40 and SRC were cultivated in 100 mL Erlenmeyer
flasks containing 50 mL of different sterile medium (see below) at room temperature under continuous
illumination (cool white fluorescence tubes, 10 pumol photons m2 s1). Cyanobacterial cells in each
medium were checked after 4 and 5 weeks of cultivation by naked eye and microscope. Cultures in

which cyanobacteria grew well and formed green filaments were used for further cultivation.

[1.9.4. Preservation of axenic cultures

For preservation of axenic cyanobacteria, a suspension of 3-week-old axenic culture was dropped on
the surface of an agar plate (culture medium supplemented with 0.8% Bacto agar) with a sterile
Pasteur pipette. After the medium was evaporated under sterile condition, the agar plate was sealed
up by parafilm and incubated at room temperature under low light (5 pmol photons m2 s-1). Color of
the cells and the agar surface and the growth of cyanobacteria were checked by naked eye and
microscope. After 10 days, cyanobacteria were checked for axenization on TYG agar. The axenic

cyanobacteria were renewed after 3 to 4 months.

[1.9.5. Cultivation of axenic cyanobacteria

A sterile Pasteur pipette was used to inoculate some filaments of an axenic strain growing on a
preservation plate into a 25 mL sterile flask containing 5 mL fresh, sterile medium. After inoculation,
the stopper of the flask was wrapped with aluminum foil. All steps were carried out under a laminar
box, which was sterilized 30 min with UV light. The culture was incubated 2 — 3 weeks at room
temperature under low light (5 pumol photons m-2 s1). Axenization was tested using TYG plate and an
axenic culture was used as stock culture (with ratio 1:10 v/v) for a large scale cultivation in Fernbach
flasks. The Fernbach flasks were aerated during incubation time of 2 — 3 weeks (see Figure 1I-2). For
harvest, extraction and antimicrobial test see 11.1.2.4, 1.2.2.1 and I1.3, respectively.
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11.10. Taxonomy

All solvents, reagents and materials were sterilized before use.

[1.10.1. Material and equipments

e Bandelin Sonopuls GM70 sonifier (BANDELIN electronic GmbH & Co. KG, Germany)
e Heating block Blockthermostat BT 200 (Kleinfeld Labortechnik, Germany)

e Eppendorf Centrifuge 5430 R (Eppendorf AG, Germany)

e Centrifuge Rotanta 460R (Andreas Hettich GmbH & Co. KG, Germany)

e Electrophoresis apparatus Minisub-cel GT (Bio-Rad Laboratories, USA)

e MJ Mini® Personal Thermal Cycler (Bio-Rad Laboratories, USA)

e Incubator (Bio-Rad Laboratories, USA)

e Heraeus Pico 17 Microcentrifuge (Thermo Scientific, USA)

e Nanodrop 1000 (PEQLAB Biotechnologie GmbH, Germany)

e ImageJ software (Research Services Branch (RSB), National Institutes of Health (NIH))

Solutions:
STET-Buffer
8% Saccharose (Sigma-Aldrich Chemie GmbH, Germany)
5% Triton X-100 (Sigma-Aldrich Chemie GmbH, Germany)
50 mM EDTA (Roche, Germany)
50 mM Tris-HClI, pH 8.0 (Roche, Germany)
TE-Buffer

50 mM EDTA (Roche, Germany)

50 mM Tris-HClI, pH 8.0 (Roche, Germany)
10% SDS (Sigma-Aldrich Chemie GmbH, Germany)
10 mM Tris-HCI, pH 7.5 (Roche, Germany)
5Mand 1 M NaCl (Carl Roth GmbH + Co. KG, Germany)
70% EtOH (Carl Roth GmbH + Co. KG, Germany)
Isopropanol (Carl Roth GmbH + Co. KG, Germany)

Chloroform/Isoamyl alcohol (IAA) (24:1) (Roti®-C/I for extraction of nucleic acids, Carl Roth,

Germany)

Lysozyme 20 mg/mL (QIAGEN GmbH, Germany)
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RNAse 1 mg/mL, specific activity = 30 U/mg, Boehringer Mannheim GmbH, Germany)
Agarose NEEO ultra-quality (Carl Roth GmbH + Co. KG, Germany)
Ethidium bromide (Sigma-Aldrich Chemie GmbH, Germany)
0.5 x TBE buffer for DNA electrophoresis: in 1 L distil water contain:
5.4 g Tris base (Carl Roth GmbH + Co. KG, Germany)
2.75 g Boric acid (Sigma-Aldrich Chemie GmbH, Germany)
0.35 g EDTA-Na; (Sigma-Aldrich Chemie GmbH, Germany)
DNA molecular weight marker Il (Roche, Germany)
DNA molecular weight marker VIl (Roche, Germany)
QIAquick Gel Extraction Kit for PCR purification (QIAGEN GmbH, Germany)
QG Buffer (solubilization buffer)
EB Buffer (elution buffer)
PE Buffer (wash buffer)

[1.10.2. Cyanobacterial DNA isolation

The experiments were done in cooperation with the Pharmaceutical Biotechnology, Institute of
Pharmacy, Ernst Moritz Arndt University Greifswald, Germany. The method was modified from a
publication of Saha et al. (2005).

Axenic cyanobacterium strain Bio 33 was grown in an illuminated shaking incubator at 22.5°C, in
medium BG 11 with 0.5% NaCl. Culture was regularly checked for bacterial contamination by plating
on Tryptone Glucose Yeast Broth (10.0 g trypticase peptone, 1.0 g yeast extract, 1.0 g glucose, 8.0 ¢
NaCl, 0.3 g CaCl,.2H.0, 10.0 g Bacto agar in 1 L distile water) solidified medium and incubation
overnight at 37°C. Cyanobacterial cells harvested from 50 mL axenic culture (Centrifuge Rotanta
460R, 4100 rpm, 20°C, 2 min) were stored at -20°C until use. Before DNA extraction, the frozen
biomass was resuspended in 1 mL TE buffer (50 mM Tris-HCI, 50 mM EDTA, pH 8.0). Cell wall
breakage was performed with an ultrasonic probe (30 s, 1 - 3 times). The Eppendorf tube was cooled
with ice. After centrifugation (Eppendorf Centrifuge 5430 R, 14000 rpm, 20°C, 10 min), the pellet was
resuspended in 300 pL STET-Buffer. 15 uL Chloroform/IAA were added and the sample was
moderately shaken for 5 min. 35 L of the lysozyme were added and the suspension was incubated at
37°C for 1 h. 100 L 10% SDS and 100 uL 5 M NaCl were added. The suspension was incubated at
37°C for 2 h. 200 uL of 1M NaCl was added and the suspension was incubated at 65°C for 15 min.
Extraction of the genomic DNA was performed by adding 750 uL of chloroform/IAA and mixed well.
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The suspension was centrifuged at 4000 rpm for 10 min (Eppendorf Centrifuge 5430 R). The upper
phase was carefully transferred into a new 1.5 mL Eppendorf tube. The last step (precipitation of
protein) was repeated 2 times. One volume of isopropanol was added to the supernatant and the
sample was placed in a -20°C freezer for 5 h to precipitate the DNA. After centrifugation (Eppendorf
Centrifuge 5430 R, 14000 rpm, 15 min, 4°C), the supernatant was removed. The isolated DNA was
washed with 500 uL 70% (v/v) EtOH and centrifuged (Eppendorf Centrifuge 5430 R, 14000 rpm, 15
min, 4°C). The pellet was briefly dried and afterwards resuspended in 20 pL of 10 mM Tris-HCI, pH
7.5. The suspension was warmed up for 5 min at 65°C to swell DNA. RNase treatment was performed
at 37°C for 1 h by adding 1 uL of RNAse.

— 23130

— 9416
— 6557

— 4381

— 2322
— 2027

— 710 (718%)
— 564 — 492

— 359

DNA Molecular Weight Marker Il (1% agarose DNA Molecular Weight Marker VII (1% agarose
gel) (0.12 — 23.1 kbp). gel) (0.08 — 8.57 kbp).
Figure 11-8. DNA Molecular Weight Marker.
The isolated DNA was checked by electrophoresis on 0.6% agarose gel (10 uL ethidium bromide/100
mL gel) in 0.5x TBE buffer. For sample preparation, DNA sample was diluted to 50 — 100 ng/uL with
TE buffer. A mixture of 4 uL of diluted DNA solution, 1 uL of 6x loading buffer and 1 uL aqua bidest
was mixed on a spot plate and pipetted into one well of the gel. 1 uL of DNA marker Il was pipetted
into one empty well. The gel was developed with electric source of 90 V, 14 mA and 1 W for 35 min.

The bands were measured by ImageJ software.

11.10.3. Polymerase chain reaction (PCR) amplification of the 16S rRNA gene

Purified DNA from Bio 33 and TVN40 isolates was used as the template in a PCR to amplify the 16S

rRNA coding regions. Bacterium-specific primers (GM3F and GM4R) (see Table 1I-14) were used to

amplify the 16S rRNA gene. The components of PCR mixtures per 50 uL of reaction mixture are

presented in Table [I-13. PCR amplifications were performed using an MJ Mini® Personal Thermal

Cycler. Denaturation of the DNA was carried out at 95°C for 30 s, while the annealing temperature
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was set up at 45°C. Elongation was carried out at 72°C for 1 min 45 s. A total of 35 cycles was carried
out (see Table II-15). The PCR products were kept at 4°C.

Table 1I-13. PCR components.

PCR components 1x (uL) Origin
10x Polymerase Buffer C 5
dNTPS (10 mM) 1
Forward primer GM3F 0.25
Reverse primer GM4R 0.25
OptiTaq (5U/uL) 0.25
Nuclease-free-water 42.75
DNA Template 05
Sum 50

Table 1I-14. Primer sequences and positions (Ansede et al., 2001).

Primer Positions? Sequence
GM3Fb 8-24 5-AGAGTTTGATCMTGGC-3'
GM4R® 1492-1507 5-TACCTTGTTACGACTT-3'

aThe numbering of the positions is according to that of the 16S rRNA of E. coli.

bForward and reverse primers were used to amplify almost the entire 16S rRNA gene from chromosomal DNA.

Table 1I-15. PCR program.

No.  Step Temperature (°C) Time

1. Initial denaturing 95 5m

2. Denaturing 95 30s

3. Annealing 45 30s step 2, 3, 4 were
repeated 34 times

4, Elongation 72 1mi45s

5. Final Elongation 72 7m

6. Hold 10 infinite

To purify the amplified 16S rDNA from PCR products, 2 x 75 uL of PCR products were loaded on a
1.5% agarose gel (w/v) in TBE buffer in comparison with 2 uL of DNA molecular weight marker VII.
The desired bands were cut and transferred into an Eppendorf tube. Products were then purified using
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the QIAquick Gel Extraction Kit for PCR purification due to the manufacturer's instructions. The 16S

rDNA concentration was measured using a Nanodrop 1000 machine.

11.10.4. Phylogenetic relationship

The nearly complete 16S rRNA gene of strain Bio 33 was amplified in a PCR using the universal
bacterial primer pair GM3F/GM4R (Muyzer et al., 1995). The amplicon was sequenced by Eurofins
MWG Operon (Ebersberg, Germany) using primers GM1F (Muyzer et al., 1993), 907RM (Muyzer et
al., 1995) and their reverse complements GM1R/907FK. Single sequencing reads were assembled in
Geneious version 6.0.3 created by Biomatters (available from http://www.geneious.com). The 16S
rDNA sequence of Bio 33 and related sequences not yet available in the SILVA database were
automatically aligned according to the SILVA SSURef NR 111 database (available from
http://www.arb-silva.de) using the Silva INcremental Aligner (SINA) version 1.2.11 (Pruesse et al.,
2012). Sequences were imported into the ARB software package version 5.3 (Ludwig et al., 2004) and
the alignment was manually refined taking into account the secondary structure information of the
rRNA. Phylogenetic reconstruction was performed with 46 sequences using a maximum likelihood
method. The final tree was calculated with RAXML version 7.4.2 (GTRGAMMA model) (Stamatakis,
2006) and based on 559 distinct alignment patterns.

Numbers given on the branches display bootstrap proportions as percentage of 1000 replicates for
values greater than or equal to 50%. B. subtilis (AJ276351) and E. coli (DQ360844)) sequences were

used as outgroup.
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Ill. Results

lI.L1.  Screening for antifungal compounds

I11.1.1. Yield of biomass

To prepare the biomass for the screening, cyanobacteria were cultured in batch scale (see 11.1.2.4). The
dry weight of harvested biomasses is shown in Figure llI-1. The highest biomass (2.92 g) was harvested
from strain 3 and the lowest biomass (0.91 g) from strain 5. In general, an average of 1.8 g dried
bhiomass was obtained from 7 L cyanobacterial culture after 35 days of cultivation. Some strains were
cultivated in different media, such as MBL, MBL without nitrate (MBL — N), BG 11, BG 11 without nitrate
(BG 11 - N), BG 11 with cobalt (BG 11 + Co), to study the effect of medium on the amount of biomass.
The result recorded from strain 5 and strain 14 showed that cyanobacteria produced more biomass

when growing in BG 11 medium.

4,00

3,00

2,00

Mbiomass (g/ﬂ- medium)

Cultivated cyanobacerial strains

Figure lll-1. The yield of biomass of cultivated cyanobacteria

[11.1.2. Yield of the extracts

To prepare the extracts for antimicrobial testing, the dried biomass was extracted with n-hexane, MeOH
and H.O (see 11.2.2.1). The vyield of extraction is summarized in Table Ill-1. The yield of n-hexane,
MeOH, and water extracts ranged from 0.18 to 4.36%, 6.82 to 35.64% and 1.66 to 24.36% of the dry
weight of biomass, respectively. The EtOAc extract obtained from 3 L culture medium ranged from 3.87
to 14.37 mg. In summary, the methanol extract yielded the highest extract amount while the n-hexane

and EtOAc extracts yielded only low amounts.
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Table llI-1. Yield of n-hexane, MeOH and H»0 extracts

Thanh Huong Bui

No Strain n-hexane (%) MeOH (%) H20 (%) (nE;(/):f\ f r?l);t(;i;:)
1. CAVN1 BGl1 0.44 16.77 7.26

2. CAVN2 BG11 0.35 15.36 8.89

3. CAVN3 MBL 0.30 6.82 6.01 3.87
4, CAVN4 BG11 1.18 11.06 9.18 7.46
5. CAVN5_BG11 old 0.18 31.89 13.28

6. CAVN5 _BG11 new 0.70 15.28 1.66 8.07
7.  CAVN5 MBL 2.13 13.64 14.75 4.32
8. CAVN5 BG11-N 2.63 12.25 10.78 7.67
9. CAVN5 MBL-N 1.96 14.14 9.37 5.06
10. CAVN 7 BGl1 3.80 11.87 421 12.68
11. CAVN 8 _BGl11 4.36 12.04 10.02 14.37
12. CAVN 10 BG11 3.70 22.64 15.68

13. CAVN 11 LH BG11 0.28 15.08 7.44

14, CAVN 11 BG11 1.32 19.52 6.84

15. CAVN 12 BG11 0.80 35.64 24.36 9.35
16. CAVN 14 BG11 old 1.16 21.80 8.60

17. CAVN 14 BG11 new 1.30 12.63 6.72 7.88
18. CAVN 14_MBL 1.43 10.74 8.34
19. CAVN 15 BG11 0.88 34.50 13.16 8.90
20. CAVN 16 _BG11 0.92 13.86 9.26

21. CAVN 17_BG11 0.54 17.26 11.80 8.89
22. CAVN 20 _BG11 12.59 11.39 7.87
23. 233 _BGl11 2.31 18.13 2.92

24. 1 BGl1 3.39 13.29 2.55

25. AS BGI11 3.07 29.30 3.69 5.80
26. 154 BGl11 1.48 28.77 4.95 4.96
27. 1611 BG11 2.89 18.36 5.35 6.78
28. Bio 33 BG11+Na_old 2.96 20.67 7.58 8.24
29. TVN40+SRC_BG11+Co 1.94 23.07 3.38 10.20

l1.1.3.  Antifungal activity against Candida maltosa

133 intra- and extracellular extracts (including 36 n-hexane extracts, 43 MeOH extracts, 35 H.O

extracts and 19 EtOAc extracts) from 28 cyanobacterial strains were tested against Candida maltosa

SBUG 700 using agar diffusion method to screen for antifungal activity. According to the inhibition

zones, the antifungal activity of extracts was classified into four levels: low activity (IZ = 7-10 mm),

70



ll. Results Thanh Huong Bui

moderate activity (IZ = 11-15 mm), strong activity (IZ = 16-20 mm) and very strong activity (1Z > 20

mm).
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Bn-hexane EMeOH BH20 BControl_Nystatin

Figure llI-2. Antifungal activity of n-hexane, methanol and water extracts against Candida
maltosa SBUG 700.

Agar diffusion assay, n = 3, two parallels, extract concentration 2 mg/6 mm paper disc, inhibition zone including the
diameter of paper disc. Concentration of nystatin control was 10 pg/paper disc. “Old” means the biomass was harvested
before 2006. Other biomasses were harvested from 2009 - 2010.
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EtOAc extract
Figure l1I-3. Antifungal activity of EtOAc extracts against Candida maltosa SBUG 700.

Agar difussion assay, n = 2; extract concentration 2 mg/6 mm paper disc, inhibition zone including the diameter of paper
disc. Concentration of nystatin control was 10 pg/paper disc).
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Extracts exhibiting antifungal activity are shown in Figure 1ll-2 and Figure [lI-3. Among the tested
extracts, 8 n-hexane extracts, 14 MeOH extracts, 2 H.O extracts and 6 EtOAc extracts exhibited
activity against Candida maltosa, mostly ranging from low to moderate activity. Only the MeOH
extracts of Bio 33 and CAVN 10 have shown strong activity. All paper discs loaded only with the

solvents showed no inhibitory effects to growth of the yeast.

All extracts prepared from biomass and cultured medium of Bio 33 showed activity against Candida
maltosa. The MeOH extracts of CAVN 5 and CAVN 14, which were cultivated before year 2006
(named “old” in Figure 11-2) showed considerable antifungal activity. Therefore, these strains were
cultivated with different media and tested again to confirm the activity. However, antifungal tests of the
MeOH extracts from freshly cultivated CAVN 5 and CAVN 14 showed no inhibition zone against
Candida maltosa although the n-hexane extracts showed activity. Only the antifungal activity of strain

Bio 33 was confirmed for all culture media.

l.1.4. Antibacterial activity

The antibacterial activity of extracts was classified into four levels: low activity (IZ = 7-10 mm),
moderate activity (IZ = 11-15 mm), strong activity (IZ = 16-20 mm) and very strong activity (1Z > 20

mm).

[11.1.4.1. Agar diffusion assay against Bacillus subtilis
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Figure llI-4. Antibacterial activity of n-hexane, methanol and water extracts against

Bacillus subtilis.
Agar diffusion assay, n = 3, 2 parallels; extract concentration 2 mg/6 mm paper disc, inhibition zone including the
diameter of paper disc. Concentration of ampicillin control was 10 pg/paper disc. “Old” means the biomass was
harvested before 2006. Other biomasses were harvested from 2009 - 2010.
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The results of agar diffusion assay of the active extracts against Bacillus subtilis are shown in Figure
llI-4. There are nine MeOH extracts displayed low to moderate activity against Bacillus subtilis
according to the definition before (see I11.1.3). Among the tested n-hexane extracts and water
extracts, only the n-hexane extract of strain 1 and TVN40 (mixed culture of filamentous
cyanobacteria and SRC) and the water extract of CAVN 11 were active against Bacillus subtilis with

inhibition zones of 16, 10 and 8 mm, respectively.

l11.1.4.2. Agar diffusion assay against Staphylococcus aureus
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Figure lI-5. Antibacterial activity of n-hexane, methanol and water extracts against
Staphylococcus aureus.

Agar diffusion assay, n = 3, 2 parallels; extract concentration 2 mg/6 mm paper disc, inhibition zone including the diameter
of paper disc. Concentration of ampicillin control was 10 pg/paper disc. “Old” means the biomass was harvested before
2006. Other biomasses were harvested from 2009 - 2010.

The MeOH extracts of strain 11, 14, 15, 16 and 20 showed strong antimicrobial activity against
Staphylococcus aureus according to the definition above (see 111.1.3). The strongest inhibition was
observed at methanol extracts of CAVN 16, CAVN 14 and CAVN 11. The presence of
Hapalindolinone A in CAVN 16 (Bui, 2006) and fatty acids (such as myristoleic acid, myristic acid,
palmitic acid, linoleic acid) in CAVN 11 may be responsible for the antibacterial activity of these

cyanobacteria (Pham, 2007).

[11.1.4.3. Agar diffusion assay against Escherichia coli

All tested crude extracts showed no inhibition zone against Escherichia coli. Ampicillin used as control

showed an inhibition zone of 20 mm (15 ug/paper disc).
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l11.1.4.4. Agar diffusion assay against Pseudomonas aeruginosa
Among all of the tested crude extracts, only the MeOH extract of strain TVN40 showed weak activity
(inhibition zone 8 mm) against Pseudomonas aeruginosa. Gentamicin used as control showed an

inhibition zone of 26 mm (25 ug/paper disc).

In summary, all extracts prepared from biomass and cultured medium of strain Bio 33 showed activity
against Candida maltosa. In addition, in agar diffusion assay all extracts of Bio 33 showed no
antibacterial activity. These results indicated specific activity of the methanolic extract of strain Bio 33
towards fungi. It is worth mentioning that the biomass extracts of strain TVN40 (2 mg/6 mm paper
disc) showed no inhibition zone against Candida maltosa, but the EtOAc extract of this strain was
specific antifungal active. Consequently, strain Bio 33 and TVN40 have been chosen for isolation and

identification of the active substances.

I1l.2.  Isolation and purification of the antifungal compounds from strain Bio 33

The biomass used for isolation of the antifungal compounds from strain Bio 33 was cultivated 35
days in the big column containing 35 L BG 11 medium plus 0.5% NacCl, 22.5°C, under continuous
light with light intensity 20 pmol photons m-2 s-1. The culture was aerated with a mixture of air and
CO to maintain a pH of 8.5 (see 11.1.2.5).

[11.2.1. Extraction of the biomass with n-hexane, MeOH/H,0, H,0O

The MeOH and H20 extracts of strain Bio 33 showed activity against Candida maltosa (Table 11I-2).
This fact suggested that the active compounds from this strain are rather polar, so that the extraction
of biomass with MeOH was not sufficient to concentrate the antifungal activity in the methanol extract.
Further extractions carried out with MeOH and MeOH/H,O (1:1) confirmed that the antifungal active
compounds were extracted better from the biomass by MeOH/H.0O (1:1). The yield of the extraction is
presented in Table I1-2.

Table IlI-2. Mass and inhibition zone of the crude extracts from biomass of strain Bio 33.

Extract % 1Z Extract % 1Z (mm)
Test1 (mm) Test 2

n-hexane 3.0x£09 - n-hexane 3.3x17

MeOH/H20 30.3+23 22.0 MeOH 202+1.1 12.0
(1:1) 100%

H20 71.7+£26 - H20 98+1.7 16.0

n =3, 3 parallels
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Besides, two extraction methods were evaluated with the same amount of biomass and over the same
period of time: 1) Shaking the biomass with a shaker (120 rpm), HS250 basic shaker, KIKA
Labortechnik, Germany), 2) Stirring the biomass with a magnetic stirrer (1000 rpm, HeidolpH MR 3000
magnetic stirrer, Heidolph Instruments GmbH & Co. KG, Germany). No significant differences between
the amounts of the crude extract were found. The stirring method yielded a 2% higher yield of the

crude extract and was chosen for extracting the biomass of strain Bio 33.

l1.2.2. Cytotoxicity of the crude extract

The MeOH/H,0 extract of Bio 33 was screened for cytotoxic activity with the 5637 cell line in the range
of 1.56 to 100 pg/mL. The extract concentration which inhibited growth of cells by 50% per well (ICso)
was calculated (Appendix I). ICso value of the crude extract MeOH/H20 (1:1) was estimated with 165
ug/mL. Acording to the US National Cancer institute’s criteria, an extract is judged as active if the ICso
value is below 20 pg/mL, marginal activity (20 pg/mL < ICso < 500 pg/ml), and no activity (ICso > 500
pg/mL) (Suffness et al., 1991), so that only marginal cytotoxicity and no antibacterial activity were
observed. These results confirmed the specific antifungal activity of the MeOH/H.O extract of strain
Bio 33.

[1.2.3. Analytical thin layer chromatography (TLC) of the crude extract

The MeOH/H,0O (1:1) extract was separated by TLC with different stationary phases (silica gel
normal phase and -reversed phase, cellulose, polyamide) as well as mobile systems to identify the
separation conditions for column chromatography. Furthermore, the antifungal fraction was localized
on the chromatogram by bioautographic assay. From the analytical TCL, silica gel was identified as
the best stationary phase for separation the components of the MeOH/H,0 extract.

Figure 111-6 show chromatograms developed with the solvent system EtOAc/MeOH/H20 7:2:1, 1:7:2
and MeOH/H20 8:2 and detected by visible light, UV light 365 and 254 nm and by spraying with
anisaldehyde/sulfuric acid reagent showed 17, 10 and 9 separated bands, respectively. There was
always one brown band retained at the start line of the TLC sheet.
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Figure llI-6. Thin layer chromatography of the MeOH/H>0 extract from strain Bio 33.

TLCs developed in solvent system: a) EtOAc/MeOH/Hz0 (7:2:1). b) EtOAc/MeOH/H20 (1:7:2).
¢) MeOH/H20 (8:2). Detection visible light, UV light 365 nm, 254 nm and anisaldehyde reagent
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l1.2.4. Autobiographic assay of the crude extract

In the autobiographic test, the TLC developed in EtOAc/MeOH/H20 (7:2:1) showed an inhibition zone
surrounding the start line. This result in combination with the fact that the crude extract was separated in
17 bands demonstrated that the solvent system could not elute the active compounds from the start line
but most of inactive and more unpolar components were eluted by this mixture. Hence, this solvent
system was usable as initial solvent for silica gel column chromatography to wash out more unpolar

compounds.

EtOAc/MeOHH,0  EtOA¢/MeOH/H,0
EtOAe/MeOH/H,0 MeOH/H,0 LuL;z : cmc_: ’
7:2:1 8:2

Figure llI-7. Autobiographic assay of the MeOH/H.O extract from strain Bio 33.

The TLC developed on a silica gel stationary phase with a) EtOAc/MeOH/H:0 (7:2:1) and MeOH/H:0 (8:2).
b) EtOAc/MeOH/H20 (4:4:2) and (1:7:2).

The development of the TLC with MeOH/H20 (8:2), with EtOAc/MeOH/H,0 (4:4:2) and (1:7:2) showed

that the active compounds are more polar and migrate better to the front with solvent mixtures with

higher polarity, but the separation from the inactive substances was not sufficient (Figure IlI-7).

From all of the studied solvent systems, the following solvent systems were selected for column
chromatography. EtOAc/MeOH/H,0 (7:2:1) was used to wash out the inactive unpolar compounds;
followed by more polar mixture of these solvents EtOAc/MeOH/H,0 (5:3.5:1.5) and (1:7:2) to elute the

active compounds. At the end, the polar rest was washed out from the silica gel by MeOH/H,0O (5:5).

[11.2.5. Fractionation of the MeOH/H,0O extract by silica gel column chromatography

Based on the solvent systems established by bioautography, the column chromatography was carried
out with silica gel (0.040-0.063 mm) as stationary phase. For separating 600 mg MeOH/H,0 (1:1)
crude extract, the optimized volume of mobile phases and the yield of the fractionation of MeOH/H.O

extract by silica gel are shown in the following table.
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Table 1lI-3. The yield of the fractionation of MeOH/H,O extract by silica gel

Thanh Huong Bui

Fraction Volume Solvent system Solvent Ration %
(mL)
FI 200 Ss1 EtOAC/MeOHH,0  7:21  7.12%0.10
Fll 150 SS2 EtOAC/MeOHH,0  5:35:15 94.94+4.23
Flll 500 SS3 EtOAc/MeOH/H,0 1.7:2 26.70£3.07
FIV 400 SS4 EtOAc/MeOH/H20 5:5 8.78+2.06

The fraction FIl was separated into 3 fractions by TLC with mobile phase EtOAc/MeOH/H20 (5:3.5:1.5).

Fraction %

Fll-1 5.26+1.22
Fll-2 34.35+2.74
FII-3 15.33+1.46

All fractions FI, FlI-1, FII-2, FII-3, Flll and FIV were tested against Candida maltosa in a concentration

of 500 pg/6 mm paper disc. Only FlI-3 and Flll showed activity (IZ = 10 mm and 16 mm, respectively)

and were combined for further isolation of the antifungal compounds.

[1.2.6. The biological activity of the main fraction Flll

[11.2.6.1. Antifungal activity of FllI

The main fraction FlIl of strain Bio 33 was tested against other pathogenous fungi and yeasts. The

results (Figure 111-8) confirmed the strong, specific and broad spectrum activity of the active

compounds against human pathogenous fungi and yeasts.
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Agar diffusion assay, n = 2, extract concentration 1 mg/6 mm paper disc, inhibition zone including the diameter of paper disc.

50 -
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nZ 7 B N7 Wz B
Candida  Candida krusei Aspergillus ~ Mucor sp.  Microsporum
albicans fumigatus gypseum
@F3 @ Control_Nystatin Pathogenous fungi

Figure l1I-8. Antifungal activity of the main fraction Flll against some pathogenous fungi and
yeasts.

[11.2.6.2. MIC of Flll against Candida maltosa

Flll_BG 11_22h incubated

1,0 2,0 3,0 4,0
Log(concentration)
—e—C1_1375ug/imL —a— C2_1125pg/mL
—e— Control_Y+PBS —&— Control_NB+PBS

Figure 111-9. MIC assay of the main fraction Flll against Candida maltosa.

C1 was tested in rows A-D. C2 was tested in rows E-H. Negative control was A12-D12 with PBS + Bouillon + C. m. Medium
control was in E12-G12 with PBS + Bouillon. H12 is blank. Bars represent the standard deviation.

The main fraction Flll received from column chromatography displayed the MIC value against Candida
maltosa of 14.2 pg/mL.
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[11.2.6.3. Cytotoxicity of Flll

The main fraction FllII of Bio 33 was tested for cytotoxic activity with the 5637 cell line in the range of
1.56 to 100 pg/mL. The inhibition of cell growth increased when the concentration of the active extracts
increased. The concentration of FllI which inhibited growth of cells by 50% (ICso) was estimated as 93

ug/mL, showing marginal cytotoxic activity (see [11.2.2 and Appendix )
[11.2.6.4. Autobiographic assay of FllI
a) b)

TLC-control

s w
Han

EtOAc/MeOH/H,0
' s

Figure 11I-10. Autobiographic assay of the main fraction FlII.

The TLC was developed on a silica gel stationary phase with a) EtOAc/MeOH/H20 (5:3.5:1.5), b) EtOAc/MeOH/H20
(1:7:2). The control TLC was detected by ninhydrin reagent.

The main fraction FlIl was developed with EtOAc/MeOH/H20 (5:3.5:1.5) and (1:7:2) on silica gel plate.
Autobiographic assay showed a clear and stretched activity zone against Candida maltosa in both
cases.In comparison to the control TLCs (Figure 11I-10, TLC plates on the left), a migration of the active
compounds was observed but stretching from the start line to the front. The spots could not be detected
by anisaldehyde reagent or UV light but displayed pink colour with ninhydrin reagent.

From the TLC developed in EtOAc/MeOH/H,0 (5:3.5:1.5) and sprayed with ninhydrin, Rt values were
calculated as 0.06, 0.20, 0.33, 0.44 for four bands. This TLC could imply that there are at least four
active compounds in the crude extract but they have not been separated completely. Further efforts to

separate this fraction by TLC and column chromatography were not successful.

[1I1.2.7. Purification of Flll by solid phase extraction (SPE)

The main fraction Flll (4 mg/mL) was analyzed by analytical HPLC with DAD detector using a reversed
phase Gemini C18 column. Four main peaks FlIl-4, FlI-5, FllI-6 and FlII-7 (Figure IlI-11) were
separated with a gradient of methanol in water plus 0.05% TFA (HPLC program 2, see 11.4.6.2).
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Figure llI-11. HPLC of the main fraction FIII.

HPLC conditions: KONTRON Instruments. Column RP Gemini C18 (110 A, 250 x 4.6 mm, 5 um, Phenomenex, USA).
Mobile phase: MeOH/H.0 0.05% TFA. Flow rate: 1.0 mL min. Detection wavelength: 226 nm. Running program 2.
Sample: FllI, concentration 4 mg/mL, injection 20 uL/run.
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Figure l1l-12. HPLC spectra of SPE fractions.

HPLC conditions: KONTRON Instruments. Column LiChrospher RP-18e (100 A, 250x4 mm, 5 pm). Mobile phase:
MeOH/H20 0.05% TFA. Flow rate: 1.0 mL min-. Detection wavelength: 226 nm. HPLC program 2. a) Fraction SPE 45%.
b) Fraction SPE 80%. Concentration: 3 mg/mL. Injection: 20 pL. HPLC program 2.

To remove the more polar components of fraction Flll (Figure 1lI-11), the SPE technique with a C18
cartridge was used. The SPE cartridge was successively eluted with 5%, 45%, and 80% MeOH in H0
followed by 100% MeOH. All SPE fractions were tested against Candida maltosa in a concentration of

500 pg/6 mm paper disc. Only fraction 45% and 80% MeOH/H20 showed activity (IZ = 18 mm and 22
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mm, respectively). Therefore, fraction 45% and 80% MeOH/H»O were further purified by reversed phase

C18 HPLC to isolate the active compounds.

HPLC-DAD analysis indicated that four main peaks, namely Flll-4, Flll-5, Flll-6, and FllI-7 (Figure
l1I-12), were present in the 45% and 80% MeOH/H0 fractions. The 45% MeOH/H:O fraction contained
predominantly FllI-4 and FIlI-6. The 80% MeOH/H.0 fraction contained all four peaks.

Table lll-4. Yield of the purification of the main fraction Flll by SPE

SPE fraction Volume (mL)

%

After loaded”

SPE 5% 100
SPE 45% 100
SPE 80% 100
SPE 100% 100

58.66+0.23
19.33+0.54
14.93+0.05
6.34+0.03
0.08+0.01

*After loaded: the outflow of loading sample was collected and lyophilized to record the amount of the compounds which were not caught

by the SPE cartridge.

[11.2.8. Purification of the active compounds by HPLC
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Figure 11I-13. HPLC of the fraction SPE 80% MeOH.

HPLC conditions: KONTRON Instruments. Column LiChrospher RP-18e (100 A, 250x4 mm, 5 pm). Mobile phase:
MeOH/H20 0.05% TFA. Flow rate: 1.0 mL minl. Detection wavelength: 226 nm. Running program 3. Injection:

10 ug/20 pL.
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The HPLC conditions were also modified to isolate the four peaks Flll-4, 5, 6, and 7 from the SPE 80%
MeOH fraction (Figure 11-13). A LiChrospher RP-18e column (100 A, 250x4 mm, 5 pum) with a step
gradient of methanol in water plus 0.05% TFA as mobile phase was used with a flow rate of 1 mL min-!
(program 3, see 11.4.6.3). For an effective separation of peaks, the amount of SPE 80% MeOH fraction

should not exceed 200 pg/injection.

Further purification of Flll-4 using a LiChrospher RP-18e column (100 A, 250x4 mm, 5 um) with mobile
phase MeOH/H,0 plus 0.05% TFA, a flow rate of 1.0 mL min-t and HPLC program 4 (see 1.4.6.2)
yielded the major component named compound 1 (Figure 1ll-14a). The structure of 1 was first elucidated
using a combination of high-resolution ESI MS and 2D NMR techniques.

8) Compound

Bl Pt oo

l-4)

Figure llI-14. Analytical HPLC chromatogram of compound 1 and 2.
a) Compound 1 (Flll-4, HPLC program 2, tr= 16.39 minute), b) Compound 2 (FIlI-5, HPLC program 2, tr= 17.30 minute).
HPLC conditions: KONTRON Instruments. Column LiChrospher RP-18e (100 A, 250x4 mm, 5 pum). Mobile phase
MeOH/H20 0.05% TFA. Flow rate 1.0 mL min%. Detection wave length 226 nm.

High resolution ESI mass spectrometry of fractions FllI-4, FllI-5, FllI-6 and FllI-7 (Table 11I-5) yielded the
exact mass of the components in each fraction. Peaks FlIl-6 and FllI-7 was further purified using HPLC

program 6 yield compound 3 and compound 4 (Figure 111-15).

a) Compound 3 (FIlI-6) b) Compound 4 (FllI-7)
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Figure l1I-15. Analytical HPLC chromatogram of compound 3 and 4.
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¢) Compound 3 (FIlI-6, HPLC program 4, tr = 14.12 minute). d) Compound 4 (FIIl-7, HPLC program 2, tr= 20.26 minute).
HPLC conditions: KONTRON Instruments. Column LiChrospher RP-18e (100 A, 250x4 mm, 5 pum). Mobile phase
MeOH/H20 0.05% TFA. Flow rate 1.0 mL min-%. Detection wave length 226 nm.

In parallel, the pure compound 1 was also isolated from FllI-4 with the mobile phase ACN plus 0.05%
HCOOH in H20 plus 0.05% HCOOH, flow rate 1 mL min- (Flil-4-3, HPLC program 5, tr = 16.48 min,
see 11.4.6.4).

Table IlI-5. Identification of compounds in the HLPC chromatograms

HPLC  Compound Molecular [M+H]* [M+2H]*/2 [M+Na]* [M+2Na]*/2
Peak Formula

Flll-4 1 C75H120036N11Cl 1786.764  893.885

FII-5 2 C75H118035N11Cl 1768.753  884.883 1790.736  906.863
Flll-6 3 Cr5H121036N11 1752.809  876.906 1774.784  898.887
Fll-7 4 C75H119035N11 1734.798  867.903

Flll-4-3 1 C75H120036N11Cl 1786.764  893.888 915.868

The yield of the isolation of the pure compounds from the biomass is shown in Table Ill-6.

Table 11I-6. Yield of fractions and pure compounds from isolation procedure in percentage of
biomass

Pure compound % biomass

MeOH:H20 extract 30,30

Fll fraction 8,09
SPE80% 0,51
Compound 1 0,0306
Compound 2 0,0096
Compound 3 0,0287
Compound 4 0,0077

[1.2.9. Structure elucidation of pure compounds isolated from strain Bio 33

The pure compounds were characterized by high-field NMR spectroscopy and high resolution
electrospray ionization mass spectrometry (HR-ESI-MS). The HR-ESI-MS afforded a range of the

molecular formulae compatible with the exact mass of each component (Table lI-5).

Studies in various solvent mixtures indicated the best resolved 1D *H NMR spectra were produced in a

1:1 mixture of trifluoroethanol-dz and water (Index_Figure 1S1). This solvent was then used for the
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extensive NMR investigation of the three components (1-3) that were available in sufficient amounts to

allow structural elucidation by high-field NMR spectroscopy.

The combination of 2D TH NMR techniques and MS data of 1 allowed the identification of a linear
peptide. The positive HR-ESI-MS of 1 showed the [M+H]* ion at m/z 1786.764 which is compatible with
a molecular formula of C7sH120036N1:Cl (calcd. for [M+H]* 1786.766, see Table 1I-5).

Peptide moiety: The NMR spectra indicated the peptide moiety was the same in each of the three
components and the approach used was essentially the same and is illustrated here by analysis of 1.
Initially spin systems in the homonuclear 1H-1H COSY and TOCSY spectra (Index_Figure 1S2 and 1S3,
respectively) were identified starting from the signals of the backbone amide protons in the region 9.2 to
6.4 ppm. The signals of eight amino acid residues were found (Index_Figure 1S4). From the
characteristic chemical shifts, seven of which could be identified namely Thr (x3), Dhb, GIx (x2) and Gly
(Table 111-9, residues 1, 2, 3, 5, 6, 7 and 9). One further residue (4 in Table 11-9) possessed an AA'BB’
spin system that was part of an amino acid system with NH at 8.12 and additional signals at 5.14 and
4.71 ppm. This residue was later shown to be B-hydroxytyrosine. These spin systems were confirmed
from the Ha and high field region of the TOCSY spectrum. One further amino acid spin system (residue
8) lacking an amide proton was then identified as ThrNMe from the correlations of its Hy and Hg at 4.94

and 4.45 ppm, respectively.

Table 1lI-7. Sequence and structural information of the cyclic peptide moiety deduced from the
NOE’s found in the 2D NOESY spectrum of 1

N (i, i+1) NN (i, i +1) Others

1-2 1-2

2-3 2-3

3-4 3-4

45 45 4H2/6-5NH

6-72 5-6 5H;-6NH

8-9 6-7 8NMe-8H,

10-10 8NMe-8H;
8H,-9H,

Spectra are found in the Index as detailed in the text. aNot observed in the series of spectra due to irradiation of the Ha under
the water signal. It was observed under different conditions in other spectra. bThere are also correlations of 108 with 1NH.

Sequence specific assignments were determined from the cross-peaks in the 2D H NOESY spectrum
(Index_Figure 1S6) based on short observable distances between Hy and HN of amino acid i and HN of

amino acid i+1 (Index_Figure 1S7). Confirmatory evidence was provided by the NH-NH correlations in
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the low field region (Index_Figure 1S8). The full assignments and chemical shift data are presented in
Table 111-9. The data in Table I1I-7 afforded an unambiguous sequence of the nine residues Thr-Thr-Thr-
HOTyr-Dhb-GIn-Gly-ThrNMe-GIn. The NMe substituent attached to the nitrogen of residue 8 was
identified from intra-residue NOEs of the methyl group at 3.08 ppm with those of the Hq and Hg of the
same residue. Confirmatory sequence correlations exist between 5NH and H2/6 of residue 4 (HOTyr)
and 6NH and Hg of residue 5 (Dhb). The strong intra-residue NOE between Hy (Me) and NH of the Dhb
defines the stereochemistry of the double bond of residue 5.

Although there was insufficient material to record directly 1D 13C NMR spectra, the availability of a high-
field 600 MHz NMR instrument with a cryo-probehead allowed the measurement of 2D H-13C HSQC,
2D-edited HSQC, HSQC-TOCSY and HMBC spectra. Hence, 13C chemical shifts of the protonated
carbons of 1 were established directly from the 2D HSQC spectrum (Index_Figure 1S9). These data
confirmed the nature of the amino acid systems present. Strong correlations in the HMBC spectra
(Index_Figure 1S10) from the methyl groups confirmed the presence of four Thr residues. The nature of
residue 4 was also confirmed by the same HMBC spectra. The shifts of all the aromatic carbons
followed from the internal correlations with the aromatic protons. The proton (Hg) at 5.18 ppm showed a
direct correlation with the carbon (Cg) at 74.8 ppm and long-range correlations with an aliphatic carbon
(Cq) at 62.6 ppm and aromatic carbons C1 and C2/6. In addition, the reverse correlation of H2/6 with the
carbon at 74.8 ppm was also evident, thus confirming residue 4 is a B-hydroxytyrosine unit.
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Figure llI-16. MS" fragmentation ions from the ESI-MS of 1 that confirm the peptide sequence.

The quality of the HMBC spectrum was sufficient to establish the assignment of the carbonyl groups.
Hence, correlations from the Hy and Hg protons allowed direct assignment of the intra-residue carbonyl
carbons while correlations of the NH protons afforded the assignment of the carbonyl carbons of the
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preceding residue in the sequence. These data again yielded independent sequence information that
was compatible with the result from the NOE data. Finally the amino acid sequence of 1 was confirmed
from a detailed analysis of the b and y-ions of a high resolution ESI-MS data of the peptide fragments
from the MS? of the [M+2H]2* ions in Table 11I-10, Index_Figure 1S11, and Figure lll-16.

— TOCSY
HO — HMBC

HOTyr-4 HO 6 ost

HO
0 )
H N
N N H\' N
HO H H H

HO
N-N0 Thr-3 Tprp ThF1
Dhb-5
o Gly-7 Jio_o
o N

NH,

N N
H H
$?0 L-GIn-9
HN,
D-GIn-6 ThrNMe-g

Figure llI-17. Selected H-tH COSY, TOCSY and HMBC correlations of 1.

HOTyr-4

--- NOESY

D-GIn-6 ThrNMe-g

Figure 1I-18. Selected NOESY correlations of 1.

A literature search using partial sequences revealed a closely related cyclic peptide, hassallidin A (see
page 19) (Neuhof et al., 2005; Dieckmann et al., 2006) in which the same sequence was present apart
from the replacement of the 40HTyr unit by Tyr. In this system ring closure occurred through the
formation of a lactone bridge between the hydroxyl group of the second Thr system in the sequence and

the carboxylic acid of the terminal GIn. This was identified by the downfield acylation shift of ca. 0.8 ppm
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in the TH NMR spectrum of Hg and ca. 4-5 ppm upfield shift of C, of the substituted Thr compared to the
other threonines in the molecule. This was not the case in our data of 1 and 3 but was compatible with
the data of 2. Thus the low field shift of the Hg of 2-Thr in 2 indicated that ring closure had taken place at
this position as in hassallidin A. The IR spectrum of 2 showed absorption at 1737 cm close to the
absorption given for hassalidin A (1740 cm) and typical for the presence of an ester/lactone structure

which was absent in 1 and 3.

Amino acid analysis confirmed the presence of Gly, GIx, Thr, ThrNMe and allo-Thr. Variable
temperature-time analysis of the enantiomeric labelled total hydrolysate of 2 by chiral gas
chromatography — mass spectrometry (GC-MS) indicate the presence of variable amounts of the D and
L enantiomers of Glu (=GIn). Under mild conditions (80°C for 2 h) only the L-enantiomer of Glu (=GlIn)
was present, while under more stringent conditions (100°C: 3 h) both D- and L-enantiometers in a ratio
of 1:1 were found. A similar ratio was found when 1 was hydrolysed at 120°C for 12 h. As one GIn is a
terminal residue, and according to MS/MS experiments readily cleaved, this residue must be the L-
enantiometer. As the D and L composition remains constant under the more extreme conditions, clearly
racemization is not occurring. Hence the “inner” Gln must have the D configuration. This hypothesis that
no racemization occurs is further justified as only one enantiomer of ThrNMe appeared under relatively
mild conditions and relatively easily cleaved in MS/MS. The chirality of ThrNMe is unclear as reference

material was not available.

The data for Thr is more complex. Independent of hydrolysis conditions both D and L-enantiomeric
forms of Thr were detected in a ratio of approximately 2:1, may be one Thr comes from Dhb, because
racemization seems to be improbable. In addition, a further single peak of the same intensity as the L-
Thr peak was present and showed a similar fragmentation pattern to those of Thr. This peak was
identified as D-allo-Thr. From our point of view the position of the different enantiomers of Thr in the
amino acid sequence can only be clarified by X-ray crystallography, but crystallization of the molecule
was not successful. The absence of reference material prevented the analysis of the other amino acid
residues present. In general, our data are compatible with those observed for hassallidin A, but we have

now elucidated the position of the D and L-forms of GIn in the peptides.

Acyl side chain: The 1D and 2D NMR spectra of each component showed a considerable number of
spin systems that did not belong to the proteinogenic amino acids. A 2,3-dihydroxy aliphatic acid
derivative (10DhA) with signals in both the region 5.5 to 3.0 ppm (Table 11I-9) and high field aliphatic
region was present. This is an acyl residue attached to the amidic nitrogen of residue 1-Thr from the
NOESY correlation of its Hy and Hg at 4.28 and 4.07 ppm, respectively, with NH of 1-Thr at 8.03 ppm

(Index_Figure 1S7). The exact nature of this system was initially difficult to unambiguously identify from
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the NMR data alone although this system showed the same signals for the aliphatic chain-end in 1 and
2, but were different in 3. In contrast, the carboxyl terminal region was identical in all three compounds.
The 2D HMBC spectrum of 1 showed correlations from the terminal methyl group that identified the H
and 13C chemical shifts of the CHs CH> CH2 chain end with 13C shifts of 14.1, 20.9, and 41.9 ppm,
respectively (see Index_Figure 1S10) and indicate the second methylene group is adjacent to a carbon
carrying a heteroatom which is absent in 3. A detailed comparison of the HRESI/MS/MS of [M+2H]* for
1 and 3 (Table I1I-10) indicated the presence of a chlorine versus hydrogen exchange in a side chain
attached to a terminal Thr unit as the only difference between these two molecules. The same data
allowed the molecular formula and the exact chain length of this moiety in 1, a derivative of 2,3-

dihydroxy-13-chlorohexadecanoic acid (palmitic acid), and those of compounds 1-3 to be verified.

Sugar units: In the *H NMR spectra of all three compounds there were a number of systems in the
region 5.2 to 3.3 ppm, with no corresponding high-field aliphatic signals, which clearly belonged to
sugar-like residues (Index_Figure 1S5a, b, c). This was in agreement with a sugar compositional
analysis which indicated the presence of mannose, arabinose and galacturonic acid. Similar sets of
signals were found in the NMR spectra of each compound indicating these units were present in all the
elucidated compounds. In each case three systems (S1, S2, S3) in which the lowest field signals
(anomeric protons at 5.12, 5.03 and 4.60 ppm, respectively) correlated with characteristic anomeric
carbons in the region 96-103 ppm (Index_Figure 1S9). The lowest field anomeric proton (S1, 5.12 ppm)
was part of a five-membered spin proton system (Index_Figure 1S5a) and showed strong NOE signals
to the yCH> group of the 10DhA unit indicating this was substituted at Cg of this unit. The magnitude of
the coupling constants, particularly the presence of a geminal pair, indicated this belonged to a f3-
arabinose system (Table 11I-9). The second sugar unit, S2, with an anomeric proton at 5.03 ppm
(Index_Figure 1S5b) was attached at Cg of 8-ThrNMe from its correlation in the NOESY spectrum with
the signal at 4.45 ppm (Hg of 8-ThrNMe). The sugar analysis and NMR data (Index_Figure 1S5b, Table

[11-9) indicated this unit belonged to a mannose system.

A third unit in 1 showed an anomeric proton at 4.60 ppm with a vicinal coupling of 7.7 Hz characteristic
of a chair conformation of a B-pyranose system and a readily identified spin system in the TOCSY
spectra consisting of five protons (Index_Figure 1S5c). This was only compatible with the galacturonic
acid found in the sugar analysis. The position of this unit at C3 of arabinose follows from the observation
in 3 of NOE'’s from the anomeric proton (4.62 ppm) to H3 and H4 of S1 (4.25 and 4.05, respectively) in
the NOESY spectrum of 3 and of its correlation with C3 of arabinose in the HMBC spectrum
(Index_Figure 3S9).
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In each compound the HRESI/MS/MS showed the [M+2H]2* ion underwent readily sequential loss of a
hexose, pentose and hexuronic acid units and was compatible with the sugar compositional analysis
which indicated these units corresponded to mannose, arabinose and galacturonic acid.
Enantioselective carbohydrate analysis revealed the enantiomerity of the monosaccharide residues as

D(+)-mannose, D(-)-arabinose and D(+)-galacturonic acid.

Ara-(3-1)-GalA Mannose

Figure 11I-19. Sugar units of 1

The peptide sequence of 1 - 4 was confirmed from fragmentation pattern in HR-ESI-MS. The same
procedure indicated the identity and sequence of the peptide unit was the same in all four compounds.
Because of insufficient amounts of 4 no NMR data are available and the structure of 4 was deduced
from fragmentation pattern and m/z 1734.798 [M+H]* compatible with the molecular formula of
C75H12003sN11 and the calculated mass of 1734.794. Furthermore, the IR spectrum of 4 showed
absorption at 1732 cm? in the range typical for esters (lactone) and similar to the absorption of

hassalidin A (1740 cm) and balticidin B (1737 cm1), so that a cyclic structure is supposed.

From all HR-ESI-MS and NMR data the following structures of compounds 1 — 4 were deduced and the
substances named as balticidins 1 — 4. The peptide sequence (1-9) is: R.CHO(S!).CHOH.CONH-Thr(1)-
Thr(2)-Thr(3)-HOTyr(4)- Dhb(5)-GIn(6)-Gly(7)-ThrNMe(8)(S?)-GInCO2H(9)

Balticidin A (1): white, amorphous powder, UV (CH3OH/H20) Amax 223 and 272 nm; IR vmax (film) 3191,
2939, 2841, , 1662, 1411, 1190, 1140, 1085, 1027, 968, 922, 882, 799, 722, 674, 640, 546, 471 cmL;'H
and 13C NMR in CFsCD0OH/H,0 (1:1), see Table IlI-9; MS-MS fragmentation, see Table IlI-10;
HRESIMS m/z 1786.764 [M+H]*, m/z 893.885 [M+2H]?* (calcd for C75H121036N1:Cl, 1786.766).

Balticidin B (2): white, amorphous powder, UV (CH3OH/H20) Amax 226 and 274 nm; IR vmax (film) 3382,
3262, 3201, 2929, 2365, 1737, 1660, 1628, 1616, 1563, 1537, 1512, 1456, 1431, 1405, 1241, 1202,
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1135, 1077, 1008, 973, 916, 820, 802, 773, 669, 645, 590, 520 cm?; H and 13C NMR in
CF3CD20H/H20 (1:1), see Table 11I-9; HRESIMS m/z 1768.753 [M+H]*, m/z 884.883 [M+2H]?* (calcd for
C75H119035N11Cl, 1768.755).

Aand C

Thr-3 Thr-2
Thr-1

%&f NCaa
ay g

HOTyr-4

Dhb-5

L-GIn-9

D-GIn-6 Gly-7  ThrNMe-8
A (1):08! = Ara3-1)GalA [S? = Man [R = (CH,)gCHCICH,CH,CH,

C (3):LS! = Ara3-1yGalA [S2 = Man R = (CH,)oCH,CH,CH,CH,

B and D

Thr-3  Thr2
HOTyr-4 Thr-1

L-GIn-9
D-GIn-6 Gly- 7

ThrNMe-8

B (2):1S' = Ara;3-1yGalA (152 = Man (R = (CH,)qCHCICH,CH,CH,
D (4):0S! = Ara3-1yGalA ['S?= Man [R = (CH,)CH,CH,CH,CH,

Figure 1-20. Structure of balticidins A - D.
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Balticidin C (3): white, amorphous powder, UV (CH3sOH/H20) Amax 227 and 273 nm; IR Vmax (film) 3389,
3309, 2926, 2841, ,1654, 1612, 1518, 1454, 1407, 1203, 1135, 1073, 975, 922, 839, 800, 725, 669 cm-
1. 1H and 13C NMR in CFsCD20H/H.0 (1:1), see Table 11I-9; MS-MS fragmentation, see Table I1l-10;
HRESIMS m/z 1752.809 [M+H]*, m/z 876.906 [M+2H]?* (calcd for C7sH12203sN11, 1752.805).

Balticidin D (4): white, amorphous powder, UV (CH3sOH/H20) Amax 224 and 273 nm; IR Vmax (film) 3465,
3358, 3262, 2924, 2853, 1732, 1656, 1532, 1422, 1384, 1261, 1238, 1201, 1136, 1065, 1033, 1006,
975, 912, 840, 801, 721 cm?; HRESIMS m/z 1734.798 [M+H]*, m/z [M+2H]** 867.903 (calcd for
C75H120035N11, 1734.794).

Table 111-8. Molecular weight calculation for 1 as a linear molecule without any ring closure

Residue Molecular formula of ~ Observations
fragment
1-Thr C4H7NO2
2-Thra C4H7INO No ring closure here
3-Thr C4H7NO2
4-HOTyr CgHgNO3
5-DeThr C4HsNO
6-GIn CsHsN20>
7-Gly C2H3NO
8-ThrNMe CsHgNO>
9-GIn CsHoN20s3 Open chain
Fragment total Cs2He3N11018
Man CeH1105 On ThrNMe
Ara CsHgO4 Bound to side chain at C2
GalA CsHaOs Bound to Ara
Fragment total® C17H28015
10Dht C16H2905Cl Calculated from smallest fragment
containing chlorine atom ([M+H]*
388.223)
M C75H120N11036Cl
[M+H]* C75H121N11036Cl
Calc. 1786.766
Found 1786.764

Relationship between 1- 4 is as follows from the molecular mass differences:

1to 2 is 18.008 mass units (loss of H,0 resulting from ring closure at CR of 2-Thr)
3104 is 18.010 mass units

11to 3is 33.964 mass units (exchange of Cl for H in C-16 side-chain)

210 4 is 33.966 mass units
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Table 11I-9. 1H and 13C NMR data of 1-3 in trifluoroethanol-d»/H20 (1:1) at 300 K.

Residue CHNo. dc1 onl Oc 2 OH 2 oc 3 on3
1-Thr NH 8.03 8.03 8.03
COsc 173.7 169.0 173.9
Ca 62.1 4.34 65.0 4.01 61.9 4.34
Cs 69.4 417 67.7 4,01 69.5 4.16
Cy 21.0 1.30 23.0 1.42 20.9 1.30
2-Thr NH 8.51 9.48 8.53
Cco 175.3 172.8 175.4
Ca 60.8¢ 4.48 57.3 4.70 61.1 4.48
Ch(ring) 69.7 4.37 73.2 5.72 attached to  69.7 4.38
171.7
Cy 20.8 1.28 18.7 1.27 21.0 1.26
3-Thr NH 8.42 8.55 8.42
(6{0] 174.1 176.7 174.1
Ca 62.3 4.37 62.9 4.28 62.4 4.36
Cs 69.2 4.21 69.9 417 69.1 4.20
Cy 20.4 1.23 23.8 1.44 20.4 1.22
4-HOTyr! NH 8.12 8.33 8.14
(6{0] 173.5¢ nd 1734
Ca 62.6 4,71 63.1 4.60 62.7 4,71
Cs 74.8 5.18 73.1 5.39 74.7 5.12
Arom C1:133.0, H2/6:7.37 134.0 7.40 132.9 7.36
C2,6:130.2 H3/5:6.94 129.8 6.96 130.2 6.93
C3,5:117.8 117.6 117.7
C4:158.3 158.1 158.3
5-Dhb NH 9.09 9.37 9.11
Cco 168.0¢ 166.1 168.0
Ca 129.4 nd 129.5
Cs 138.0 6.78 141.1 6.78 (7.10) 138.1  6.77
Cy 14.1 1.48 14.6 1.71 14.1 1.46
6-GIn NH 7.88 7.36 7.88
co 175.3¢ 175.2 1755
Ca 55.3 454 53.3 4.87 55.3 4,53
Cs 29.4 2.26, 2.07 32.7 2.07,2.29 29.4 2.26, 2.06
Cy 33.2 2.42 32.7 2.39, 2.17 331 2.41
CONH; 180.1¢ 7.43, 6.582 nd 7.60, 6.57 180.1  7.43,6.66
7-Gly NH 8.13 8.65 8.16
Cco 172.9¢ 174.8 172.8
Ca 434 4.20,4.13 43.7 4.31,3.87 43.4 4.18,4.12
8-ThrNMe NMe 32.8 3.08 32.2 3.03 32.8 3.07
(6{0] 171.5¢ 169.4 1715
Ca 62.9 494 62.5 5.06 62.7 4,95
Cs 70.7 4.45 69.9 4.47 70.7 4.43
Cy 15.9 1.19 15.3 1.17 15.9 1.18
9-GIn NH 7.85 8.74 8.02
(6(0) nd nd nd
Ca 56.9 4.27 54.2 4.70 56.0 4.34
Cs 29.8 2.14,1.97 315 1.87,1.68 29.3 2.17,1.99
Cy 33.7 2.29 338 2.24,2.11 334 2.31
CONH; 180.0 7.42, 6.642 nd 7.48, 6.30 180.0  7.43,6.62
10-DhA (6{0] 177.1¢ 177.1 177.2
CaHO 74.6 4.28 74.6 4.27 74.6 4.27
CBHO 76.4 4.07v 75.5 4,14 76.4 4,07
CH: 29.3 1.70-1.75 28.0 1.80, 1.67 29.3 1.71
CH: 27.3 1.33-1.39 27.7 1.39 27.3 1.35
(CH2)n 30.8 1.31 30.8 1.31 30.9 ~1.3
CH: 39.9 1.69 39.9 1.71
CHCI 66.8 3.99 66.9 3.99
41.9 1.69 41.9 1.71 33.3 1.27
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20.9 1.52,1.42 215 153,143 24.0 1.29
CHs 14.1 0.91 14.1 0.92 14.9 0.87
S1: R-arabinose C1 96.9 512(bs, Jiz 956 515 (dd, Jiz 96.8 5.13(bs, Ji2
Attached to small) 3.9) small)
CBHO of 10-DhA
C2 68.9 3.95 68.8 3.99(dd, Js 688 3.97
10.2)
C3 77.4 4.26 76.9 4.40(bd, Ju 775 4.25
small)
C4 68.9 4.05 69.0 423 68.9 4,04
C5 64.7 343 (bd, Jasa  64.7 3.55 (bd, Jasa 64.7() 349  (bd,
small), 3.34 small), 3.42 (bd, Jasa small),
(bd, Jasa Jasg small, Jsass 3.38 (bd,
small, Jsass 11.6) Jasa small,
11.7) Jsass 11.9)
S2:  Mannose Cl1 98.4 5.03d 98.7 5.02(bs, Jiz 984, 5.04
unit small) 98.4
Attached to 8- C2 73.1 3.93 73.3 3.81(bs, Js 729 3.93
ThrNMe small) X2
C3 72.8 3.84 72.8 3.48(bd,J29.5)  72.8 3.84
C4 69.1 3.70 68.5 3.75(dd, J4s9.7)  68.9 3.75
C5 75.0 3.61 74.7 3.54 75.0 3.61
Cé nd 3.93 62.8 3.85 629(f) 3.93
S3: Galacturonic Cl1 102.3 461(d, Ji 1013 470(d, J127.8) 1020 4.62
acid unit 7.7)
C2 72.8 3.68 (72.8) 3.69 72.7 3.69
C3 75.3 3.75 (75.5) 3.72 75.1 3.76
C4 72.8 4.29 72.8 4.29¢ 725 4.30e
C5 nd 4.04 nd 412 774 412
Cé nd - nd - nd

3nterchangeable. ®Unambiguous assignment from COSY data. “Unambiguous assignment from HMBC.
dMannose unit assigned by comparison with 3. €The intensities of the cross peak in the TOCSY spectrum
indicates Jss is small. Hydroxyl groups are found attached to the B carbon atom and C4 of the aromatic system.
nd Not detected..
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Table 111-10. Comparison of high resolution ESI MS data of the peptide fragments of 3 and 1 from the MS2 of the [M+2H]?* ions at m/z 876.908 and

893.885, respectivelya.

Thanh Huong Bui

3 1
Fragment Measured Calculated Formula Assignment Measured | Calculated Formula Assignment
a 147.076 147.076 CsH1103N> GIn+H20 147.076 147.076 C5H1103N2
b 262.140 262.140 CioH2005Ns GIn+N-Me-Thr 262.140 262.140 C10H2005N3
C 319.161 319.161 Ci2H2306N4 b + Gly 319.161 319.161 C12H2306N4
do 354.263 354.264 CaoH3604N 388.223 388.225 C20H3504NCI d +Cl-H
e 447.219 447.220 Ci7H3106Ns ¢ +GIn 447.220 447.220 C17H3108N6
f 455.311 455.312 C24H4306N> d+ Thr 489.272 489.273 C24H4206N2Cl f+CI-H
g 556.359 556.359 CasHs5008N3 f+Thr 590.320 590.320 C28H4908N3Cl g+Cl-H
h 717.407 717.407 Ca7Hs7010N4 g+OH-Tyr-H20 751.368 751.368 C37H56010N4CI h +Cl-H
[ 818.454 818.455 Cs1He4012Ns h +Thr 852.416 852.416 C30H62019N9 i +Cl-H
j 893.399 893.400 CssH57015N10 0 +Thr+H20 893.400 893.400 C38H57015N10
k 946.512 946.513 CagH72014N7 i +Gln 980.475 980.474 C46H71014N7Cl k +Cl-H
I 1003.534 1003.535 CagH75015Ns k+Gly 1037.496 1037.496 C48H74015N8ClI [ +CI-H
m 1118.596 1118.598 Cs3Hz4017No l+NMe-Thr 1152.559 1152.559 C53H83017N9Cl m+CI-H
n 1246.653 1246.657 CsH92019N11 m+Gln 1280.618 1280.618 C58H91019N11Cl n +CI-H
0 1264.664 1264.667 CssHa4020N11 n +H20 1298.627 1298.628 C58H93020N11Cl 0+Cl-H

Footnotes: 2 The peptide sequence follows from the N-terminal fragments (d-f-g-h-i-k-I-m-n) and carboxy-terminal fragments (a-b-c-e-j). ®Fragments d of 3 and 1 were found in the MS3 of ions at

m/z 717 and 751, respectively.
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11.2.10. Antimicrobial activity of pure compounds from strain Bio 33

The activity against Candida maltosa of the four isolated balticidins was confirmed in the agar diffusion
test. The inhibition zones were 12, 15, 9 and 18 mm for compounds 1, 2, 3 and 4, respectively (the
amount of test sample was less than 10 pg). These compounds also showed no inhibition zone against
Bacillus subtilis, Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa. These results
confirmed the specific antifungal activity of those compounds.

lI.3.  Growth and antifungal activity of strain Bio 33 under different cultivating

conditions

NaCl was added to all media at concentration of 5 g/L medium. The growth of strain Bio 33 cultivated in
a standard condition BG 11 plus 0.5% NaCl at 22.5°C, 20 umol photons m-2 s-1, 12 h/12 h light/dark
rhythm was used as reference. According to the reference growth curve, the period from day 0t to 5t is
the lag phage in which the cyanobacteria adapted itself to the new culture conditions. Hence, the
specific growth rate L and the mean doubling time G were calculated from 5t to 20t day and from 20t
to 30t day.

l11.3.1. Effect of nutrient medium on growth of Bio 33

Strain Bio 33 was cultivated in BG 11 and MBL medium containing 0.5% NaCl (see 11.1.2.1). The
content of NaNOs changes from 1.5 g/L in BG 11 to 0.085 g/L in MBL. The N:P ratio is 100:1 in BG 11
medium and 20:1 in MBL medium.

From the growth curves, the time period from 0 — 5t day was considered as the lag phase in which
strain Bio 33 adapted itself to culture conditions. The exponential phase of strain Bio 33 was the time
from 5t to 20t day or 5% to 30t day depending on culture conditions. In this period, the increasing of
biomass was obviously visible because an exponential increasing growth rate correlated with
reduction of generation time. Generally, the difference in growth of strain Bio 33 between BG 11
medium and MBL was obviously observed after day 20. In most cases, the biomass was still
increasing until 30t day. From day 20t to 30, the raising generation time corresponded with reduced
growth rate. It is obviously that in both media, strain Bio 33 has just reached the early stationary
phase at 30" day when the weight of dried biomass was still increasing but a strong raise of

generation time was observed.
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BG 11 vs. MBL_Biomass
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Figure lI-21. Effect of nutrient medium on growth of Bio 33
NaCl was added to all media at a concentration of 5 g/L. The flasks were shaken at 75 rpm. 24 h continuous irradiance,
light intensity 20 umol photons m2 s1. Bars represent the standard deviation. n = 2.

Table 1lI-11. Specific growth rate L and mean doubling time G of strain Bio 33 grown in BG 11
and MBL media at different temperatures (mean + SD)

Temp. Medium M (logso unit per day) G (days)
(°C) +0.5% NaCl 520 20 - 30 520 20 - 30
days days days days
15 BG1l  |0.097+0018 |0.041+0020 |7.3+13 |19.1+9.1
MBL 0.085+0.014 |0.073+0.008 |82+13 [95+11
225 BG11  |0.155+0.001 |0.054+0.013 |45+0.0 |13.4%33
MBL 0.167+0.032 |0.058+0.040 |4.2+08 |[157+10.8
26 BG11  |0.120+0.019 |0.045+0.028 |58+09 |19.3+122
MBL 0.135 +0.006 0.008 +0.000 51+0.2 85.0+49
30 BG11  |0.115+0.008 |0.026+0.019 |6.1+04 |365+27.0
MBL 0170+0.013 |0.030+0.011 |41+03 |248+93

An overview of growth curves of Bio 33 in BG 11 and MBL media at different temperatures showed
that the growth of Bio 33 cultivated in BG 11 and MBL media depended on temperature. At 15°C, no
considerable difference in growth of Bio 33 in BG 11 and MBL was recorded. The difference in
biomass between BG 11 and MBL media was not significant (P < 0.05). At higher temperatures, Bio
33 grew better in BG 11 medium; the biomass produced in BG 11 medium was higher (P < 0.05) than
in MBL medium. At 26°C - the optimum temperature for growth of Bio 33 both in BG 11 medium and
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MBL, the dry weight of biomass cultivated in BG 11 medium harvested at 30t day was 1.7 fold higher
than in MBL medium. The difference in biomass between these media was largest at 30°C (P < 0.01).
In conclusion, BG 11 was the better medium for growth of Bio 33.

l11.3.2. Effect of nitrate on growth of Bio 33

Bio 33 was cultivated in BG 11 medium and MBL medium with and without NaNOs. NaCl was added

to each medium at a concentration of 5 g/L.

111.3.2.1. Bio 33 cultivated in BG 11 medium
Strain Bio 33 was cultivated in BG 11 medium without NaNOs at 18, 22.5 and 26°C. The growth

curves, growth rate and the doubling time are represented in Figure [1I-22 and Table I1-12.
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Figure l1I-22. Effect of nitrate on growth of Bio 33 in BG 11 medium.

Temperature: 18, 22.5 and 26°C. NaCl was added to all media at a concentration of 5 g/L. The flasks were shaken at
75 rpm. 24 h continuous irradiance, light intensity 20 umol photons m2 s-1, Bars represent the standard deviation. n = 2.

It was observed that nitrate differently affected on Bio 33 at different temperatures. At 18°C, the effect
of nitrate on growth of Bio 33 was remarkable after the 20t day. The difference in biomass after the
20t day was significant (P < 0.05). At 22.5°C and 26°C, the depletion of nitrate from BG 11 medium
however did not affect the growth of Bio 33. Difference in biomass between medium with and without

nitrate was not significant (P < 0.05).
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BG 11 medium with and without NaNOs at different temperatures (mean £ SD)

Temp. Medium + M (logio unit per day) G (days)
0 0.5% NaCl
(°C) 520 20-30 | 5-20 | 20-30
days days days days
18 BG 11 0.106 +0.002 | 0.036 + 0.005| 6.5+ 0.1 |19.7 + 3.0
BG11-N |0.126+0.007 | 0.032+0.001| 55+0.3 [21.5+0.7
225 |BG11 0.155 +0.001 | 0.054 + 0.013 | 45+0.0 |13.4+33
BG11-N |0.152+0.005 | 0.037 +0.007 | 46+0.1 [19.2+3.7
26 BG 11 0.120 +0.019 | 0.045 + 0.028 | 5.8+ 0.9 [19.3+12.2
BG11-N | 0.150+0.008 | 0.021 +0.009 | 4.6 + 0.3 [35.7 + 15.5

11.3.2.2. Bio 33 cultivated in MBL medium
Strain Bio 33 was cultivated in MBL medium without NaNOs at 22.5 and 26°C. The growth curves,

growth rate and the doubling time are represented in Figure I11-23 and Table 11l-13.

MBL vs. MBL-N_Biomass
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Figure 11-23. Effect of nitrate on growth of Bio 33 in MBL medium.

Temperature: 22.5 and 26°C. NaCl was added to all media at a concentration of 5 g/L. The flasks were shaken at 75 rpm.
24 h continuous light, light intensity 20 umol photons m2 s1, Bars represent the standard deviation. n = 2.

At 22.5°C and 26°C, it is observed that the depletion of nitrate from MBL medium did not affect the
growth of Bio 33. Difference in biomass between MBL medium with and without nitrate was not
significant (P < 0.05). In conclusion, nitrate had no effect on the amount of biomass of Bio 33 in both
media at 22.5°C and 26°C.
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Table 1lI-13. The specific growth rate i and the mean doubling time G of strain Bio 33 grown in
MBL medium with and without NaNO3 at different temperatures (mean + SD)

Temp. Medium + M (logio unit per day) G (days)
°C) 0.5% NaCl
5-20 20-30 5-20 20-30
days days days days
22.5 MBL 0.167 +0.032 | 0.058 £ 0.040 | 4.2+0.8 |15.7+10.8
MBL- N 0.140 £0.020 | 0.071£0.030| 5.0+ 0.7 | 10.6 + 4.4
26 MBL 0.135+0.006 | 0.008 +0.000| 5.1 +0.2 | 85.0+4.9
MBL- N 0.117 £0.004 | 0.025+£0.019| 59+0.2 |[39.9+31.0

111.3.3. Effect of cobalt on growth of Bio 33

Another difference between BG 11 medium and MBL is the absence of the trace metal cobalt in BG

11 medium. In order to examine the influence of cobalt on growth of strain Bio 33, the strain was

cultivated in BG 11 medium and MBL with and without cobalt.

[11.3.3.1. Bio 33 cultivated in BG 11 medium

The growth of Bio 33 in BG 11 medium with cobalt recorded at different temperatures is represented

in Figure 111-24.
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Figure 1I-24. Effect of cobalt on growth of Bio 33 in BG 11 medium.
Temperature: 15, 22.5 and 30°C. NaCl was added to all media at a concentration of 5 g/L. The flasks were shaken at 75

rpm. 24 h continuous irradiance, light intensity 20 umol photons m-2 s1, Bars represent the standard deviation. n = 2.

The effect of cobalt on growth of Bio 33 changed according to temperature. At 15°C, cobalt slightly

enhanced the growth of Bio 33. The effect was obvious after the 20t day. The difference in biomass
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between medium with and without cobalt was significant (P < 0.05). At 22.5°C, the presence of cobalt
in BG 11 medium enhanced the growth of Bio 33. The yield of biomass harvested after growing in BG
11 medium supplemented with cobalt was higher (P < 0.05). At 30°C, cobalt had no effect on the

amount of biomass; difference was not significant (P < 0.05).

Table 1ll-14. The specific growth rate i and the mean doubling time G of strain Bio 33 grown in
BG 11 medium with and without cobalt at different temperatures (mean £ SD)

Temp.  |Medium + 0.5% M (logso unit per day) G (days)
) ec! 520 20-30 520 | 20-30
days days days days
15 BG 11 0.097+£0.018 | 0.041+0.020 | 7.3+1.3 | 19.1+9.1
BG 11+ Co?* | 0.092+0.009 | 0.075+0.007 | 76+0.7 | 9.3+0.8
225 BG 11 0.155+0.001 | 0.054+0.013 | 45+0.0 | 13.4+3.3
BG 11+ Co?* 0.176 £0.008 | 0.051+0.012 | 40+£0.2 | 141+34
30 BG 11 0.115+0.008 | 0.026 £0.019 | 6.1+0.4 |36.5+27.0
BG 11+ Co?* | 0.120+ 0,012 | 0.032+0.010 | 58+0.6 | 229+7.0

11.3.3.2. Bio 33 cultivated in MBL medium

The absence of cobalt in MBL medium at 15°C and 30°C did not affect the growth of Bio 33. The
difference in biomass between medium with and without cobalt was not significant (P < 0.05).
However, the depletion of cobalt from MBL medium at 22.5°C decreased the growth of Bio 33. Less
amount of biomass was harvested from cultures grown in MBL medium without cobalt at 22.5°C
(P < 0.05).

MBL vs. MBL-Co_Biomass
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Figure l1I-25. Effect of cobalt on growth of Bio 33 in MBL medium.
Temperature: 18, 22.5 and 26°C, 24 h continuous irradiance, light intensity 20 umol photons m2 s-1, shaking at 75 rpm.
n=2.
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Table 1I-15. The specific growth rate i and the mean doubling time of strain Bio 33 grown in
MBL medium without cobalt at different temperatures (mean + SD)

Medium + 0.5% M (logso unit per day) G (days)
Temp. e 5-20 20 -30 5-20 20-30
(°C) days days days days
15 MBL 0.085+0.014 | 0.073+0.008 | 82+13 | 95+1.1
MBL-Co? | 0.122+0.017 | 0.071+0.009 | 57+0.8 | 9.9+13
225 MBL 0.167+0.032 | 0.058+0.040 | 42+0.8 | 15.7+10.8
MBL-Co? | 0.179+0.012 | 0.057 +0.027 | 3.9+0.3 | 13.8+6.6
30 MBL 0.170+0.013 | 0.030+0.011 | 41+0.3 | 24.8+9.3
MBL-Co? | 0.168+0.009 | 0.037 £0.020 | 4.1+0.2 | 21.6 +116

In conclusion, supplementation of cobalt enhanced the growth of Bio 33 in both BG 11 and MBL
media at 22.5°C. At lower and higher temperatures, no remarkable effect of cobalt on growth of

Bio 33 was observed.

l11.3.4. Effect of light on growth of Bio 33

The effect of light on growth of strain Bio 33 was studied in BG 11 and MBL medium with and without
NaNOs (NaCl was added to all media at a concentration of 0.5%) at different light intensity and light

period:

o 22.5°C, light/dark rhythm of 12 h/12 h, light intensity of 20 umol photons m2 s-1

e 22.5°C, 24 h continuous light, light intensity of 20 umol photons m2 s and,

e 22.5°C, 24 h continuous light, light intensity of 10 pumol photons m-2 s-1.

e An enhancing of light intensity to 30 pmol photons m2 s and 24 h continuous light led
to a bad growth of Bio 33 as the strain changed to yellow and died after exposing to
the light some days. A light intensity over 40 pmol photons m2 s caused death to
Bio 33.

The growth of strain Bio 33 cultivated in BG 11 plus 0.5% NaCl at 22.5°C, 20 pumol photons m2 s1,

light/dark rhythm of 12 h/12 h was used as reference. The results are shown in Figure I11-26.
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Figure 11I-26. Effect of light on growth of Bio 33.

Media: BG 11 with and without nitrate (BG 11 — N), MBL with and without nitrate (MBL — N). NaCl was added to all media

at a concentration of 5 g/L. The flasks were shaken at 75 rpm, 22.5°C under different time of irradiance and light intensity:

1) 12 h light, light intensity 20 umol photons m2 s1; 2) 24 h continuous irradiance, light intensity 10 pmol photons m2 s1;
3) 24 h light, light intensity 20 umol photons m2 s, Bars represent the standard deviation. n = 2.

When Bio 33 was cultivated at 12 h/12 h light/dark rhythm under a light intensity of 20 pmol photons
m2 s, the strain displayed higher growth rate in the log phase and reached the stationary phase at
day 20t (Table 111-16). However, when the time of irradiation was increased to 24 h continuous light,
the strain continued growing after 20t day and had not reached the stationary phase at 30t day under
both light intensities of 10 and 20 pumol photons m2 s, The yield of biomass harvested from the four
tested media showed that, at the same light intensity of 20 umol photons m2 s, the growth of Bio 33
was increased when the light/dark rhythm increased from 12 h light to 24 h light; difference in biomass
was significant (one way ANOVA, P < 0.001). Besides, the growth of Bio 33 at 24 h of continuous light
was better when the light intensity increased from 10 to 20 pumol photons m-2 s?; difference in
biomass was significant (one way ANOVA, P < 0.001).

In conclusion, strain Bio 33 grew best at 24 h continuous light and light intensity of 20 umol photons

m-2 s1in all four media.
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Table 11I-16. Specific growth rate 1 and mean doubling time G of strain Bio 33 grown at 22.5°C
in different media and light intensity (mean x SD)

Medium Time of irradiation M (log1o unit per day) G (days)
+0.5% U 5-20days | 20-30days |5-20days |20 - 30 days
NaCl _Light intensity
(1mol photons m2 s1)

BG 11 12 20 0.168 £0.011 -0.007+£0.024 |41£0.3 18.4 £ 67.0
24 10 0.133+£0.016 0.069 £+ 0.004 53+06 10.1+0.6
24 20 0.155£0.001 0.054 £0.013 45+00 13.4+33

BG11-N 12_20 0.155 £ 0.006 0.018 +£0.003 45+0.2 39.6+£59
24 10 0.127 £0.014 0.089 £+ 0.000 55+06 7.8+0.0
24 20 0.152 £ 0.005 0.037£0.007 |46x0.1 19.2+3.7

MBL 12_20 0.080 £ 0.022 0.078 £0.012 9.0+£25 9.0+14
24 10 0.149 £0.012 0.067 £0.003 47+04 104+05
24 20 0.167 £0.032 0.058 £ 0.040 42+08 15.7+10.8

MBL - N 12 20 0.050 £ 0.025 0.116 £0.020 159+79 |(61+£10
24 10 0.101 £ 0.000 0.067 £ 0.009 6.9+0.0 104+13
24 20 0.140 £ 0.020 0.071 £0.030 50+0.7 106+44

l11.3.5. Effect of temperature on growth of Bio 33

11.3.5.1. Effect of temperature in BG 11 medium

To study the influence of temperature on growth of Bio 33 in BG 11 medium, the strain was cultivated at

15, 18, 22.5, 26 and 30°C. The specific growth rate ¢ and the doubling time G are represented in Table

I-17.

Table I1I-17. The specific growth rate i and the mean doubling time G of strain Bio 33 grown in
BG 11 medium at different temperatures

Medium | Temp. M (logio unit per day) G (days)

+05%NaCl | (°C) 520 20-30 520 20-30

days days days days

BG 11 15 0.097 +0.018 |0.041 +0.020 73+1.3 19.1+£90.1

18 0.106 + 0.002  |0.036 + 0.005 6.5+0.1 19.7+3.0

225 [0.155+0.001 |0.054 +0.013 4500 13.4+3.3
26 0.120+0.019 |0.045+0.028 58+0.9 19.3+12.2
30 0.115+0.008 |0.026 + 0.019 6.1+0.4 36.5+ 27.0
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Figure 1I-27. Effect of temperature on growth of Bio 33 in BG 11 medium.

Temperature: 15, 18, 22.5, 26 and 30°C. NaCl was added at a concentration of 5 g/L. The flasks were shaken at 75 rpm,

24 h continuous light, light intensity 20 pmol photons m2 s1. Bars represent the standard deviation. n = 2.

Bio 33 grew best in BG 11 medium at 26°C. Difference in biomass was significant (one way ANOVA,
P <0.0001). It is observed that Bio 33 had not reached the stationary phase at the 30t day. Based on
the amount of hiomass, from 15°C to 30°C, the growth of Bio 33 increased gradually with higher
temperature up to a maximum growth at 26°C then decreased. The maximum amount of biomass
was harvested at the 30t day at 26°C and was 3 fold higher than at 15°C. Hence, 26°C was

considered as an optimum for growth of Bio 33 in BG 11 medium.

11.3.5.2. Effect of temperature on growth of Bio 33 in MBL medium

Strain Bio 33 was cultivated in MBL medium at 15, 22.5, 26 and 30°C. The same phenomenon as in
BG 11 medium was observed. The yield of biomass was highest at 26°C. Difference in biomass was
significant (one way ANOVA, P < 0.001). The growth of Bio 33 was proportional to the increasing of
temperature from 15°C, reached an optimum at 26°C, and then decreased. The growth curves are

represented in Figure 111-28.
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Figure 111-28. Effect of temperature on growth of Bio 33 in MBL medium.

Temperature: 15, 22.5, 26 and 30°C. NaCl was added at a concentration of 5 g/L. The flasks were shaken at 75 rpm, 24 h
continuous light, light intensity 20 pmol photons m2 s1. Bars represent the standard deviation. n = 2.

Table 11I-18. The specific growth rate i and the mean doubling time of strain Bio 33 grown in
MBL medium at different temperatures

Medium  [Temp. M (logso unit per day) G (days)
+0.5%NaCl | (°C) | 5_29 20-30 | 5-20 | 20-30
days days days days
MBL | 15 |0085+0014 |0.073+0.008 [82+13 |95+11
22.5|0167+0032 |0058+0040 |42+08 |157+108
26 |0.135+0006 |0.008+0.000 |51+02 |850+49
30 |0.170£0.013 |0.030+0.011 |41+03 |248+93

From these experiments we conclude that, in principle higher temperatures are more advantageous for
biomass production of Bio 33. The best growth of strain Bio 33 and highest yield of biomass were
recorded in BG 11 medium at 26°C. Further increasing of temperature to 30°C led to the decreasing of

growth rate and lower yield of biomass.

lI.4.  Method development and validation for the quantification of balticidins A-
C from Bio 33

The method development and validation focused on balticidin A, B, and C (peaks 1, 2, and 3) as signed

in Figure 111-29.
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Figure 111-29. Analyzing HPLC chromatogram of the 70% methanolic crude extract of strain
Bio 33.

HPLC condition: Luna 5 um C18 (2) 100 A, 250 x 4.6 mm column (Phenomenex, USA), precolumn C18 (2), mobile phase
MeOH/Hz0 plus 0.05% TFA with mobile phase gradient in Table 11I-19, flow rate 1.0 mL min-, detection at 226 nm.

The best separation of the four peaks of the crude extract of strain Bio 33 (Figure 111-29) was achieved
with a Luna 5 pum C18 (2) 100 A, 250 x 4.6 mm. (Phenomenex, USA) column with a guard column C18
(2). As mobile phase, a gradient of MeOH in water plus 0.05% TFA was used (HPLC program 2, see

1.4.6.2). The flow rate was 1.0 mL min-L. The column temperature was maintained at 25°C. Detection

was performed at wavelength 226 nm. The injection volume was, typically, 40 uL. The concentration of

the extract solution was equivalent to 30 mg of biomass in 2 mL solvent.

Table 11I-19. The mobile phase gradient for the analytical HPLC which was used for method
development and validation experiments

Time (min)

0.0

0.5

4.5

75

30.5
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% MeOH

40
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40
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l11.4.1.2. Effect of filter and solvent on the preparation of HPLC samples

The MeOH/H,0 (50%) extract of strain Bio 33 was dissolved in MeOH/H0 in different ratios (9:1, 8:2,
7:3, 6:4, 5:5, 4:6, 3.7, 2:8, 1:9). Each sample was filtered with three different types of filter (cellulose
acetate membrane, nylon and PTFE). The samples were subsequently analyzed by HPLC and 20

uL/run was injected. The area of peaks 1, 2 and 3 are shown in Figure 111-30.
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Figure 11I-30. Effect of solvent and filter on the content of peak 1, 2, and 3 in the crude extract
MeOH/H20 (50%).

The extract disolved in MeOH/H20 (7:3) and filtered with a cellulose acetate membrane filter showed

the highest area of all three peaks. As result, the cellulose acetate membrane filter (0.2 pm) and

MeOH/H,0 (7:3) are used to prepare the HPLC samples.

l11.4.1.3. Effect of solvents on the extraction of the active compounds

The same amount of biomass was extracted with different solvents. With each solvent, the biomass
was extracted 3 times. The residues were extracted the fourth time with MeOH/H.O (7:3). The
percentage masses of the crude extract, namely E1, E2, E3, E4, are shown in Table 1lI-20. The
amount of crude extract was highest (30.69% in total) when the biomass was extracted with MeOH

50% in H20 and lowest (16.79% in total) with MeOH 40% in H2O.

All extracts were analyzed by HPLC and the areas of the main peaks 1, 2 and 3 are represented in
Figure llI-31. The solvents MeOH 100%, 90%, 80% were not strong enough to extract all active
compounds in the first two extractions, so that they were concentrated in the third and fourth extract.
The best results were shown with MeOH 70%. MeOH 60%, 50% and 40% extracted lower amounts of
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active compounds. When EtOH 100% was used, the active compounds were not extracted in the first

three extraction steps, so that the best extraction yield was achieved only by the fourth extraction with
MeOH 70%. The amount of extract yielded with EtOH 70% was higher than with MeOH 70%, but the
yield of active compounds was higher when the extracting solvent was MeOH 70%. From the above

results, MeOH 70% in H2O was recognized as the best extracting solvent for the active substances.

Table 111-20. Percentage mass of the crude extracts extracted with different solvents.

No. Extracting solvent1  Extracting solvent2 Extract Extracted mass
(%, £SD)
1. MeOH 100% E1+E2 19.7+0.3
MeOH 100% E3 0.7+0.1
MeOH 70% E4 4.5+0.2
2. MeOH 90% E1+E2 20.9+4.8
MeOH 90% E3 1.1£0.1
MeOH 70% E4 2.8+0.2
3. MeOH 80% E1+E2 20.8+2.0
MeOH 80% E3 0.9+0.1
MeOH 70% E4 2.310.1
4, MeOH 70% E1+E2 21.5+0.2
MeOH 70% E3 1.9+2.1
MeOH 70% E4 2.2+1.0
5. MeOH 60% E1+E2 20.7+0.3
MeOH 60% E3 0.2+0.1
MeOH 70% E4 2.7+0.6
6.  MeOH 50% E1+E2 27.3x1.2
MeOH 50% E3 0.6+0.4
MeOH 70% E4 2.8+0.2
7. MeOH 40% E1+E2 13.2+15
MeOH 40% E3 0.20+0.0
MeOH 70% E4 3.4%0.6
8.  EtOH 100% E1+E2+E3 12.7+0.1
MeOH 70% E4 10.6+0.6
9.  EtOH 70% E1+E2+E3  24.9+0.1
MeOH 70% E4 1.4+0.0
10.  EtOH 50% E1+E2+E3 21.5+1.9
MeOH 70% E4 1.6+0.1
11.  MeOH 70% E1+E2+E3  23.1+3.0
MeOH 70% E4 1.4+1.2
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Figure 11I-31. Peak area of peak 1, 2 and 3 of the crude extracts extracted with different solvents.
E1+E2/E1+E2+E3 dissolved in the extracting solvent, concentration equivalent to 15 mg hiomass/ 1 mL solvent.
E3 dissolved in 500 uL extracting solvent. E4 dissolved in 1 mL of MeOH/H20 (7:3).

[1.4.1.4. Effect of extraction time and extraction volume
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Figure 11l-32. Peak area of peak 1, 2 and 3 from the biomass extracted with different extraction
time and extraction volume.

E1+E2+E3/E1+E2 was dissolved in the extracting solvent, the concentration was equivalent to 15 mg biomass in 1 mL
solvent. E4/E3 was dissolved in 500 pyL MeOH/H:0 (7:3).
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The percentage mass of the crude extract is shown in Table 111-29. The HPLC analysis of the peak
areas is shown in Figure 11I-32. The highest concentration of peak 1, 2 and 3 was obtained when the
extraction time and volume was 45 mL x 24 h followed by 45 mL x % h. Hence, this method was
chosen to extract the active compounds from the biomass of Bio 33.

Table 11I-21. Influence of different extraction time and extraction volume on MeOH/H.O (7:3)
extracts.

No. Volume of solvent/Extraction- Extract Mass of extract
time/number of extraction (%, £SD)

1. 25mL x 2h x 3times E1+E2+E3 19.6+0.8
25mL x ¥%h E4 0.8£0.4

2. 35mL x 2h x 3times E1+E2+E3 19.9+0.5
35mL x %h E4 0.7x£0

3. 45mL x 2h x 3times E1+E2+E3 20.8+0.1
45mL x ¥zh E4 0.7x£0

4,  (25mL x 24h)+(25mL x %2h)  E1+E2 20.840.2
25mL x %h E3 0.7£0.1

5. (35mL x 24h)+(35mL x ¥.h)  E1+E2 23.1+2.8
35mL x %2h E3 1.1£0.2

6.  (45mL x 24h)+(45mL x ¥2h)  E1+E2 23.1+0.04
45mL x ¥2h E3 0.6£0.1

[11.4.1.5. Effect of tubes used for extraction on quantification of active compounds
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B Biomass_BG 11 _Sample 1 B Biomass_BG 11_Sample 2

Figure 111-33. Effect of tubes used for extraction on peak areas.
Extracting solvent MeOH/H20 (7:3). Injection 40 uL/run.
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The results showed that using 100 mL glass Erlenmeyer flasks to extract biomass led to a slightly
reduction of peak areas in comparison to extraction in 50 mL Falcon tubes. The same result was
recorded using different biomasses. Therefore, Falcon tubes were chosen for extracting the biomass of
strain Bio 33.

[11.4.1.6. Effect of ultrasound and position of the extraction tube

As recorded, the temperature of the ultrasonic bath was around 40°C after 60 min of sonication
(Figure 111-36). Hence, the water in the ultrasonic bath was renewed every hour. The effect of
ultrasound on the stability of the peaks was studied. No considerable differences in peak shape and
peak area were observed in samples sonicated for 0, 15, 30 and 60 min in vertical Falcon.

Figure 1ll-34. Effect of sonication on the stability of active compounds.

Overlay chromatograms of samples sonicated for 5 min (black), 15 min (pink), 30 min (blue), 60 min (green). Biomass was
extracted with MeOH/H:0 (7:3). Injection 20 pL/run. Concentration equivalent to 15 mg biomass/mL solvent.

Another experiment on the effect of ultrasound was carried out with biomass extracted with
MeOH/H,0 (1:1). The HPLC results showed that after 2 h or longer time of sonication, the peaks were
deformed (see Figure I11-35).

uv
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Figure 111-35. Effect of sonication on the stability of active compounds.

Overlay chromatograms of samples sonicated for 60 min (green), 2 h (red), 6 h (navy), 12 h (blue). Biomass was extracted
with MeOH/H20 (1:1). Injection 40 pL/run. Concentration equivalent to 15 mg biomass/mL solvent
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Figure 111-36. Effect of ultrasound on the percentage mass of the crude extracts.
Sonification of 0, 15, 30, 60 min with a) vertical Falcon, b) horizontal Falcon.
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Figure 111-37. Effect of ultrasound on the peak areas of 70% MeOH extracts.
Sonication 0, 15, 30, 60 min with a) vertical Falcon, b) horizontal Falcon. E1+E2 dissolved in MeOH 70%, concentration was
equivalent to 15 mg biomass/1 mL extracting solvent. E3 dissolved in 500 uL of extracting solvent. Injection 40 uL/run.

When the tubes were placed horizontally in the ultrasonic bath, the extract mass and peak area of

active compounds increased about 25% in comparison to that of the vertical placed tubes. Fifteen
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minutes of sonication were sufficient for the extraction. When the sonication time was increased the
yield of extracts as well as active compounds were not enhanced. As shown in Figure 1ll-37, in the

range of test temperature (< 45°C), the yield of extract as well as the peak area was not effected by
temperature.

[1.4.1.7. Evaluation of the extraction conditions

The amount of extract collected after each extraction was shown in Table 11I-22. Most of the crude
extract was detected in the first 45 mL solvent.
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Figure 111-38. Area of peak 1, 2 and 3 in crude extracts of stepwise extraction.

E1=1st, E2 = 2nd; E3 = 31d; E4 = 4thextraction. E1 dissolved in 70% MeOH. Concentration equivalent to 15 mg
biomass/mL. E2, E3, E4 dissolved in 500 L. Injection 40 uL/run.

Table 111-22. Percentage mass of 70% MeOH extracts extracted with different time periods

Volume of solvent (mL) Time of extraction Name of extract Extracted mass (%, £SD)

45 24h El 24.2+1.9
45 Yah E2 1.8+1.1
45 Yah E3 0.3+0.2
45 Yah E4 0.2+0.1

The analytical HPLC showed that the active compounds were extracted completely from the biomass in
two steps with 45 mL MeOH/H,0 (7:3)

In summary, the following optimized method for quantification of peak 1, 2 and 3 was
developed:

The dried biomass was extracted with 45 mL of MeOH/H0 (7:3) contained in a 50 mL Falcon tube.
The tube was placed horizontally in the ultrasonic bath for 15 min. After that, the biomass was
extracted by the magnetic stirrer (1000 rpm, stirrer bar 15 x 5 mm) for 24 h. After extracting, the tube

was centrifuged at 4300 rpm for 7 min and the supernatant E1 was filtered with Whatman filter paper
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(Grade 1, 11 pm). The residue was extracted again with 45 mL MeOH/H,O (7:3) for % h. After
centrifugation the supernatant E2 was filtered and combined with E1. The supernatants were dried in
rotary evaporator and lyophilized. To analyze the active compounds, MeOH/H.0O (7:3) was added to
the crude extract to get a concentration equivalent to 15 mg biomass/1 mL solvent. The sample was
sonicated for 15 min to dissolve all the active compounds. The sample was filtered with a cellulose
acetate membrane filter (0.2 pum, 25 mm) and 40 uL were loaded on a Luna 5 um C18 (2) (100 A,
250x4.6 mm, Phenomenex, USA) column with a guard column C18 (2). As mobile phase MeOH/H,0
plus 0.05% TFA with a flow rate of 1.0 mL min-t was used. The chromatogram was detected at 226

nm. The mobile phase gradient for the analytical HPLC was the running program 2:

Time (min) | 0.0 | 05 45| 75]305|355|375]|425
% MeOH |40 |40 |60 | 70 | 100 | 100 | 40 |40

l1.4.2. Method validation for quantification of balticidins A-C

[11.4.2.1. Method reproducibility

In the repeatability study the percent relative standard deviations (% RSD) for retention time and peak
area of peak 1 were 0.1 and 0.3%, better than for peak 2 (0.2 and 0.8%) and peak 3 (0.1 and 2.9%)
(Table 11I-26). The estimation of intermediate precision showed the same order of magnitude as for
repeatability study:% RSD values for retention time and peak area of peak 1 were 0.2 and 0.5%, better
than for peak 2 (0.3 and 2.6%) and peak 3 (0.2 and 3.8%).

111.4.2.2. Linearity

Good linearity was observed over the concentration range equivalent to 0.75 - 15 mg biomass/mL
(n = 6). The linear regression equation for peak 1 was y1 = 121498x + 5349.4 (correlation coefficient
R2=0.9993), for peak 2 y» = 14312x + 2672.1 (R? = 0.9947), and for peak 3 y; = 26637x + 16903
(R2=0.9989). The percentage relative standard deviation of the slope and Y-intercept of the
calibration plot for peak 1 were 0.1 and 12.0%, for peak 2 were 0.5 and 14.8% and for peak 3 were
0.4 and 6.4% (Table 111-26).

The content of compound 4 in the control biomass (concentration equivalent to 15 mg biomass/mL) was
too low to quantify (LOD ~ 11 mg biomass/mL and LOQ ~ 33 mg biomass/mL). Moreover, HPLC
analysis confirmed that there was an overlap of peak 4 with other compounds in the 70% MeOH crude

extract. Consequently, the quantification was done only for peak 1, peak 2 and peak 3.
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[11.4.2.3. LOD and LOQ

The limits of detection (LOD) and quantification (LOQ) were estimated for peak 1 as 0.5 and 1.6 mg
biomass/mL, for peak 2 as 1.4 and 4.4 mg biomass/mL, for peak 3 as 0.6 and 1.9 mg biomass/mL,
respectively. Method precision for peak 1, peak 2 and peak 3 at the limit of quantification was 9.8, 7.9
and 9.4% RSD (Table 11I-26).
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1000000 - R?=0.9989
Y, = 14312x +2672.1 &
0 - R2=0.9947,

0 5 10 15 20 25 30 35 40 45 50 55
Concentration (MQyigmass/ML)

®Peakl aPeak?2 wmPeak3 oPeak1l* APeak2* oOPeak 3*

Figure 111-39. Calibration curves.

“*: points from recovery experiment (see 11.4.2.4), out of the calibration curves.

l11.4.2.4. Accuracy and recovery

2, 4, 8, 15, 30, 40, 60 and 100 mg of dried biomass were extracted according to the protocol
described in 111.4.1.7 (n = 3). The crude extracts were dissolved in 2 mL MeOH/H20 (7:3). 40 L of
each were loaded on the analytical HPLC column. The areas of the peaks were determined. The
recoveries of peak 1, 2 and 3 were calculated from the slope and Y-intercept of the calibration plot
obtained in 111.4.2.2. The recovery suggested that the reliable concentration of sample prepared for
HPLC analysis should not be higher than 15 mg biomass/mL solvent. The peak area-responses of
concentrations equivalent to 20, 30, 50 mg biomass/mL are presented in Figure 111-39 (peak 1, 2%, 3").
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I1l. Results
Table 111-23. Recovery of biomass according to peak 1.
The linear regression equation y; = 121498x + 5349.4
Craoun Peak 1area (+SD)  Cestimated (+SD)  Recovery (%)
(mg biomass/mL) (mg biomass /mL) (+% RSD)
1 1177445 + 12824 0.93+0.11 9251 +11.41
2 241632 + 16453 1.94+0.14 97.24 £ 6.96
4 521547 + 5222 4.25+0.04 106.22 +1.01
7.5 884359 £ 9994 7.23+0.08 96.46 + 1.14
15 1818822 + 1606 14.93+£0.01 99.51 £ 0.09
20 2288125 + 19684 18.79+£0.16 93.94 £ 0.86
30 2867205 £ 76065 23.55+£0.63 78.52 + 2.66
50 3839672 £ 406615  31.56 + 3.35 63.12 £ 10.60
Table 1ll-24. Recovery of biomass according to peak 2.
The linear regression equation y, = 14312x + 2672.1
Cianoun Peak 2 area (+SD)  Cestimated (£SD)  Recovery (%)
(mg biomass/mL) (mg biomass/mL) (x% RSD)
1 15964 + 1528 0.93+0.11 92.87 £11.49
2 32029 + 1018 2.05+0.07 102.56 + 3.47
4 65994 + 2773 442 +0.19 110.61 +4.38
7.5 115549 + 5000 7.89+£0.35 105.16 + 4.43
15 222082 £ 5550 15.33+0.39 102.20 + 2.53
20 265375 £142742 18.36 +1.23 91.78 £6.71
30 376754 + 58093 26.14 + 4.06 87.13£15.53
50 486609 + 66764 33.81£4.66 67.63 +13.80
Table 111-25. Recovery of biomass according to peak 3.
The linear regression equation yz = 26637x + 16903
Chnown Peak 3area (+SD)  Cestimated (£SD) ~ Recovery (%)
(mg biomass/mL) (mg biomass/mL) (% RSD)
1 43126 + 2985 0.98+0.11 98.45 +11.39
2 72305 + 2721 2.08+0.11 103.99 +4.91
4 130235 + 9802 4.25+0.37 106.37 + 8.65
7.5 213264 + 5551 7.37+£0.21 98.29 +2.83
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15 423009 + 3159 15.25+0.12 101.64 +0.78
20 534311 + 142742 19.42 +0.44 97.12+2.28

30 556883 + 85440 20.27+£3.21 67.57 +15.84
50 755421 + 96225 27.73+3.61 55.45 +13.03

[11.4.2.5. Stability in solution

The overall relative standard deviation of the peak area was calculated for all injections (3 times per day
over three days).% RSD values of peak area were 3.5, 6.4 and 5.3 for peak 1, 2 and 3, respectively.%
RSD values of retentiontime were 0.18, 0.20 and 0.15 for peak 1, 2 and 3, respectively. These values
were higher than the values recorded for intermediate precision (between days, see 111.4.2.1). The
results showed that the HPLC solutions of the crude extract of strain Bio 33 in MeOH/H20 (7:3)
(concentration equivalent to 15 mg biomass/mL) placed in the autosampler were stable for at least
48 h. Besides, the sample (crude extract in MeOH/H.O (7:3) concentration equivalent to 15 mg
biomass/mL) precipitated after 2 days stored at 4°C. This fact indicated that the sample should be

prepared and analyzed freshly.

Table 11I-26. Results of method validation

Property Peak 1 Peak 2 Peak 3
Repeatability (n = 6,% RSD)
Retention time (tr) 0.1 0.2 0.1
Peak area 0.3 0.8 2.9

Intermediate (between-days) precision
(n=12,% RSD)

Retention time (tr) 0.2 0.3 0.2
Peak area 0.5 2.6 3.8

Linearity (n = 6)
Calibration range (~ mg biomass/mL) 0.75-15 0.75-15 0.75-15

Calibration points 7 7 7
Correlation coefficient 0.9993 0.9947 0.9989
Slope (%RSD) 0.1 0.5 0.4
Intercept (% RSD) 12.0 14.8 6.4
LOD (~ mg biomass/mL) 0.5 14 0.6
LOQ (~ mg biomass/mL) 1.6 4.4 1.9
Precision (at LOQ, n=5) 9.8 7.9 9.4
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Stability in solution
(3 replicates, over 3 days,% RSD)

Retention time (tr) 0.18 0.20 0.15
Peak area 3.5 6.4 53

[11.5. Production of balticidins A-C of strain Bio 33

The increasing or decreasing in the peak area of the three compounds (Flll-4, FIlI-5, FllI-6) recorded
under different cultivating conditions reflected the effect of cultivating conditions on the production of
the active compounds. The production of the bioactive compounds of strain Bio 33 cultivated in BG 11
medium plus 0.5% NaCl at 22.5°C, 20 umol photons m-2 s1, 12 h/12 h light/dark rhythm was used as

reference.

The method used for investigation the production of active compounds (peak 1, 2, 3) of Bio 33 from the

growth curves (biomass range from 2 mg to 100 mg) was described in 111.4.1.7.

l11.5.1. Effect of culture medium on the production of balticidins A-C

It was obverved that the effect of culture media on the production of balticidins varied with
temperature (time of irradiance and light intensity were fixed at 24 h continuous light and 20 pmol
photons m-2 s-1 , respectively (Figure 111-40)). The difference in the area of peak 1, 2 and 3 between
BG 11 and MBL media was significant (P < 0.05). In particularly, at 15°C, Bio 33 cultivated in MBL
medium produced more balticidins B (peak 2) and C (peak 3) than in BG 11 medium. However, at
22.5°C and higher temperatures, Bio 33 cultivated in MBL produced less balticidins B and C than in
BG 11.

In case of balticidin A (peak 1), the area of peak 1 produced by Bio 33 cultivated in MBL medium was
higher than that in MBL medium at 15°C, 26°C and 30°C. At 22.5°C, the mean of peak 1 area (mean
of all determinations) of Bio 33 cultivated in BG 11 medium was highest, but the highest concentration
of peak 1 was detected at 30" day in biomass cultivated in MBL medium at 22.5°C. At 22.5°C, the
production of peak 1 in BG 11 medium increased quickly from 5t day to 10t day and became stable
after 15t day; in contrast, in MBL medium the concentration of peak 1 still increased until 30t day of

cultivation.
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Figure 111-40. Effect of BG 11 and MBL media on balticidins A-C.
Discontinuous straight lines: mean of balticidin concentration over the cultivation time. The error bars represent the standard
deviation. n = 2.

According to the high yield of hiomass and high concentration of balticidins A, B, C of Bio 33
cultivated in BG 11 medium, BG 11 medium was considered as the better medium for an effective

production of balticidins A, B and C, especially at 22.5°C.
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[11.5.2. Effect of nitrate on the production of balticidins A-C

11.5.2.1. Strain Bio 33 cultivated in BG 11 medium

The influence of nitrogen depletion on the production of balticidins was carried out in BG 11 medium
at 18, 22.5, and 26°C, under 24 h continuous irradiance with a light intensity of 20 ymol photons m-2
s, and a shaking frequency of 75 rpm. The analytical HPLC of antifungal lipopeptide concentration is

represented in Figure 11l-41.

Peak 1. When Bio 33 was cultivated under 24 h of continuous irradiance and a light intensity of
20 umol photons m-2 s, it was observed that nitrate had no effect on the production of peak 1. There
were no significant differences in the area of peak 1 (P < 0.05) at all tested temperatures. The
concentration peak 1 was nearly identical in BG 11 medium with and without nitrate.

Peak 2: At 22.5°C, Bio 33 produced more balticidin B in BG 11 medium without nitrate (P < 0.05) in
comparison to BG 11 medium with nitrate. However, the depletion of nitrate from BG 11 medium at
other tested conditions did not have significant effect on the production of peak 2. The difference in

the area of peak 2 between BG 11 medium with and without nitrate was not significant (P < 0.05).

Peak 3: At all tested temperatures, the depletion of nitrate from BG 11 medium reduced the
production of peak 3; difference in peak areas was significant (P < 0.0001). In conclusion, at 22.5°C -
when the production of balticidins was highest - the depletion of nitrate from BG 11 medium did not
affect the production of balticidin A but increased the production of balticidin B and decreased the
production of balticidin C.
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Figure lI-41. Effect of nitrate on the production of balticidins A-C in BG 11 medium.
Discontinuous straight lines: mean of balticidin concentration over the cultivation time. The error bars represent the standard
deviation. n = 2.

[11.5.2.2. Strain Bio 33 cultivated in MBL medium

In MBL medium, the depletion of nitrate from MBL medium had no effect on the production of
balticidins A, B, C at 22.5°C and 26°C. No significant difference in the area of peak 1, 2 and 3

between MBL medium with and without nitrate was recorded at these temperatures (P < 0.05).
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Figure 11I-42. Effect of nitrate on the production of balticidins A-C in MBL medium.
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Discontinuous straight lines: mean of balticidin concentration over the cultivation time. The error bars represent the
standard deviation. n = 2.

l11.5.3. Effect of cobalt on the production of balticidins A-C

11.5.3.1. Strain Bio 33 cultivated in BG 11 medium

Peak 1: At 15°C and 30°C, it is obviously that cobalt had a positive effect on the production of peak 1
because a supplement of cobalt in BG 11 medium led to a significant increase of peak 1 concentration
(P <0.01 and P < 0.001, respectively). However, a supplement of cobalt to BG 11 medium at 22.5°C
had no effect on the production of balticidin A; no significant difference (P < 0.05) in peak area was
observed.

Peak 2: A supplement of cobalt to BG 11 medium had no effect on the concentration of peak 2 at
15°C (difference was not significant, P < 0.05) and 30°C (difference was not significant, P < 0.05) but
decreased the concentration of peak 2 (difference was significant, P < 0.05) at 22.5°C.

Peak 3: The presence of cobalt in BG 11 medium at 15°C and 22.5°C increased the production of
peak 3; difference in the area of peak 3 was significant (P < 0.01 and P < 0.05, respectively). At 30°C,
no effect of cobalt on peak 3 was clearly observed; difference was not significant (P < 0.05).

In conclusion, cobalt had an obviously positive effect on the production of balticidins of Bio 33
cultivated in BG 11 medium at 15°C and 30°C. However, this effect was not clear when cobalt was

added to BG 11 medium at 22.5°C — the temperature when the production of balticidins was highest.
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Figure l1I-43. Effect of cobalt on the production of balticidins A-C in BG 11 medium.
Temperature 15, 22.5 and 30°C. 24 h continuous irradiance. Light intensity 20 pmol photons m-2 s, Discontinuous
straight lines: mean of balticidin concentration over the cultivation time. The error bars represent the standard deviation.
n=2.
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[11.5.3.2. Strain Bio 33 cultivated in MBL medium
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MBL vs. MBL-Co_Balticidin C
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Figure 1I-44. Effect of cobalt on the production of balticidins A-C in MBL medium.
Temperature 15, 22.5 and 30°C. Light intensity 20 umol photons m2 s1. Irradiance of 24 h continuous light. Discontinuous
straight lines: mean of balticidin concentration over the cultivation time. The error bars represent the standard deviation.
n=2.

Peak 1: The depletion of cobalt from MBL medium had no effect on the concentration of peak 1 at
15°C; difference in the area of peak 1 was not significant (P < 0.05). Nevertheless, the depletion of
cobalt from MBL medium at 22.5°C decreased the production of peak 1 (difference was significant, P

<0.05) and increased it at 30°C (difference was significant, P < 0.01).

Peak 2: At 15°C and 22.5°C, the depletion of cobalt from MBL medium had no effect on the
concentration of peak 2; no significant difference in the area of peak 2 was observed (P < 0.05).
However, at 30°C the concentration of peak 2 of Bio 33 cultivated in MBL medium without cobalt was
higher (P < 0.05) than in MBL medium.

Peak 3: The absence of cobalt in MBL medium did not affect the production of peak 3. No significant

difference in the peak area was observed (P < 0.05).

In conclusion, the effect of cobalt on the production of balticidins depended on temperature. At
22.5°C, the presence of cobalt enhanced the production of balticidins in both BG 11 and MBL media.
At 15°C, cobalt had no effect on the production of balticidins in MBL medium but increased it in BG 11
medium. At 30°C, cobalt had a positive effect on the production of balticidins in BG 11 medium but

had a negative effect in MBL medium.
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l11.5.4. Effect of light intensity and time of irradiance on the production of balticidin A-C

The concentrations of peak 1, 2, 3 were studied when Bio 33 was cultivated in BG 11 and MBL medium

with and without nitrate at different light intensity and time of irradiance (Figure 111-45).

It is obvious that light intensity and time of irradiance had a positive effect on the production of
balticidins of Bio 33. For peak 1, 2 and 3, the difference in peak area was significant in the tested media
(one way ANOVA, P < 0.0001 (peak 1), P < 0.01 (peak 2), P < 0.01 (peak 3)). In all four media, at the
same light intensity of 20 umol photons m2 s-1, the production of peak 1, 2 and 3 increased when the
light/dark cycle of 12 h/12 h was changed to 24 h continuous light. An experiment at 24 h continuous
irradiance showed that reducing of light intensity from 20 to 10 pmol photons m2 s led to a reduced
synthesis of peak 1, 2 and 3. Besides, at 24 h continuous light the concentration of peak 1, 2 and 3
increased quickly from 5t to 15t day and reached the highest concentration after 15" day. In the other
hand, in case of 12 h/ 12 h light/dark rhythm the concentration of peak 1 was still increasing and had
not reached the highest concentration after 30" day. In addition, a cultivation under a lower light
intensity (10 pmol photons m-2 s1) over 24 h of irradiance in comparison to a higher light intensity (20

pmol photons m2 s1) in a light/dark cycle of 12 h/12 h resulted in an enhanced synthesis of balticidins.

In conclusion, in all investigated media (BG 11 and MBL with or without nitrate), the production of
balticidins was enhanced when the light intensity was increased from 10 to 20 pmol photons m-2 s-1and

the time of irradiance was increased from 12 h to 24 h light.
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Figure l1I-45. Effect of light and time of irradiance on balticidins A-C of Bio 33 cultivated in
BG 11 medium with and without nitrate.

a) BG 11 and b) BG 11 without NaNOs. 0.5% NaCl was added to each medium. Discontinuous straight lines: mean of
balticidin concentration over the cultivation time. The error bars represent the standard deviation. n = 2.
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Figure l1I-46. Effect of light and time of irradiance on balticidins A-C of Bio 33 cultivated in
MBL medium with and without nitrate.

a) MBL and b) MBL without NaNOs. 0.5% NaCl was added to each medium. Discontinuous straight lines: mean of balticidin
concentration over the cultivation time. The error bars represent the standard deviation. n = 2.
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l11.5.5. Effect of temperature on the production of balticidins A-C

[11.5.5.1. Strain Bio 33 cultivated in BG 11 medium

Strain Bio 33 was cultivated in BG 11 medium plus 0.5% NaCl at 15, 18, 22.5, 26 and 30°C, under a
24 h continuous irradiance, at a light intensity of 20 umol photons m2 s, and a shaking frequency of

75 rpm. The analytical HPLC of antifungal lipopeptide concentration is represented in Figure I1I-47.

In BG 11 medium, the difference in the area of peak 1 and 2 was extremely significant at tested
temperatures (one way ANOVA, P < 0.0001 (peak 1), P < 0.0001 (peak 2)). The production of
balticidin A and B was highest at 22.5°C and lowest at 30°C. The production of balticidin A and B
correlated to temperature, up to an optimum at 22.5°C and then reversely correlated to the increasing
temperature. A correlation analysis between cultivation time and the area of peak 1 and 2 showed
that, the balticidins generally increased from the beginning of the cultivation, up to a maximum
concentration at about day 15t to 20t and then decreased. Besides, the production of balticidins A
and B at lowest or highest temperature reduced with cultivation time. Temperature had also an
obviously effect on the production of balticidin C (difference was significant, one way ANOVA, P <
0.0001). The mean of balticidin C concentration over the cultivation time was highest at 18°C.
However, the difference between 18 °C and 22.5 °C was not significant. Temperatures higher than

22.5°C decreased the production.

[11.5.5.2. Strain Bio 33 cultivated in MBL medium

Strain Bio 33 was cultivated in MBL medium plus 0.5% NaCl at 15, 22.5, 26 and 30°C, under a 24 h
continuous light, a light intensity of 20 umol photons m-2 s-1, and a shaking frequency of 75 rpm. The
analytical HPLC of antifungal lipopeptide concentration is represented in Figure II-48. Difference in
concentration of each balticidin A, B and C over the range of studied temperatures was significant
(one way ANOVA, P < 0.0001 (Peak 1), P < 0.01 (peak 2), P <0.0001 (Peak 3)). 22.5°C was the best
temperature for the production of balticidin A and C, higher temperatures resulted in lower production.
The lipopeptide concentration increased when the temperature increased from 15 to 22.5°C and
decreased when the temperature was higher than 22.5°C. At high temperature, the production of

balticidins reduced with cultivation time.

In conclusion, the optimum temperature for the production of balticidins of Bio 33 in BG 11 medium is
22.5°C; temperature higher than 22.5°C reduces the biosynthesis.
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Figure 1I-47. Effect of temperature on balticidins A-C of Bio 33 cultivated in BG 11 medium.

Discontinuous straight lines: mean of balticidin concentration over the cultivation time. The error bars represent the standard deviation. n = 2
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Figure 111-48. Effect of temperature on balticidins A-C of Bio 33 cultivated in MBL medium.
Discontinuous straight lines; mean of balticidin concentration over the cultivation time. The error bars represent the
standard deviation. n = 2.

[11.5.6. Summary of culture optimization

In summary, the best conditions for the growth of Bio 33 were identified as:

e BG 11 medium,
e 24 h continuous light,
e Light intensity of 20 pmol photons m2 s,

e 26°C. Atthis temperature, nitrate had no effect on growth of Bio 33.
Best conditions for the synthesis of balticidins A, B and C by Bio 33 were identified as:

e BG 11 medium with or without nitrate,
e 24 h continuous light,
e Light intensity of 20 pumol photons m2 s,
e 22.5°C (Balticidin A); 18°C to 22.5°C (Balticidin B and C),
e Under these conditions:
o the supplement of cobalt (0.17 uM) slightly enhanced growth but had no clear
positive effect on the production of balticidins A-C.
o the depletion of nitrate had no effect on growth and on the production of

balticidin A but increased balticidin B and reduced balticidin C.
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o the concentration of balticidins A, B, C reached the maximum value from 15t

day to 25t day. Longer cultivation can reduce the concentration of balticidins.

I11.6. Investigation of strain TVN40 and SRC

[11.6.1. Growth of strain TNV40+SRC in different media

Strain TNV40+SRC was cultivated in Fernbach scale with different media including BG 11 with/without

Co?* and MBL with/without Co2*. The dried biomass was estimated in 5 day steps.

08 -

Biomass (g/L)

Time (days)

—o—:BG11 —e—BG11+Co --=--MBL-Co —=—MBL

Figure 111-49. Growth curves of strain TVN40+SRC in BG 11 and MBL with and without Co?*.

Cultivation condition: temperature 26°C, light intensity of 10 umol photon m-2 s, shaking frequency of 100 rpm. The error
bars represent the standard deviation. n = 2.

Table 11I-27. The specific growth rate p and the mean doubling time G of strain TVN40+SRC
grown in different media (over 10t to 30t day)

Medium M (log1o unit per day) G (days)

BG 11 0.134 5.2
BG 11 + Co? 0.102 6.8
MBL 0.051 13.7
MBL - Co?* 0.075 9.2

Based on the dry weight of biomass, BG 11 without Co?* medium was the best medium for growth of
strain TVN40+SRC among the four investigated media. The amount of biomass harvested at 30t day
was 617.5, 395.8, 352.6, and 365.6 mg/L in BG 11, BG 11+Co, MBL, and MBL-Co media,
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respectively. The presence of Co?* inhibited the growth of this strain. In addition, the influence of

cobalt on the growth of strain TVN40 is stronger in BG 11 medium than in MBL medium.

[11.6.2. Extraction of the culture medium strain TNV40+SRC by XAD-16

For extraction of culture medium of TVN40 (BG 11 supplemented with cobalt), a volume of 6.5 L was
passed through a XAD column (see 11.7.2.2). After this, the column was rinsed with different solvents
yielded H20, 80% MeOH, 100% MeOH, acetone and dichloromethane fractions as shown in Table
111-28.

Table 11I-28. Yield of XAD fractionation from 6.5 L culture medium of strain TVN40+SRC

Fraction m (mg/6.5 L medium; n =2)
H20 108.4+£5.2
80% MeOH 75.7+4.7
100% MeOH 8.6+0.9
acetone 95.7+6.2
DCM 53+0.7

[1.6.3. Antimicrobial activity of extracts from strain TVN40+SRC

EtOAc crude extract of the culture medium and all fractions from XAD column chromatography were
tested against the yeast Candida maltosa and four bacteria as described in 11.3.3. Results are
represented in Table 111-29 (n = 3). It was observed that the active compounds concentrated mostly in
80% MeOH, 100% MeOH and acetone fractions. H,O fractions showed no activity while DCM fraction
was active only against S .aureus. Largest inhibition zone (17.8 mm) was observed using 80% MeOH

fraction against C. maltosa.

According to the antimicrobial activity and high fraction yield, the acetone and the 80% MeOH

fractions were further studied to isolate the bioactive compounds.

Table 111-29. Antimicrobial activity of strain TVN40+SRC

Extract/Fraction C.m B.s Sa E.c P.a
EtOAc 140+28 8.0x0.0 8.0+0.0 87+£12 0
H20 0 0 0
80% MeOH 178+40 9.8z%21 83+04 108+x20 O
100% MeOH 80+00 118+18 85+08 10.7+21 O
Acetone 0 84+05 8.7+0.6 85+1.0 0
DCM 0 0 10.0£0.0 0 0
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[11.6.4. Purification of the active compounds from strain TNV40+SRC by HPLC

[11.6.4.1. Purification of the acetone fraction

Acetone fraction was purified by the method described in 11.7.4.1 and the main peaks were collected.

Yield of peaks is shown in Table I1I-30.

Channel 1: 04D 1 chrom. 210/ 4

400—

50—

.

ann—w/

250—
200—

150—]

100—

50—

‘Nn 06 10/06 Aceton sammeln 11.07.11 154648

Figure 11I-50. Analytical HPLC chromatogram of acetone fraction isolated from the culture
medium of strain TVN40+SRC.

HPLC condition: column Synergi Hydro-RP (80 A, 250 x 4.6 mm, 4 um). Mobile phase ACN/H0. Flow rate 1.0 mL min-t
(running program 1 (see 11.7.4.1)). Injection 20 pg/20 pL/run. Detection at 238 nm.

Table 111-30. Yield of isolated peaks from acetone fraction of TVN40+SRC culture medium (6.5 L)

Peak m (mgQ)

1 0.0006
0.0004
0.0007
0.0004
0.0004
0.0005

OOk wWwN

[11.6.4.2. Purification of XAD 80% methanol fraction
The XAD 80% MeOH fraction was purified by the method described in 11.7.4.2. Peaks from the XAD
80% MeOH fraction (namely 1, 2, 3, 4, 5 see Figure lll-51) were isolated by HPLC. Yield of isolated

compounds (from 6.5 L medium) in sufficient amount for MS analysis were shown in Table I1I-31.

136



1. Results Thanh Huong Bui

uv

7000007 |
650000 “ }
600000 3 ‘
550000 ﬂ‘
] e
500000 2 H
4500004 M
400000 ‘ ‘
350000] |
300000 “ ‘ “ ‘
250000] ‘ ‘ ‘ 1 ‘ H H‘l
1 | \
1l - ‘Jw
2000007
A 45 |
1 VL Il ‘ I U
1500005 I ‘ [ i L)
1 1 ' \ | \ W‘
UODO&E\_}U‘)\/ KJ \"JJ L\*—J u\__/ ‘ \
50000 JN L
e e e e
25 5.0 75 10.0 125 15.0 175 20.0 225 25.0 275 30.0 325 35.0 37.5 min

Figure llI-51. Analytical HPLC chromatogram of XAD MeOH 80% fraction from the culture
medium of strain TVN40+SRC.

HPLC condition: column Synergi Hydro-RP (80 A, 250 x 4.6 mm, 4 um). Mobile phase ACN/H20. Flow rate 1.0 mL min-t
(running program 1 (see (I1.7.4.2)). Injection 20 pug/20 pL/run. Detection at 210 nm (pink) and 238 nm (blue). trr = 11.261
min, trz = 12.591 min, trs = 14.389 min, tra = 17.927 min.

Table 111-31. Yield of isolated peaks from XAD MeOH 80% fraction of TVN40+SRC culture medium

Peak/Compound m (mg)

1.0
0.8
0.4
Too low for weighting
0.5

a k~ e

[11.6.5. Structural elucidation of isolated compounds of strain TVN40+SRC

The ion clusters in positive and negative ESI MS mode and the signals of 1H, 13C NMR of compound 3
(Table 111-32) are compatible to those of a dioxindole derivative — first reported as a natural product in
the work of Monde (Monde et al., 1991; Suarez-Castillo et al., 2006) and the following structure of
compound 3 was proposed:

(3-Hydroxy-2-oxo-2,3-dihydroindol-3-yl)acetonitrile
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Table 111-32. NMR data of compound 3 in comparision to the reported dioxindole derivative

Compound 3 (see Figure 1lI-51) in CD30D ;On;ggg??n icigto(r?_léirez-Castillo et
o | ppm | oMBemmOE  [TMEEC T AR 8 ppmm (0 )
2 179.3 178.1
3 73.9 74.0
4 1254 7.546 ddd (7.5/1.3/0.6) 3,6,8 125.9 7.62d(7.3)
5 124.0 7.099 ddd (7.6/7.5/0.9) 7,9 124.0 7.13t(7.7)
6 131.6 7.322 ddd (7.8/7.6/1.3) 4,8 131.8 7.36t(7.7)
7 1116 6.930 ddd (7.8/0.9/0.6) 59 111.9 7.02d (8.1)
8 142.7 143.1
9 130.7 130.8
10 979 3.068 d (2-16666))/ 2.874d 2, 519 278 3.19d (2.16666))/ 2.98d
11 117.3 117.7

s: singlet, d: doublets, t: triplets and m: multiplets

Masses of [M+Na]* and [M-H]- of other isolated compounds were estimated by HPLC-ESIMS and are

listed in Table 11I-33 and Appendix VII. The identification of the other isolated compounds from strain

TVN40 is still in process.

Table 111-33. Mass spectrometric data of three compounds 1, 2, and 5

Compound [M+Na]* (m/z)  [M-H] (m/z)
1 601.262 577.268
2 625.262 601.266
5 639.277 615.283

[11.6.6. Purification of the TVN40 culture

To identify the origin of the antimicrobial activity of the extracts of TVN40, we isolated the filamentous
TVN40 and the strange round cells (SRC) by methods described in 11.9. Both TVN40 and SRC were

cultivated in BG 11 medium and BG 11 supplemented with Co2*. The culture medium and biomass

were extracted and tested for antimicrobial activity.
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Figure 111-52. Isolation of fiamentous and unicellular cyanobacteria.

a) Sample containing TVN40 and SRC before isolation (magnification 400x); b) Isolated filamentous of TVN40 (magnification
400x); c) Isolated unicellular SRCs (magnification 400x).

[11.6.7. Comparison of extraction of filamentous TNV40, SRC and strain TVN40+SRC

Filamentous TVN40 and SRC were cultivated in Fernbach flasks (see 11.1.2.4) with BG 11 medium and
BG 11 supplemented with Co2*. Strain TVN40+SRC was cultivated in large scale (see 11.1.2.5). The
dried biomass was estimated (Table I11-34) and extracted with n-hexane, MeOH and H,O (see 11.2.2.1).

A volume of 3 L of each culture was extracted with Amberlite™ XAD-16 (see 11.7.2.2). In parallel a
volume of 3 L of each medium was extracted with EtOAc (see 11.2.2.2). The yields of extraction and XAD

fractions are represented in Table I1I-35.

A higher yield of MeOH and MeOH/H20 extracts was recorded in comparison to n-hexane and water
extracts. In general, the percentage of MeOH extract ranged from 10.6 to 17.8%, of MeOH/H.0 extract
from 5.9 to 16.1%, and of n-hexane extract from 0.6 to 2.1%. The percentage of MeOH extract of
isolated TVN40 or isolated SRC was lower than that of the biomass harvested from the cocultivation of

both strains.
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Table 11I-34. Amount of biomass from strain TVN40 and SRC cultivated in different media

Medium Biomass Cultivation scale
(a/L)

TVN40+SRC_BG11+Co BG 11 + Co?* 0.42 big column (35 L medium), aeration,
pH 8.5, 26°C

TVN40+SRC_BG11 BG 11 0.46 big column (35 L medium), aeration,
pH 8.5, 26°C

SRC_BG11+Co BG 11 + Co?* 0.60 big column (35 L medium), aeration,
pH 8.5, 26°C

TVN40 BG11+Co BG 11 + Co?* 0.23£0.02 10 Fernbach flasks (7 L medium), 16-
20°C

TVN40 BG11 BG 11 0.18+£0.03 10 Fernbach flasks (7 L medium), 16-
20°C

Table 11I-35. The yield of extracts of strain TVN40 and SRC cultivated in different media

Extracts
MeOH/H,0
_ n-hexane MeOH H.0 EtOAC
Medium (1)
(%) (%) (%) (mg/3L)
(%)
TVN40+SRC BG11+Co 0.73 16.81 15.22 1.97 8.09
TVN40+SRC_BGll 0.59 17.76 10.07 3.38 8.35
TVN40 BGl_1+Co 0.55 13.23 16.09 191 5.1
TVN40 _BG 11 213 13.40 12.41 1.06 4.7
SRC Béll+Co 2.04 10.61 5.89 2.70 4.6
XAD fractions of culture media (mg/3L medium)
Medium H,O wash  MeOH 80% MeOH 100% Acetone DCM
TVN40+SRC_BG11+Co 20.5 75.7 8.6 95.7 53
TVN40+SRC_BG11 *
TVN40 BG11+Co 71.0 7.7 111 82.1 112
TVN40 BG11 97.9 14 8.2 65.0 7.0
SRC BG11+Co 54.85 7.1 4.0 70.3 0.4

"Experiment was not done with strain TVN40+SRC cultivated in BG 11 medium (named TVN40+SRC_BG11).

[1.6.8. Comparison of antimicrobial activity of the isolated TVN40, SRC and strain TVN40+SRC

The two isolated cyanobacteria (TVN40 and SRC, see 111.6.6) were cultivated in media BG 11 with and
without Co2* and the antimicrobial activity of the extra- and intracellular extracts in agar diffusion test
were compared to the results of strain TVN40+SRC. Only the n-hexane extracts of the TVN40
cocultivated with the SRCs exhibited activity against both B. subtilis and S. aureus. When the SRCs
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were removed from the culture and a pure culture of the filamentous TVN40 existed, the n-hexane
extracts were only active against S. aureus. Otherwise, the n-hexane extracts of the pure SRCs also
exhibited a low but visible inhibition of the growth of S. aureus only. No antimicrobial activity of MeOH
and water extracts of all biomasses was observed (see Table 111-36). The same result was described by
Le (Le, 2010) and Heinek (Heinek, 2011).

Table 111-36. Antimicrobial activity of the biomass extracts from strain TVN40+SRS, TVN40 and
SRS cultivated in different media

Inhibition zone (mm)

Strain_Medium Extract C. P. E. S. B.
maltosa aeruginosa  coli aureus  subtilis
TVN40+SRC_BG11+Co n-hexane 0 0 0 100 8017
MeOH 0 0 0 0 0
H20 0 0 0 0 0
TVN40+SRC_BG11 n-hexane 0 0 0 9.75+11 100
MeOH 0 0 0 0 0
H20 0 0 0 0 0
SRC BG11+Co n-hexane 0 0 0 83+15 0
MeOH 0 0 0 0 0
H20 0 0 0 0 0
SRC_BG11 n-hexane 0 0 0 800 0
MeOH 0 0 0 0 0
H20 0 0 0 0 0
TVN40 BG11+Co n-hexane 0 0 0 12+0 0
MeOH 0 0 0 0 0
H20 0 0 0 0 0
TVN40 BG11 n-hexane 0 0 0 95+0 0
MeOH 0 0 0 0 0
H20 0 0 0 0 0

n = 3. 2 mg/6 mm paper disc. “0" means no activity found.

The antimicrobial activity of the EtOAc extracts and the XAD fractions of the culture medium against C.
maltosa, B. subtilis, S. aureus and E. coli are represented in Figure 11-53 to Figure I11-57.

The EtOAc extracts of the TVN40 growing together with SRC showed activity against C. maltosa, B.
subtilis, S. aureus and E. coli. Tests on the EtOAc extract of the pure TVN40 showed the same results
but with higher activity. However, the EtOAc extract of the pure SRC exhibited activity only against the
three bacteria; no activity against C. maltosa was observed. The H2O fractions of all strains showed no

inhibition zone.
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The activity against C. maltosa was observed in the 80% MeOH and 100% MeOH fractions of TVN40
and TVN40+SRC but not in acetone and dichloromethane fractions. Besides, this activity of the mixed

culture TVN40+SRC was higher than that of the pure TVN40.
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Figure 11I-53. Antimicrobial activity of the EtOAc extract of culture medium of strain

TVN40+SRC, TVN40 and SRC.
Trains were cultivated in different culture media. Test concentration 1 mg/6 mm paper disc. n = 3.
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Figure 11I-54. Antimicrobial activity of the 80% MeOH fraction of culture medium of strain
TVN40+SRC, TVN40 and SRC.

Trains were cultivated in different culture media. The fraction was separated by XAD column. Test concentration 1 mg/6
mm paper disc. n = 3.
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Figure l1I-55. Antimicrobial activity of the 100% MeOH fraction of culture medium of strain
TVN40+SRC, TVN40 and SRC.

Trains were cultivated in different culture media The fraction was separated by XAD column. Test concentration 1 mg/6 mm
paper disc. n = 3.
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Figure l1I-56. Antimicrobial activity of the acetone fraction of culture medium of strain
TVN40+SRC, TVN40 and SRC.

Trains were cultivated in different culture media The fraction was separated by XAD column. Test concentration 1 mg/6 mm
paper disc. n = 3.
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Figure l1I-57. Antimicrobial activity of the dichloromethane fraction of culture medium of strain
TVN40+SRC, TVN40 and SRC.

Trains were cultivated in different culture media. The fraction was separated by XAD column. Test concentration 1 mg/6 mm
paper disc. n = 3.

The activity against B. subtilis, S. aureus and E. coli was found in all fractions of all strains.
Nevertheless, the comparison of inhibition zones showed that the activity of the pure TVN40 and SRC
was stronger than that of the mixed culture of TVN40+SRC. The EtOAc extract and XAD fractions of the
mixed culture of TVN40+SRC as well as of the pure TVN40 showed activity against C. maltosa, but that
of the pure SRC showed no antifungal activity. It is unambiguously that TVN40 is the strain, which was
responsible for the antifungal activity of the mixed culture of TVN40 and SRC. The agardiffusion assay
also showed that the presence of cobalt in the culture medium increased the inhibition zone of the

EtOAc extracts and XAD-16 fractions.

In conclusion, according to the agardiffusion assay, both TVN40 and SRC culture media were
responsible for the antibacterial activity against B. subtilis, S. aureus and E. coli because (i) the medium
extracts of the two pure strains and the mixed culture were active, (i) the activity was present in all of
the medium extracts. However, only the extract of the culture medium of TVN40 was active against C.
maltosa. The supplement of cobalt enhanced the antimicrobial activity of the culture medium. Pure

strains showed higher activity in comparison to the mixed culture of TVN40 and SRC.

[1.6.9. Isolation, cultivation, extraction and tesing of isolated bacteria from SRC

Type and number of bacterial colonies grew on each type of agar plate were compared. As a result, 4
bacteria were isolated and named as: 1) white, large; 2) pale yellow, small; 3) yellow; 4) orange, Malt.

The bacterium number 4) was isolated from a Malt agar plate. Besides, TYG medium was considered
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as the best medium for cultivation of the isolated bacteria. Yield of extraction and agar diffusion assay

are summarized in the following table:

Extract Yield Bacteria
g/L medium |S.a|B.s |Ec |P.alCm

EtOAc extract aBA _culture medium| 0.0393 9 (12 |9 - 110

TYG medium 0.0226 - - 7,uc| - |9, uc
Bacterial biomass | PBA biomass 1.0484

n-hexane extract 0.07% -

MeOH extract 39.5% - - - - |-

H20 extract 11.2% - - - - |-

aBacterial culture medium. bBacterial biomass. Concentration of extract 2 mg/paper disc.

The EtOAc extract of bacterial culture medium showed a weak activity against S. aureus, B. subtilis, E.
coli and C. maltosa. Besides, the EtOAc extract of the control TYG medium also displayed a weak

activity against E. coli and C. maltosa.

[11.6.10. ESI MS analysis for the presence of isolated compounds

The presence of m/z values according to [M+Na]* and [M-H]- of these five compounds - fluorensadiol,
the dioxindole derivative and compound 1, 2, and 5 (see Table 11I-33) - was checked and the results

are presented in Table I11-37.

Table 11I-37. Presence of m/z peaks according to [M+Na]* and [M-H]- in HPLC/MS

Sample Compound | Flourensadiol | Dioxindole | Compound 1 | Compound 2 | Compound 5
derivative

XAD 80% MeOH fraction of strain - + + + +

TVN40+SRC

All other XAD fractions of strain - na na na na

TVN40+SRC

EtOAc  extract of  strain - na na na na

TVN40+SRC

EtOAc extract of bacterial culture + + - - -

medium

MeOH extract of bacterial + - - - .

biomass

EtOAc extract of TYG medium - + - - .

EtOAc extract of culture medium + + - - -

(BG 11+Co) of SRCs

EtOAc extract of culture medium + + - - .

(BG 11+Co) of strain TVN40

EtOAc extract of culture medium + + - - .

(BG 11-Co) of strain TVN40

“+" present; “-“: absent; “na”; not analyzed
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[11.6.10.1. ESI MS analysis for the presence of flourensadiol

As a result of scan mode, a peak with m/z 239 according to [M+H]* of flourensadiol (M = 238) in
positive mode was found (see Figure 111-58). TYG medium showed no peak with m/z 239. The intensity
of peak m/z 239 was highest in the culture medium extract of the bacteria isolated from SRC (see

Index VIII for the mass spectrum).

#2088 3) EtOAC extract of culture medium of non-axenic SRC

[M+H]* m/z 239

b) EtOAc extract of bacterial culture medium

[M+H]* m/z 239

T T L L S B L L L B L S S S
an s ae e & ae "o He ~s 130 "o %0 168 e »o 190 20 20 2p 20 Mp 250 mim

c) MeOH extract of bacterial biomass

[M+H]* m/z 239

d) EtOAc extract of TYG medium

T T T T T T T T T T T T T T T T T T T T T T
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Figure [1I-58. Mass chromatograms of m/z 239 according to [M+H]* of flourensadiol.

[11.6.10.2. ESI MS analysis for the presence of dioxindole derivative

Mass chromatograms of the dioxindole derivative were recorded in a scan mode of fraction XAD 80%
MeOH of strain TVN40+SRC (see 111.6.4.2) are presented below. It is noticed that the presence of m/z
211 and 187 values according to [M+Na]* and [M-H]- of dioxindole derivative (M = 188) were high in

EtOAc extracts of culture medium of bacteria isolated from SRC as well as in TYG medium.

mé';‘%% a) XAD 80% MeOH fraction TVN40+SRC_Dioxindqle rerivative
oo _ [M+Na]* m/z 211

_— b) EtOAc extract of culture medium of bacteria

o [M+Na]* m/z 211

oo [M-H]- m/z 187
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FR@s ) EtOAC extract of TYG medium
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Flgure ||| 59 Mass chromatograms of m/z 211 and 187 accordlng to [M+Na]* and [M H]- of
dioxindole derivative.

[11.6.10.3. ESI MS analysis for the presence of compound 1, 2 and 5
Mass chromatograms of compound 1, 2, and 5 recorded in a scan mode of fraction XAD 80% MeOH
of strain TVN40+SRC (see 111.6.4.2) are presented below. These peaks were not found in all other

samples.

ez XAD 80% MeOH fraction_TVN40+SRC Compound 1

[M+Na]* m/z 601
[M-H]- m/z 577

A
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m%; XAD 80% MeOH fraction_TVN40+SRC_Compound 2
| [M+Na]* m/z 225
[M-H m/z 601
L
% XAD 80% MeOH fraction_TVN40+SRC_Compound 5

[M+Na]* m/z 639
[M-H]- m/z 61

10000000
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Flgure III 60 Mass chromatograms of m/z values accordlng to [M+Na]+ and [M-H]- of
compound 1, 2, and 5.
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lI.7.  Axenization of cyanobacteria

[11.7.1. Axenization of strain Bio 33, TVN40 and SRC

Figure l1I-61. Testing for the axenic cyanobacteria

Aliquots of 3-week-old isolated cyanobacteria were spread on TYG agar, incubated at 37°C in 48 h. The clear zone indicated
the axenic cyanobacterium.

a) b)

Figure 11I-62. a) Axenic Bio 33 in BG 11 medium + 0.5% NaCl.
b) Axenic TVN40 in BG 11 medium + Co?*.

The isolated cyanobacterium was axenized with the methods described in 11.9. The method using a
micropipette to pick up one single filament and wash it several times with distilled medium was
successful for strain TVN40 but not for strain Bio 33. However, the method in which the stock culture
of Bio 33 was diluted and spread out on the surface of an agar plate was successful for this strain. The
SRCs were easily isolated from strain TVN40 using a micropipette but difficult to axenize because of
the single form, the small size and the very slow growth rate. The axenic cyanobacteria were checked
with TYG plates after 3 weeks of cultivation. As result of axenization, the strains Bio 33 and the
filamentous TVN40 are available as axenic cultures. The axenization of SRC for taxonomic

identification as well as further isolation the active compounds is still in progress.
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I1.7.2.  Preservation of cyanobacteria in the cultivation

l11.7.2.1. Renewing of isolated cyanobacteria

U-

a) Strain TVN40+SRC grew in BG 11 (left) and BG 11 + Co? (right) media after 4 weeks of
cultivation.

B "

b) Non-axenic isolated TVN40 grew in BG 11 (left) and BG 11 + Co?* (right) media after 4
weeks of cultivation.

Figure 11I-63. c) Non-axenic isolated SRC grew in BG 11 (left) and BG 11 + Co?* (right)
media after 4 weeks of cultivation.

In comparison to BG 11 medium, in MBL medium the tested cyanobacteria grew slowly, formed smaller
cells and developed clearly yellowish color after 4 weeks, so that MBL medium was not used to
preserve the strains. After 5 weeks non-axenic isolates of Bio 33 still grew well in BG 11 + 0.5% NaCl
medium. In BG 11 medium without NaCl, the cells were broken so that the culture medium had a bluish
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color. Otherwise, Bio 33 filaments grew in BG 11 + NaCl medium with cobalt had a slightly yellowish
green color. Therefore, BG 11 + 0.5% NaCl medium was used to renew strain Bio 33 every 4 weeks. 5

mL of old culture medium was transferred into 50 mL of fresh, sterile medium.

Non-axenic mixture of TVN40+SRC as well as non-axenic pure TVN40 and SRC grew well for 5 weeks
in BG 11 + Co2?* medium and exhibited green color. However, in BG 11 medium without cobalt they
developed yellowish green color. Hence, BG 11 medium with cobalt was used to renew these strains

after 4 weeks of cultivation (see Figure I11-63).

[11.7.2.2. Preservation of axenic cyanobacteria

Axenic cyanobacteria were placed on the agar surface on 16/09/2011 and were photographed after 2
months (14/11/2011), and 4 months (14/01/2012). Comparison of axenic filaments grew on Bacto agar
plates showed that after 4 months axenic Bio 33 (see Figure 111-64) still grew well and green in BG 11
plus 0.5% NaCl medium without cobalt. In other media, the filaments were broken and had yellowish
color. Therefore, BG 11 medium plus 0.5% NacCl without cobalt was chosen for preservation of axenic
Bio 33. The axenic cyanobacterium was able to grow on agar plate containing 25 mL agar for 5 - 6

months.

Although non-axenic isolates of TVN40 grew well in Erlenmeyer flasks containing BG 11 medium with
cobalt (see 111.7.2.1), the axenic strain died after 2.5 months cultivated on agar plate supplemented with
the same medium. Axenic TVN40 did not develop filaments, turned yellow and died after 2.5 months
transferred to the agar plate containing BG 11 with Co?* (Figure I1I-65). Experiments on stock
cyanobacteria cultivated in BG 11 medium or BG 11 + Co?* had the same result. It seemed that on agar
plates Co?* inhibited the growth of this cyanobacterium. Therefore, agar plates with BG 11 medium
without cobalt was used to preserve axenic TVN40.

SRC was preserved in on agar plates with BG 11 medium with cobalt.
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Figure 111-64. Axenic Bio 33 grew on Bacto agar plate supplemented with different
media after 4 months of cultivation.
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Figure 111-65. Axenic TVN40 grew on Bacto agar plate supplemented with different
media after 2.5 months of cultivation.
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l11.7.3.  Antimicrobial activity of the axenic Bio 33

The axenic Bio 33 cultivated in BG 11 plus 0.5% NaCl yielded 0.44 g biomass /L (SD = 0.01, n = 3)
medium. In comparison to the non-axenic Bio 33 (0.27 g biomass/L, see lll.1.1), the axenic one
produced about 2 fold higher biomass. The MeOH/Hz0 (1:1) extract of axenic Bio 33 yielded 20.2% of
the biomass, lower than that of non-axenic Bio 33 (30.3%, see 111.2.1).

All extracts were tested against Candida maltosa SBUG 700 (see 11.3.3), Candida albicans ATCC
90028, Candida krusei ATCC 90878, Aspergillus fumigatus, Mucor sp. (see Appendix 1) (2 mg/pd). The
results represented in Figure 111-66.

Table 111-38. Yield of extraction and antifungal activity of axenic Bio 33.

Mass of extract Inhibition zone

(%) (mm)
n-hexane 2.6 0
MeOH/H.0 20.2 17.5
H20 3.7 0
Flll fraction
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Candida albicans  Candida krusei Aspergillus Mucor sp. Candida maltosa
fumigatus
Pathogenous fungi
Non-axenic Bio 33 = Axenic Bio 33 B Nystatin Control

Figure 11I-66. Antifungal activity of FlIl fraction of the axenic and non-axenic Bio 33 against some
pathogenous fungi.

Extract concentration 2mg/6mm paper disc, inhibition zone including the diameter of paper disc. Nystatin 10 pg/paper disc.
n=2.

The active compounds from the axenic Bio 33 were analyzed by HPLC according to the method
described in 11.6.1.7. In HPLC analysis, peak areas of peaks 1, 2 and 3 of non-axenic strain were larger
than that of axenic strain (Figure 11-67). The same phenomenon was observed in agar diffusion assay

when the MeOH/H,0 (1:1) extract of non-axenic Bio 33 displayed larger inhibition zone (22.0 mm) than
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the extract of the axenic strain (18 mm) (see I1I.2.1). In summary, the non-axenic Bio 33 exhibited
higher antifungal activity than the axenic one.
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Figure 11I-67. Peak area of the MeOH/H.0 (7:3) extracts of non-axenic and axenic Bio 33.
Bio 33 was cultivated in BG 11 + 0.5% NaCl. n = 2.

[1.8. Taxonomy

l11.8.1. 16S rRNA gene sequences of Bio 33, TVN40, SRC and isolated bacteria

Genomes of axenic strains Bio 33 and TVN40 were isolated from cells using ultrasonication and
lysozyme. The genes of 16S rRNA were amplified by polymerase chain reaction (PCR) and purified.
Cells of SRC and other bacteria were introduced to the PCR without an extra genomic isolation step.
After PCR, the purified 16S rDNA samples were estimated with a Nanodrop 1000 as 103.1 and 177.5
ng/ulL for strain Bio 33 and TVN40, respectively. These samples were used for sequencing of 16S
rRNA gene. The sequences of the partial 16S rRNA genes of investigated strains are presented in
Index VIII. These obtained sequences were compared to sequence information available in the
National Center for Biotechnology Information database using BLAST analysis (Altschul et al., 1997)
(http://www.ncbi.nlm.nih.gov/BLAST).

Table 11I-39. The partial 16S rRNA gene sequences of strain Bio 33, TVN40, SRC and isolated
bacteria from SRC culture.

No. Strain  Length (nucleotides)

1. Bio 33 1268
2. TVN40 1334
3. SRC 1350
4, WL 1353
5. WSl 1403
6. Y1 1357
/. YM1 1377
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Four best hits of the blast search of the 16S rDNA sequence of strain Bio 33 showed: Anabaena
cylindrica PCC 7122 strain CCAP 1403/2A (Indentity 99%)/Accession number HF678516.1;
Anabaena cylindrica PCC 7122 strain PCC 7122 complete sequence (99%)/NR_102457.1; Anabaena
cylindrica PCC 7122, complete genome (99%)/CP003659.1; Anabaena cylindrica PCC 7122 strain
CCAP 1403/2B (99%)/HE975014.1.

Four best hits of the blast search of the 16S rDNA sequence of strain TVN40 showed: Nostoc sp.
PCC 7107, complete genome (97%)/CP003548.1; Nostoc sp. PCC 9426 (98%)/AM711538.1;
Trichormus azollae Kom BAI/1983 (98%)/AJ630454.1; Nostoc ellipsosporum CCAP 1453/2
(97%)/HF678488.1.

Four best hits of the blast search of the 16S rDNA sequence of SRC showed: Chroococcales
cyanobacterium LEGE 06123 (99%)/FJ589716.1; Gloeocapsa sp. PCC 7428 16S ribosomal RNA,
complete sequence (97%)/NR_102460.1; Gloeocapsa sp. PCC 7428, complete genome
(97%)/CP003646.1; Unicellular thermophilic cyanobacterium tBTRCCn (97%)/DQ471448.1.

Four best hits of the blast search of the 16S rDNA sequence of bacterium 1 (WL1) showed: Devosia
riboflavina strain HPG62 (99%)/JQ291598.1; Uncultured Devosia sp. clone C50 (99%)/JF833669.1;
Devosia riboflavina strain NBRC 13584 (99%)/AB680451.1; Devosia riboflavina strain Foster strain
4R3337 (99%)NR_042171.1.

Four best hits of the blast search of the 16S rDNA sequence of bacterium 2 (WS1) showed:
Hydrogenophaga sp. TRS-05 (99%)/AB166889.1; Hydrogenophaga intermedia strain Cl
(99%)/FJ009392.1; Hydrogenophaga flava strain: NBRC (98%)/AB681848.1; Hydrogenophaga
intermedia strain: NBRC (98%)/AB681844.1.

Four best hits of the blast search of the 16S rDNA sequence of bacterium 3 (Y1) showed: Uncultured
Sphingomonas sp. clone W4S45 (99%)/GU560166.1; Sphingopyxis sp. M2R2 (99%)/EU188914.1;
Sphingomonas sp. NBRC 15915 (99%)/AB680998.1; Sphingopyxis alaskensis strain RB2256
(99%)/NR_074280.1.

Four best hits of the blast search of the 16S rDNA sequence of bacterium 4 (YM1) showed:
Rhodococcus sp. MDT1-11 (99%)/JX949628.1; Rhodococcus sp. P11-B-8 (99%)/EU016150.1;
Rhodococcus  sp.  SGB1168-118  (99%)/AB010908.1; Rhodococcus sp. SGB1168-116
(99%)/AB010907.1.

According to the blast search, Bio 33 was identified as Anabaena cylindrica belonging to order
Nostocales; TVN40 was identified as Nostoc sp. belonging to order Nostocales; SRC was identified
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as cyanobacterium Gloeocapsa sp. belonging to order Chroococcales. Four bacteria WL1, WS1, Y1
and YM1 were identified as: Devosia riboflavina, Hydrogenophaga sp, Sphingomonas sp., and

Rhodococcus sp.

111.8.2. Phylogenetic relationship of strain Bio 33

Hassallia andreassenii CCALA 954 (FRB22751)
Tolypothrix sp. UAM 357 (HM751846)
Hassallia byssoidea CCALA 823 (AM905327)
Tolypothrix distorta SAG 93.79 (GQ287651)
Hassallia antarctica CCALA 955 (FR822752)
Hassallia antarctica CCALA 956 (FR822753)
- Hassallia antarctica CCALA 957 (FR822754)
Hassallia sp. CM1-HA09 (JQ083649)
Hassallia sp. CM1-HA11 (JQ083650)
Hassallia sp. EM2-HA1 (HQ847555)
Hassallia sp. CM1-HAO8 (JQ083648)
Hassallia sp. CNP3-B3-C04 (HQ847556)
Tolypothrix sp. CCMP1185 (AB075998)
8o Tolypothrix sp. UAM 332 (HM751847)
o5 Tolypothrix sp. UAM 337 (HM751851)
Tolypothrix sp. UAM 340 (HM751853)

{L Tolypothrix sp. UAM 335 (HM751850)
80 Tolypothrix sp. UAM 333 (HM751848)
81 Anabaena sp. Sai001 (GU935344)
Trichormus variabilis str. 'HINDAK 2001/4' (AJ630456)
Anabaena sp. PCC 7108 (AJ133162)
97 Anabaena cf. lemmermannii 262 (AJ293114)
Anabaena cf. cylindrica PMC9705 (AJ293119)
Anabaena sp. 90 (AJ133156)
-~ Anabaena cylindrica PCC 7122 (CP003659, 6042202..6043677)
75| Anabaena cylindrica UTAD_A212 (GQ443447)

8ol Anabaena cylindrica CCAP 1403/30 (HE974990)

..|' Anabaena cylindrica DC-3 (EU780157)
52|' Anabaena augstumalis str.'SCHMIDKE JAHNKE/4a' (AJ630458)
Anabaena vaginicola 1ISC90 (JN873351)

Anabaena sp. BECID19 (EF583857)
__| L Anabaena cylindrica Bio33 (KC333872)
654 7 uncultured bacterium (JQB00761)
Hydrocoryne spongiosa HA4387-MV2 (JN385287)
-- — |l cyanobacterium BECID34 (AJ781150)
Anabaena cf. cylindrica 133 (AJ293110)
--—/1g3, Anabaena sp. XPORK36C (EF568907)
g4/~ Anabaena sp. XP35A (EF583855)
79+ Anabaena sp. BECID8 (EF583856)
85—, |- Anabaena sp. BECID31 (EF583862)
Calothrix sp. BECID18 (AM230702)
100 66—~ Anabaena sp. SKSF1 (EU022718)
- Gloeobacter violaceus PCC 7421 (BA00D0045, complement[1571231..1572715])

75+

66—+

100

Figure 11I-68. Phylogenetic relationship of axenic filamentous Anabaena cylindrica Bio 33
based on 16S rRNA sequence analysis.

Phylogenetic tree based on a secondary structure alignment containing 46 partial 16S rRNA gene sequences. The tree
was inferred using a maximum likelihood method. Numbers given on the branches display bootstrap proportions as
percentage of 1000 replicates for values greater than or equal to 50%. The accession numbers of sequences used for
reconstruction are given in parentheses. For better clarity, sequences used as outgroup (B. subtilis (AJ276351), E. coli
(DQ360844)) are not shown.
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In order to infer the phylogenetic position of strain Bio 33 the nearly complete 16S rRNA gene of Bio33
was used for construction of a phylogentic tree using a maximum likelihood method. The final tree was
the best tree out of 1000 independent inferences (Figure 11I-68). The sequence of strain Bio33 was
included into the INSDC databases, i.e. DDBJ, EMBL, Genbank, under accession number KC333872.
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V. Discussion

IV.1. Screening

With regard to increasing invasive fungal diseases and rising antifungal resistance, the current
antifungal drug development is not adequate to combat fungal diseases. Thus, the rising need for
antifungal agents, particularly those for the treatment of systemic fungal infections, always promote the

pharmaceutical research, especially the search for more potent antifungal substances.

The common method used for antimicrobial screening of intra- and extracellular extracts from
cyanobacteria is based on the agar diffusion assay with selected microorganisms as test organisms
(Cannell et al., 1988b; Pawar et al., 2008; Medina-Jaritz et al., 2011). For evaluation of the antifungal
acitivity of extracts, it is advantageous to classify the activity according to the inhibition zones into four
levels: low activity (IZ = 7-10 mm), moderate activity (IZ = 11-15 mm), strong activity (IZ = 16-20 mm)
and very strong activity (IZ > 20 mm).

In our screening, 133 intra- and extracellular extracts (including 36 n-hexane extracts, 43 MeOH
extracts, 35 H20 extracts and 19 EtOAc extracts) from 28 cyanobacterial strains were tested against C.
maltosa, P. aeruginosa, E. coli, B. subtilis and S. aureus using agar diffusion assay. As a result, 30
extracts of 133 tested extracts (22.6%) from 13 cyanobacterial strains (46.4%) exhibited antifungal
activity against C. maltosa, mostly from low to moderate activity. Strong activity was observed only with
two MeOH extracts of Anabaena sp. strain Bio 33 and Nostoc sp. strain 10. Meanwhile, there were 12
extracts (9.0%) from 10 strains (35.7%) showed positive activity against B. subtilis and 13 extracts
(9.8%) from 11 strains (39.3%) showed positive activity against S. aureus. Most of them showed low to
moderate activity. Strong activity was observed from 5 extracts (3.8%). Only the extract of the
cultivation medium (0.75%) from Anabaena sp. strain TVN40 (3.6%) was active against the Gram
negative bacteria P. aeruginosa and E. coli. Aimost all of these positive results were found in n-hexane
and methanol extracts although the intensity of the inhibitory effects was variable. Only three aqueous
extracts of strains Bio 33, CAVN 11 and CAVN 20 exhibited low to moderate antimicrobial activity.

As far as known, cyanobacterial extracts in published screenings showed antifungal activity with a
proportion between 12-50% (Klochenko et al., 2001; Orddg et al., 2004; Soltani et al., 2005; Kim,
2006; Pawar et al., 2008). Moreover, different screening methods can lead to dissimilar results due to
different sensitivities of the methods and permeabilities of bioactive substances into the test
organisms (Pawar et al., 2008). Up to date, extracts of cyanobacteria grown in the laboratory were
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commonly found to exhibit antibacterial activity rather than antifungal activity. Furthermore, activity
against Gram-positive bacteria has been frequently observed but activity against Gram-negative
bacteria is rare (Pedersén et al., 1973; Cannell et al., 1988b; Moore, 1996; Kreitlow et al., 1999;
Mundt et al., 2001; Svircev et al., 2008; Medina-Jaritz et al., 2011). Besides, cyanobacterial intra- and
extracellular extracts (Bui, 2006; Le, 2010) as well as secondary metabolites such as comnostins
(Jaki et al., 2000) and noscomin (Jaki et al., 1999) which are active against Gram negative bacteria
were already reported. Moreover, antibacterial activity was especially found in the more unpolar and
middle polar extracts while the aqueous extracts were ineffective normally (Mundt et al., 2001). In
comparison with the literatures, the same phenomenon was observed in our screening when there are
more extracts exhibiting activity against Gram-positive bacteria than Gram-negative bacteria.
However, more strains in our screening were found to possess antifungal activity than antibacterial
activity. As mentioned in many publications, biological activity of cyanobacteria varied between tested
species and between strains of the same species. Normally, the cyanobacteria were harvested in their
early stationary phase of growth to minimize some of these variations (Orddg et al., 2004). It is
needed for further investigation to be sure about the origin of the activity: inherent strain differences,

different stages of growth of the cyanobacteria when harvested, or culture conditions.

The ecological role of bioactive molecules in the cyanobacterial producer itself is still poorly understood
(Martins et al., 2008). Nevertheless, cyanobacteria belong to the Gram-negative bacteria, therefore
their metabolites have stronger activity against gram positive bacteria and yeasts (Mundt et al., 2001).
This fact supports the assumption that these products can be produced to protect cyanobacteria
themselves from competing organisms (Piccardi et al., 2000; Mundt et al., 2001; Bhadury et al., 2004;
Martins et al., 2008).

Among the crude extracts which were positive against C. maltosa, those of strain Bio 33 exhibited
strong and stable activity with inhibition zone of 20 mm (2 mg/paper disc). To clarify the specificity of
this effect, the extracts were further tested against other bacteria. It was very impressed that the crude
extracts of strain Bio 33 had no antibacterial effect against two Gram-positive bacteria (B. subtilis and
S. aureus) and two Gram-negative bacteria (E. coli and P. aeruginosa). There were many available
antifungal compounds whose activity is a consequence of their unspecific cytotoxicity such as the
scytophycins (Jung et al., 1991) and laxaphycins (Gbankoto et al., 2005). Therefore, the selective
activity of the crude extract from strain Bio 33 was highly appreciated.

As a result of our screening, strains Bio 33 and TVN40 with interesting antifungal activity were chosen

for isolation of bioactive compounds.
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IV.2. Cyanobacterial research in the Baltic Sea

Since 1960s, when water blooms were in clear evidence in the Baltic Sea (Finni et al., 2001), the
plankton research within this area has been intensively expanded. Many researches indicated that
three filamentous nitrogen-fixing cyanobacteria Nodularia, Aphanizomenon, and Anabaena are
dominant genera which cause water blooms in the Baltic Sea during the warmest summer months
(Sivonen et al., 1989b; Barker et al., 1999; Laamanen et al., 2001; Laamanen et al., 2002). However,
the Baltic Sea cyanobacterial reports have mostly focused on the toxins produced by Nodularia and
Aphanizomenon (Sivonen et al., 1989a; Congestri et al., 2000; Lehtimaeki et al., 2000; Finni et al.,
2001; Laamanen et al., 2001; Janson et al., 2002; Stal et al., 2003; Mohlin, 2010). It was mentioned
by Sivonen that the nodularin concentration in the Baltic Sea was 18 mg g of biomass dry weight —
the highest concentration measured in nature (Jones et al., 1999; Sivonen et al., 2007). In contrast,
even though the freshwater Anabaena strains in Canada, Denmark, Egypt, Finland, France, and
Norway have been identified as Microcystin-producer (Jones et al., 1999; Halinen et al., 2007), the
Anabaena spp. from the Baltic Sea has been overlooked in earlier cyanobacterial studies due to
presumptions about their nontoxicity (Sivonen et al., 1989a; Sivonen et al., 2007). Nevertheless,
recent researches identified Anabaena in the Baltic Sea as a hepatotoxins (i.e. microcystins)
(Karlsson et al., 2005; Halinen et al., 2007) or cytotoxins producer (Surakka et al., 2005).

In the screening program for antibiotic activity of cyanobacteria, the group of S. Mundt (Kreitlow et al.,
1999) found that the water extract of water bloom samples collected from different regions of the Baltic
Sea during the summer of 1997 showed activity against Staphylococcus aureus. The water bloom
sample consisted mainly of Microcystis ichthyoblabe, Anabaena lemmermannii and Nodularia sp.. In
addition, there were no inhibitory effects against the yeast Candida maltosa (Kreitlow et al., 1999).
Another report of this group in 2001 also indicated that the aqueous extract of the water bloom sample
SPH 01 collected from the Baltic Sea, which contained Microcystis aeruginosa, showed antiviral activity
against influenza A virus without any cytotoxic effects against the host cells (Mundt et al., 2001). The
cyclic and linear peptides, which are protease inhibitors, produced by Microcystis aeruginosa strains
(Namikoshi et al., 1996) were assumed for the antiviral effects (Mundt et al., 2001). Up to now, there is

no available report about antifungal compounds produced by cyanobacteria from the Baltic Sea.

The genus Anabaena is one of the most dominant components of planktons in freshwater lakes,
ponds, reservoirs, and in brackish water bodies worldwide. Anabaena, together with Oscillatoria,
Microcystis, Nodularia, Cylindrospermopsis and Lyngbya are the cyanobacterial genera which have
toxicological or pharmacological significance (Liu et al., 2010). The biological activities published so

far for Anabaena genus belong mostly to two major groups: cytotoxicity or enzyme inhibition (Table
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IV-2). Hepatotoxins such as microcystins, and neurotoxins such as anatoxin-a, anatoxin-a(S), and

saxitoxins are the common toxins found in freshwater Anabaena spp. (Jones et al., 1999; Beltran et

al., 2000),

Table IV-1. Anabaena spp. occur in the Baltic Sea at German subarea

Synonym KB | AB
Anabaena Bory ex | affinis Lemmermann 1897 [Anabaena catenula v. affinis f
Bornet & Flahault (Lemmermann) Geitler 1932]
1886 baltica J. Schmidt 1899 [Anabaena spiroides f. baltica (J. | w w
Schmidt) Pankow 1965]
cylindrica Lemmermann 1896 | [Anabaena subcylindrica Borge | + +
1921]
flos-aquae (Lyngbye) [Anabaena contorta Bachmann | f f
Brébisson in Brébisson & 1921]
Godey
ex Bornet & Flahault 1886
inaequalis Kiitzing ex Bornet + +
& Flahault 1886
lemmermannii P. Richterin | [Anabaena  flos-aquae ~ f. |+ |w
Lemmermann 1903 lemmermannii  (P.  Richter)
Canabaeus 1929]
[non Anabaena flos-aquae auct.
plur.]
wef | wf

spiroides Klebahn 1895

Data adopted from Hallfors (2004).
KB Kattegat and the Belt Sea area

occurrence without ecological characterization

AB Arkona Basin

+

w warm water species
f

S

e

- no record

freshwater species which does not tolerate the full salinity of the area
species belonging to waters of higher salinity than that of the area
main occurrence in eutrophied waters

Additionally, the genus Anabaena was also found to exhibit fungicidal activity. In a screening program

of Prasanna et al., 28 Anabaena strains isolated from diverse agro-ecologies of India (Nayak et al.,

2007) showed allelopathic and fungicidal activities (Prasanna et al., 2006; Prasanna et al., 2008). A

later study of Gupta et al. on these 28 Anabaena strains using molecular approaches found six strains

producing microcystin toxins (Gupta et al., 2012).
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Table IV-2. Some natural products isolated from cyanobacteria Anabaena spp.

Source Name Activity Class of | Reference
compound
Anabaena laxa | Laxaphycins A and | synergistically Cyclic (Frankmolle et al.,
B antifungal peptide 1992a; Frankmdlle et
al., 1992b)
Anabaena Dehydroradiosumin | trypsin inhibitor | Peptide (Kodani et al., 1998)
cylindrica Circinamide neurotoxin, Alkaloid (Shin et al., 1997b)
papain inhibitor
Anabaenopeptins inhibit protein Peptide (Harada et al., 1995)
phosphatase
Anabaena sp. Microcystins, cardioactive, Lipopeptide | (Carmichael et al.,
puwainaphycin hepatotoxin 1990; Nishiwaki-
Matsushima et al,
1992)
Anabaena Circinamide neurotoxin, Alkaloid (Negri et al., 1995;
circinalis papain inhibitor Shin et al, 1997b;
Beltran et al., 2000)
Anatoxin-a neurotoxin Alkaloid (Devlin et al., 1977)
Saxitoxins neurotoxin Alkaloid (Wiese et al., 2010)
Microcystin enzyme Lipopeptide | (Sim et al., 1993)
inhibitor
Anabaenopeptins inhibit protein Cyclicpeptide | (Harada et al., 1995)
phosphatase
Microcystins A, B, | hepatotoxin Lipopeptide | (Sim et al, 1993,
and C Namikoshi et al., 1996)
Anabaena flos- | 2;9-Diacetyl-9- toxic, antibiotic, | Lipopeptide, | (Burja et al., 2001)
aquae azabicyclo(4;21)non- | anticancer alkaloid
2;3-ene, siatoxin
Saxitoxin neurotoxin Alkaloid (Carmichael et al,
(aphantoxins) 1990)
Microcystins A, B, | hepatotoxin Lipopeptide | (Harada et al., 1991,
and D Namikoshi et al., 1996)
Anatoxin-a(s) neurotoxin Alkaloid (Mahmood et al., 1988;
Matsunaga et al., 1989;
Carmichael et al,
1990; Harada et al,
1995)
Anabaenopeptins A | caused Cyclic peptide | (Harada et al., 1995)

and B

relaxations in rat
aortic
preparations,
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inhibit protein
phosphatase
Anabaena Bis(x- antibiotic Lactone (Carmichael et al,
variabilis butyrolactones) 1975; Burja et al,
2001)
Plastocyanin physiological Copper (Lightbody et al., 1967)
redox reagent protein
Anabaena sp. Diarrhetic toxin cytotoxic Lipopeptide | (Burja et al., 2001)
Anabaena Anabaenopeptins B | no animal Cyclic (Harada et al., 1995)
lemmermannii and D toxicity or peptide
inhibition of
protein
phosphatases.
Microcystins B, C, | hepatotoxin Cyclic peptide | (Namikoshi et  al,
and D 1996)
Anatoxin-a(s) neurotoxin Alkaloid (Onodera et al., 1997)
Anabaena strain | Anabaenopeptilide | no activity Cyclic (Rouhiainen et al,
90 90A and 90B depsipeptide | 2000)

Adapted from Namikoshi et al. (1996).

IV.3. Isolation and characterization active compounds from Bio 33

The dried biomass of cyanobacteria was separated based on a previously reported procedure
(Kreitlow et al., 1999) into un-polar (n-hexane extract), middle polar (methanol extract) and polar
(aqueous extract) crude extracts. Normally, the active compounds (i.e. polyphenolic compounds,
terpenoids, alkaloids, peptides) are concentrated in the methanol crude extract. However, the
methanol extract and the aqueous extract of strain Bio 33 both exhibited inhibitory effect against C.
maltosa. This observation suggested that the active compound(s) of this strain should be rather polar.
Thus, the combination of methanol/water (1:1) was used after n-hexane to extract all of the active
compounds out of the biomass. The polarity of the active compounds was later proved by silica gel
thin layer chromatography, where the active band moved only by adding water to the solvent system.
Moreover, when comparing the inhibition zone on the TLC plate found in the autobiographic assay
with the bands on the control TLC (sprayed with ninhydrin, anisaldehyde and 20% H>SOs in water
reagents), we suggested that there were at least four compounds containing peptides in their

structures.

For fractionation of the crude extract, a silica gel normal phase chromatography column with a mobile
phase containing a solvent system of ethyl acetate, methanol, and water in different ratio was used.
Although the substances such as peptides and compounds with polar functional groups would be

retained by silica gel and eluted later, chlorophyll and most of other pigments as well as undesired
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compounds (about 70%, see lll.2.5) were separated from the main active fraction. After being
separated into 4 fractions by the open column, the main fraction Flll of the methanol/water (50:50)
crude extract exhibited a remarkable antifungal activity. Further separation of the main fraction FllI
was carried out with SPE C18 cartridges. The majority of impurities such as inorganic materials and
polar contaminants have been easily removed by washing the cartridge with 20% aqueous methanol.

Because the autobiography resulted in closely active bands of the main fraction Flll as well as the
SPE fractions, HPLC was applied to separate the pure active compounds. C18-silica phase are
generally preferred for hydrophilic peptides and small proteins less than about 5000 daltons due to its
efficiency at adsorbing peptides (Gupta et al., 2011). Most RP-HPLC phases interact with analytes via
weak van der Waals or dispersive interactions, which are due to an overlap of the outer electron
clouds between the analyte and bonded phase. RP-HPLC mobile phases for peptide separation are
usually gradients of an organic modifier (ACN or MeOH) in water, with an ionic modifier that controls
the pH and ionization state or acts as an ion pair agent. Thus, different C18 RP-HPLC columns with
MeOH/H,0 or ACN/H,0 as mobile phase were used to separate the mixture but a successful
separation was only reached when TFA was added to the H,O mobile phase. This fact once again

suggested that the active compounds might be peptides.

At low concentration, TFA can change the selectivity by improving the interaction between peptides
and the stationary phase in liquid chromatography of organic compounds, particularly peptides and
small proteins, due to its ion pairing capacity (binding by ionic interaction to the solute molecules to
increase the hydrophobicity of the solute molecule). The functions of TFA can be: pH control, ion
pairing (complexation with oppositely charged ionic groups) to enhance reversed phase retention, or
suppression of silanol activity (adverse ionic interactions between peptides and silanol groups on the
silica). The latter function is necessary when using RP-HPLC phases with high silanol activity (Rogers
et al., 2000). Hence, TFA has been long used as an additive in reversed-phase HPLC for separation
of proteins and peptides (McCalley, 2005). A concentration range of 0.05 — 0.1% or 50 - 100 mM is
commonly used (pH 2 — 3). Nevertheless, varying the concentration of TFA may affect selectivity or
resolution of specific peptide pairs. Thus, for good reproducibility in peptide separation methods, the
TFA concentration must be controlled carefully. After the column and gradient conditions were
selected, the TFA concentration was varied to further optimize resolution between peaks and a TFA
concentration of 0.05% in water was chosen for separation the antifungal compounds of strain Bio 33.

As a result of the HPLC purification, four pure compounds named balticidins A-D have been isolated
as white solids. The structure elucidation of these compounds led to lipopeptides represent a

structural type with co-occurrence of a glycosylated (mannose is attached) aliphatic (A and C) or
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cyclic peptide core (B and D), linked with a C16 fatty acid to which a disaccharide moiety, composed
of galacturonic acid and arabinose, is bound. Balticidins A and B contain chlorine in the aliphatic fatty
acid residue. The chlorine is absent in C and D.

A literature study revealed two closely related cyclic peptides, hassallidin A and B (see page 19)
(Neuhof et al., 2005; Neuhof et al., 2006), isolated from an epilithic cyanobacterium collected in
Bellano, Italy, identified as Tolypothrix (basionym Hassallia) species. This species belongs also to the
order Nostocales but to the family Microchaetaceae. The already known hassallidins are esterified
eight-residue cyclic peptides linked with a fatty acid residue — dihydroxytetradecanoic acid and
possess antifungal activity. Hassallidin A contains the sugar mannose, hassallidin B differs from A by
an additional carbohydrate unit - rhamnose, attached to the anomeric carbon position 3 of the fatty
acid (Neuhof et al., 2005; Neuhof et al., 2006). Our data are compatible with those observed for
hassallidin A, in which chiral GC-MS analysis revealed the occurrence of the nonproteinogenic amino
acids D-allo-Thr, D-Thr, D-Tyr, D-GIn, and dehydroaminobutyric acid (Dhb) within the peptide moiety.
The absence of reference material prevented the analysis of the other amino acid residues present
but we have now elucidated the position of the D and L-forms of GIn in the peptides. In comparison to
the structure of hassallidin A and B, our four structures have the same amino acid sequence as them
with a mannose attached to ThrNMe-8, except for OHTyr-4 taking the place of Tyr-4. The IR spectrum
of balticidin B showed absorption at 1737 cm1 close to the absorption given for hassalidin A (1740
cm?) and typical for the presence of an ester/lactone structure which was absent in the linear
peptides balticidin A and C. Besides, balticidins contain a dihydroxyhexadecanoid acid side chain and
a disaccharide composed of D(-)-arabinose and D(+)-galacturonic acid linked to the 3-OH of the fatty
acid residue. In addition, the occurrence of chlorine in the fatty acid unit of balticidin A (1) and B (2) is
a unique difference between these compounds and the hassallidins. On the other hand, structural
analysis revealed 1 and 3 as linear lipopeptide analogs of 2 and 4. Till now, the balticidins are the first
antifungal cyanobacterial lipopeptides containing an oligosaccharide moiety attached to a
halogenated fatty acid.

According to a review of Wright et al. (Ghazala et al., 2005) which represented major types of
cyanopeptide metabolites, glycosylated cyclic lipopeptides such as hassallidins belonged to the cyclic
hybrid depsipeptides group. In 2006, based on the common molecular structures of around 600
published cyanobacterial peptides, Welker and von Déhren classified cyanopeptides into 7 groups:
aeruginosins, microginins, anabaenopeptins, cyanopeptolins, microcystins, microviridins, and
cyclamides (Welker et al., 2006). Nevertheless, together with hassallidins, balticidins B and D

represent a new antifungal group of cyanobacterial peptides, which possesses an esterified eight-
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residue cyclic peptide linked with carbohydrate and fatty acid residues. In addition, aliphatic
chlorination has been reported for microginins (Ishida et al., 1998) but aliphatic chlorinated
cyanobacterial peptides linked with oligosaccharide residues like balticidins A and C have not been
isolated from cyanobacteria before.

These four antifungal lipopeptides were isolated from the Baltic Sea cyanobacterium Anabaena strain
Bio 33 belonging to order Nostocales, family Nostocaceae. Possibly, the linear balticidin A (1) and C
(3) could be dehydration products of the balticidin B (2) and D (4). Their biosynthesis pathway has not
been clarified so far but it is implausible, that the aliphatic compounds are artefacts produced during
isolation process for example by adding TFA to the mobile phase — used for separation of the
substances. The TFA concentration was only 0.05%, a concentration normally used for separating
different cyclic peptides (Lawton et al., 1994; Chuang et al., 2008; Matthew et al., 2009; Bucar et al.,
2013). Furthermore, HPLC analysis of the pure compounds also using TFA in the mobile phase

revealed only the peak of the injected compound and no decompensation product.

The fact that the same or very similar compounds are produced by two different cyanobacteria
belonging to two different families or two different orders is often observed in cyanotoxins. For
instance, the hepatotoxin Microcystin was produced by Oscillatoria sp. (order Nostocales, family
Oscillatoriaceae), Anabaena sp. (order Nostocales, family Nostocaceae), Nostoc sp. (order
Nostocales, family Nostocaceae), Microcystis sp. (order Chroococcales), or Hapalosiphon sp. (order

Stigonematales) (classification according to Rippka et al. 1979).

Antimicrobial activity of cyanobacteria refers mostly to filamentous strains belonging to a wide range
of genera in orders Nostocales, Oscillatoriales, Stigonematales, but also in Pleurocapsales (Burja et
al., 2001). However, orders Oscillatoriales and Nostocales, together with Chroococcales are three
orders that produced the vast majority of toxic compounds (Burja et al., 2001). Besides, most toxins
observed in the order Nostocales were produced by Anabaena and Nostoc sp. (Burja et al., 2001;
Laurienzo, 2010). In addition, the cytotoxic activity of these biotoxins are responsible for the
associated activities, such as anticancer, antifungal, antimalarial, anti-HIV and antimicrobial (Burja et
al., 2001). Some examples mentioned in a study of Patterson et al. (1991) included acutiphycins,
indolcarbazoles, mirabilene isonitriles, paracyclophanes, scytophycins, tantazoles, tolytoxin,

toyocamycin and tubercidin (Moore et al., 1990; Carmichael, 1992).

Certain species of the genus Anabaena living in both fresh and saltwater is probably known as a
neurotoxins producer (see Introduction). At present, neurotoxins anatoxin-a (Harada et al., 1989),
homoanatoxin-a (Furey et al., 2003), anatoxin-a(s) (Matsunaga et al., 1989), saxitoxins (Wiese et al.,

2010) and neosaxitoxin (Rodriguez-Navarro et al., 2007; Wiese et al., 2010) have been well

166



IV. Discussion Thanh Huong Bui

described. Previously, planktic Anabaena strains isolated from the Baltic Sea were presumed
nontoxic, whereas benthic Anabaena strains were reported to be hepatotoxic or cytotoxic but not
microcystin producing (Herfindal et al., 2005; Surakka et al., 2005; Sivonen et al., 2007). Since 2005,
Anabaena sp. from the open sea area of the Baltic Sea was reported to produce the hepatotoxin
microcystin-LR (Karlsson et al., 2005; Halinen et al., 2007; Halinen et al., 2008).

Amongst different forms of cyanobacterial secondary metabolites, peptides are the major part. So far,
over 600 variants of cyanobacterial peptides have been described, but the real peptide diversity in
cyanobacteria is still beyond the estimation (Welker et al., 2006). About 20 — 75% of the blooms were
found to be toxic and the two most commonly isolated groups of cyanotoxins are the alkaloid
neurotoxins and cyclic peptide hepatotoxins (Burja et al., 2001). As in the previous review, the
majority of 300 discovered marine cyanobacterial nitrogen-containing secondary metabolites covering
literature from January 2001 to December 2006 were lipopeptides (Tan, 2007). Some of them are
neurotoxic such as antillatoxin A and B (Orjala et al., 1995; Nogle et al., 2001), kalkitoxin (Wu et al.,
2000), jamaicamide (Ramaswamy et al., 2001; Edwards et al., 2004; Araoz et al., 2010), which were
isolated from marine cyanobacterium Lyngbya majuscula. However, lipopeptides, represented by two
structural classes the echinocandins (see 1.1 ) and aureobasidins (Matsunaga et al., 2005) have
become a novel class of antifungal agents. The echinocandins are already in clinical use while their
semisynthetic derivatives and aureobasidins (Prasanna et al., 2010), are currently under critical
investigation. When cyclic peptides isolated from cyanobacteria are commonly cytotoxic and the need
for safe and effective antifungal drugs is still rising, cyanobacterial lipopeptides having only marginal

cytotoxicity like balticidins may have potency to become usable antifungal agents in therapy.

Peptides produced by cyanobacteria consist of standard as well as modified D- and L-amino acid
forms (Welker et al., 2006; EI Omari, 2011). Cyanobacterial cyclic and aliphatic peptides which are
halogenated at aromatic amino acids were already described (Welker et al., 2006; Rounge et al.,
2007) and chlorine was found in 22% of cyanobacterial metabolites (Guyot et al., 2004). Some of
them are anabaenopeptilide 90B from Anabaena strain 90 (Rouhiainen et al., 2000), cyanopeptolin
954 produced from Microcystis NIVA-CYAL72/5 (Tooming-Klunderud et al., 2007), cryptophycin 1
from Nostoc sp. ATCC 53789 (Chaganty et al., 2004), aeruginosin 98-A, -B, -C from Microcystis
aeruginosa NIES-98 (Ersmark et al., 2008). Cyanobacterial peptides containing common sugars have
rarely been reported, such as hassallidin A (contains mannose, (Neuhof et al., 2005)), hassallidin B
(contains mannose and rhamnose, (Neuhof et al., 2006)), aeruginosins 205A and -B (contain xylose,
(Shin et al., 1997a)), and suomilide (contains glucose, (Fuijii et al., 1997)).
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Nostopeptolide Al Nostocyclopeptolide Al Cryptophycin 1
50 51 52

In cyanobacteria, peptides produced by two types of hiosynthesis pathways: by ribosomal pathway
with post-translational modifications or by non-ribosomal pathway often combined with polyketide
pathway (mixed NRPS-PKS pathway) (Dittmann et al., 2001; Kehr et al., 2011). Microviridins (44)
from Microcystis and Planktothrix, patellamides (45) from Prochloron spp. (originally from Lissoclinum
patella), or prochlorosins (46) from Prochlorococcus MIT9313 are produced by the ribosomal pathway
(Sivonen et al., 2010). Anabaenopeptilide (48) produced by Anabaena strain 90 (Rouhiainen et al.,
2000), anabaenopeptins from strain Planktothrix agardhii CYA 126/8 (Christiansen et al., 2011) were
synthesized by only a single NRPS gene cluster (without PKS modules). Hectochlorin (47), a
remarkable antifungal and cytotoxic compound from Lyngbya majuscula (Ramaswamy et al., 2001) or
the microcystins (49) from Microcystis aeruginosa (Tillett et al., 2000); nodularin from Nodularia
spumigena (Moffitt et al., 2001; Moffitt et al., 2004); nostopeptolide (50), nostocyclopeptide (51) and
cryptophycin (52) from Nostoc spp.; or aeruginosin from Microcystis aeruginosa are produced via a
mixed NRPS/PKS pathway (Ersmark et al., 2008; Kehr et al., 2011). The enormous diversity of
cyanobacterial peptides, e.g. the cyclic structure and presence of unusual and modified amino acids,
assumed that the majority of them are synthesized by the non-ribosomal synthetic pathway which
including a large number of multidomain synthetases placed on the inner membrane of the
cyanobacterial cell (Welker et al., 2006; Kehr et al., 2011). Because the position of the enzyme
decides the final amino acid sequence, every change in function of a particular enzyme then results in
the production of a different peptide variant. Despite the production of cyanobacterial peptides being
widely studied from many aspects, the primary function of them still remains unresolved (Hrouzek,
2010; Chu, 2012).

There are different hypotheses involving in the function of cyanopeptides in the physiology and

ecology of cyanobacteria. The compounds might function as protective compounds (Welker et al.,
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2006), much as antiherbivores (Carmichael, 1992; Jones et al., 1999) and allelopathic chemicals
(Schagerl et al., 2002; Suikkanen et al., 2004; Dahms et al., 2006; Shanab, 2007; Gantar et al., 2008;
Ledo et al., 2009) or signaling compounds between cells (Dittmann et al., 2001; Ferreira, 2006).

However, it is likely that we still know very little about these metabolites.

IV.4. Effect of culture conditions on growth and active compounds of Bio 33

Up to now, most of studies about the regulation of production of secondary metabolites in
cyanobacteria focused on the hepatotoxic microcystins (Watanabe et al., 1985; Watanabe et al.,
1989; Utkilen et al., 1992; Vézie et al., 2002; Tonk et al., 2005), cylindrospermopsin (Dyble et al.,
2006; Cirés et al., 2011), nodularins (Lehtim&ki et al., 1997), and the potent neurotoxic anatoxins
(Rapala et al., 1993). Besides, the influence of culture conditions on production of some promising
antifungal and cytotoxic agents, including laxaphycin A and B and curacin A in Lyngbya majuscula
were also taken into account (Burja et al., 2002). Experimental factors such as temperature, light,
nitrate, phosphorus, salinity and pH are commonly tested (Wiedner et al., 2003; Mazur-Marzec et al.,
2005; Dyble et al., 2006; Carneiro et al., 2009; Kurmayer, 2011). Therefore, the understanding of how
culture conditions affect the production of the antifungal lipopeptides in Bio 33 is very important and
necessary to control and optimize the biosynthesis for further research. Nevertheless, the extracellular
balticidins concentrations of strain Bio 33 were not identified because they remained too low for the

measurement.

The distribution of cyanobacteria in the environment potentially reflects their different need and
sensitivity regarding many factors such as temperature, radiation, salinity, and nutrients. In the
summer of 1994 and 1997, a vertical distribution pattern of the cyanobacteria Nodularia spumigena,
Aphanizomenon sp., and Anabaena spp. in the water column of the open Baltic Sea was analyzed
(Hajdu et al., 2007). These cyanobacteria are dominating species in late summer water blooms in the
Baltic Sea (Lehtim&ki et al., 1997; Lehtimaki, 2000; Hajdu et al., 2007; Sivonen et al., 2007). It is
reported that Nodularia spumigena accumulated mainly in the top 5 m of the water mass, while
Aphanizomenon sp. was found in the whole water column (0 - 20 m) and had bimodal vertical
distributions (Hajdu et al., 2007). Anabaena sp. in the Baltic Sea is often found at about 2 - 8 m depth
and also found down to 20 m in the sea water, and had bimodal abundance depth distributions with
the deeper peak somewhat shallower than Aphanizomenon sp. (Hajdu et al., 2007). According to
Mohlin (2010) the vertical separation reflects the sensitivity to high radiation and photoprotective
strategies. Therefore, it suggests that Anabaena sp. in the Baltic Sea cannot tolerate high light

intensities and prefers lower temperature.
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The ability of the cyanobacteria to produce antibiotic compounds could be an advantage for their
survival in natural environment (Teuscher, 1992; Kreitlow et al., 1999). In the other hand, changes of
environmental conditions may result in entirely difference in biological activities (Schlegel et al., 1998).
In fact, changes in active compound production of cyanobacteria as a response to various
environmental factors including temperature, salinity, radiation, and nutrient concentrations have been
studied in laboratory (Rapala et al., 1997; Panosso et al., 2000; Repka et al., 2001; Hobson et al.,
2003; Mazur-Marzec et al., 2005). Thus, we studied the effects of culture conditions on the growth of
strain Bio 33 and the content of balticidins with the aim to investigate the culture conditions for the

optimum production of the active compounds.

In our experiments, the growth and the intracellular antifungal lipopeptide concentration of the Baltic
Sea cyanobacterium Anabaena sp. strain Bio 33 was studied in batch cultures under different
temperatures, light intensities, nitrate concentrations and cobalt supplements. The cyanobacterial
growth was evaluated by estimation of the dry weight of biomass and the lipopeptide concentrations
were detected by HPLC. Because the change in the area of the main peaks recorded under different
cultivating conditions reflected the effect of these factors on the production of active compounds,
these experiments allowed us to study the effects of growth conditions on the production of antifungal
compounds in comparison to differences in growth rates. Method validation for quantification of the
antifungal compounds was performed using the control biomass of Bio 33 cultivated in a 35 L aerated
fermenter in BG 11 medium + 0.5% NaCl, pH 8.5, 22.5°C, light intensity 20 pmol photons m2 s
under 24 h continuous irradiance. Without pure authentic standard, in our cultivation study, the
detector responses obtained from each peak extracted from biomass cultivated under different
conditions were compared to the detector response obtained from a certain amount of the control
biomass. Normally, turbidity recorded as absorbance (or optical density (OD)) of cell cultures during
growth is used to generate growth curves of unicellular microorganisms. However, because clumping
phenomenon occurs during cultivation of filamentous cyanobacteria, measuring of dry weight is the
most satisfactory method for these strain (Bui, 2006). Therefore, dry weight of biomasses of
Anabaena sp. Bio 33 was estimated every 5 days.

IV.4.1. Effect of culture media

The mol N/P ratios are 100:1 and 20:1 for BG 11 and MBL (or the mass N/P ratios are 48:1 and 10:1,
respectively). Comparison of biotest results and chemical nutrient concentrations in lakes has
suggested that a mass N:P ratio above 17 indicates P limitation, a ratio below 10 indicates N limitation
and values between 10 and 17 indicate that either of the nutrients may be limiting. It is generally
accepted that high concentrations of P and a low N:P supply ratio promote the growth of cyanobacteria
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and are favorable for the production of cyanobacteria blooms (Schindle, 1977; Niemi, 1979; Smith,
1983; Huebel, 1984; Pechar, 1992; Marinelli, 2009). However, Wasmund (1997) found that blooms
occurred in the whole N:P ratio range from 0 to more than 30. Blooming of cyanobacteria in areas
where the N:P ratio is below the Redfield ratio of 16 (Niemi, 1979) is due to the ability of nitrogen fixing.
In the Baltic Sea, generally, the spring bloom of diatoms led to low N:P ratios in the surface water in
summer (Sivonen et al., 2007). Lately in summer, after the decline of diatoms, the bloom of
cyanobacteria occurred (Sivonen et al., 2007). Under these conditions, the N-fixing cyanobacteria are
better competitors than other species of phytoplankton whose growth depends on dissolved nitrogen
(Wasmund, 1997; Suikkanen, 2008). Wasmund also suggested that the low N:P ratio may be a
prerequisite but not necessarily the trigger for the bloom because the observed N:P ratio was low long
before the bloom occurred (Wasmund, 1997). In the other hand, nutrient concentrations are more
relevant for bloom formation than the ratios (Vincent, 1989).

The nitrate concentration in BG 11 and MBL media are 1.5 and 0.085 g/L, respectively. The
phosphate concentration in BG 11 and MBL media are 0.031 and 0.0087 g/L, respectively. It means
the nitrate and phosphate concentration in BG 11 medium are about 18 and 4 times higher than in
MBL medium, respectively. The BG 11 medium was more suitable for Bio 33 to overcome the
physical and chemical adaption process than the low nutrient MBL medium. As a result, the strain
produced more bhiomass in BG 11 medium than in MBL medium. In addition, the antifungal lipopeptide
concentration of Bio 33 cultivated in BG 11 increased faster and reached the maximum concentration
sooner (before day 20") in comparison to MBL medium (after day 20%). Hence, although the
antifungal lipopeptide concentration produced by Bio 33 cultivated in MBL was highest (at 22.5°C, day
30t) and seemed to be still increasing, BG 11 was considered to be the better medium for the growth
of Bio 33 and for the production of balticidins.

As balticidins are nitrogen-rich compounds with 11 mol nitrogen x mol lipopeptide® (Figure 111-20), we
expected lower balticidin concentrations in the biomass of Bio 33 cultivated in media without nitrate.
However, in BG 11 and MBL media the concentration of balticidins was nearly identical in nitrate-free
and nitrate-rich medium. In addition, nitrate had no effect on growth of Bio 33 in BG 11 and MBL
media. The effect of nitrate on the production of balticidins was clear only in BG 11 medium at 22.5°C
- when the production of balticidins was highest. At this temperature, the depletion of nitrate from
BG 11 medium did not affect the production of balticidin A but increased the production of balticidin B
and decreased the production of balticidin C. The phenomenon that nitrate had no effect on the
production of balticidins by Bio 33 might be explained by the nitrogen-fixing capacity of the strain. It

seems that the nitrogen fixation was sufficient to support the production of balticidins in these media.
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Nevertheless, further research is needed to clarify the relationship among balticidins A, B, C as well
as the biosynthesis of them.

IV.4.2. Effect of temperature

The growth of Bio 33 was lowest at 15°C and highest at 26°C, the production of balticidins was
highest at 22.5°C and lowest at 30°C. These temperatures also belong to the common range
temperature reported in many publications. Investigations of cyanotoxins found out, that intracellular
toxins were usually highest under conditions which also favored growth (Sivonen, 1990). Normally,
the optimum temperature for growth is also the optimum temperature for the production of bioactive
compounds (Robarts et al., 1987). Nevertheless, it was also published that optimum conditions for
growth (pH, temperature, and light) did not coincide with those for toxin production by the M.
aeruginosa cultures (Westhuizen et al., 1985).

There are many reports about the correlation between temperature and the growth as well as the
secondary metabolite concentration in cyanobacteria (Niemi, 1979; Huebel, 1984; Wasmund, 1997,
Ferreira, 2006). Normally, the growth of cyanobacteria is directly affected by temperature and varies
from species to species. Many species have been found to grow well in temperature range from 15 —
35°C (Table IV-3). The optimal temperatures for growth of some cyanobacteria are listed in Table
IV-3. In the Baltic Sea, high biomass values of Aphanizomenon sp. and Nodularia spumigena
occurred only in summer when water temperature was greater than 16°C (Niemi, 1979; Huebel, 1984;
Wasmund, 1997). Besides, most cyanobacteria blooms occur during summer (Utkilen et al., 1999).
Generally, optimum temperatures for species of the genera Microcystis, Anabaena, Aphanizomenon,
and Oscillatoria to gain maximum growth rate are above 20°C (Robarts et al., 1987). It can be
explained by the enhancement of nitrogen fixation rates and phosphorus remineralization with
increasing water temperatures (Nordin et al., 1980; Huebel, 1984; Robarts et al., 1987; Wasmund,
1997).

The optimum temperatures for production of bioactive substances also vary from species to species.
It was reported that optimum condition for anatoxin-a synthesis by toxic Anabaena sp. to was 22.5°C
and a light intensity from 25 to 94 umol photons m-2 s (Collins, 1978). Reported optimal temperature
for hepatotoxin production ranges from 18°C to 25°C depending on the strain used (van der
Westhuizen et al., 1983; Watanabe et al., 1985; Sivonen, 1990; Rapala et al., 1993). The maximum
growth rates of many bloom-forming cyanobacteria are achieved at temperatures greater than 25°C
(Ferreira, 2006). Temperature had the most significant effect on anatoxin-a concentration in the cells
of Anabaena sp. (Rapala et al., 1993). Anatoxin-a concentration was highest at 20°C and lowest at

30°C by all studied strains (Collins, 1978; Rapala et al., 1993). Normally, the lowest production of
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bioactive compounds was found at 30°C or higher (Sivonen, 1990). The same phenomenon was also
observed with strain Bio 33 as the lowest amount of balticidins was produced at 30°C in the tested
range of temperature from 15°C to 30°C.

Table IV-3. Optimal temperature for growth of some cyanobacteria

Species Toptimal (°C) Mmax (day1) Reference
Microcystis sp. 28.8-30.5 0.25-0.30 (Kriiger et al., 1978)
Microcystis aeruginosa 27.5 0.8 (Nicklisch et al., 1983)
Microcystis aeruginosa 32 0.59 (Watanabe et al., 1985)
Microcystis aeruginosa 32 0.81 (Westhuizen et al., 1985)
Microcystis sp. 30-35 - (Imamura, 1981)
Anabaena oscillarioides 28 0.8 (Vincent et al., 1979)
Anabaena spiroides 24 0.9 (Seki et al., 1981)
Anabaena variabilis 35 1.1 (Collins et al., 1982)
Anabaena sp. 30 - (Novak et al., 1985)
Anabaena sp. 25 - (Imamura, 1981)
Anabaena flos-aquae 18 - (Foy et al., 1976)
Aphanizomenon flos-aquae 15 - (Foy et al., 1976)
Aphanizomenon flos-aquae 28 1.2 (Uehlinger, 1981)
Aphanizomenon sp. 25 (Imamura, 1981)
Microcystis aeruginosa 32 - (Watanabe et al., 1985)
Oscillatoria agardhii 23-25 0.59 (Ahlgren, 1978)
Oscillatoria agardhii 25 - (Sivonen, 1990)
Oscillatoria agardhii =30 - (Post et al., 1985)
Oscillatoria sp. 27 - (Novak et al., 1985)
Oscillatoria agardhii 16 (Foy et al., 1976)
Oscillatoria redekei 6 - (Foy et al., 1976)
Oscillatoria spp. 15-35 - (Tang et al., 1997)
Phormidium spp.

Anabaena, 25 0.50 (Konopka et al., 1978)
Aphanizomenon, 25 0.40

Microcystis 25 0.18

Adapted from Robarts et al. (1987).

It has been known from many studies that toxicity and intracellular toxins increased during the
exponential phase, reached the highest concentration at the beginning of the stationary phase and
then decreased (Devlin et al., 1977; van der Westhuizen et al., 1983; Watanabe et al., 1989). In most
experiments, our strain Bio 33 has not reached the stationary phase at the 30t day. A correlation
between the biomass and the concentration of balticidins showed that, when the strain was cultivated
at the optimum temperature for growth or at nearby temperatures, the concentration of balticidins
increased since the beginning and reached the highest concentration in the exponential phase. At
higher temperatures, the production of balticidins became slower. At 30°C, the production of

balticidins had a reverse correlation with cultivation time.
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The inhibition of growth due to high temperature can be explained by photorespiration, a process
occurs when there is a high concentration of oxygen relative to carbon dioxide and correlates with
temperature (Liere et al., 1982). In this case, at the first step of the Calvin-Benson cycle, enzyme
rubisco adds oxygen, instead of carbon dioxide as during normal photosynthesis, to ribulose-1,5-
bisphosphate (RUBP). Because photorespiration is an ATP consuming process and leads to a net loss
of carbon and nitrogen (as ammonia), it reduces the efficiency of photosynthesis and slows down the
cyanobacterial growth (Liere et al., 1982). Photorespiration has a major impact on cellular metabolism,
particularly under high light intensity, high temperatures, and CO> or water deficits (Eisenhut et al.,
2008; Foyer et al., 2009).

Cyanobacteria react to changes in light dose and temperature by varying their pigment contents,
structural changes in cyanobacterial phycobilisomes, photosynthesis rates and growth rates (Foy et
al., 1982; Anderson et al., 1983). In addition, the maximal photosynthetic activity was influenced by
temperature through the rate of photosynthetic electron transfer (Gibson et al., 1983; Post et al.,
1985). Photosynthetic electron transport is probably limiting at lower temperatures while transportation
and fixation of carbon are probably limited at higher temperatures (Davison, 1991; Berges et al.,
2002).

IV.4.3. Effect of light intensity and period of light

Investigations in the effect of light received conflicting results. Some strains produced more active
compounds under high light intensity but some preferred low light intensity. Sivonen (1990) suggested
some reasons that could lead to conflicting results such as differences in the spectrum of the light
sources, different behavior of strains and species, different culture media used, and/or differences in

toxin detection methods.

In case of Bio 33, the strain grew better and produced more antifungal lipopeptides when light
intensity was increased from 10 to 20 pmol photons m2 s1 and time of irradiance was increased from
12 h light to 24 h light. Higher temperatures led to a decreasing in growth or death. Undoubtedly, the
effect of irradiance on growth and bioactive compound production by cyanobacteria depends on the
species and strains studied. It was found that irradiance affected directly and was one of the most
important factors that influenced the growth and the cyanotoxin production of cyanobacteria (Utkilen
etal.,, 1992; Rapala et al., 1993; Wiedner et al., 2003; Tonk et al., 2005). Huber (1985) also found that
among several environmental conditions tested, light was shown to be the most important factor
affecting germination (Huber, 1985). 1999). Optimum light conditions could increase two fold the
production of antibiotics (Chetsumon et al., 1994). In most cases, when the growth of cyanobacteria

was severely limited at low irradiances or inhibited at high irradiances, their intracellular toxin levels
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were also low (Rapala et al., 1993; Wiedner et al., 2003). It is suggested that high temperature and
high irradiances could increase the active exudation of cyanotoxins during natural blooms (Hobson et
al., 2003). Recently, increasing of 3-18% in fungicidal activity of some Anabaena spp. under
continuous light at 40°C was recorded (Chaudhary et al., 2012). Under continuous light, maximum
growth rate was sufficiently maintained by a low but sustained rate of carbon input (Gibson et al.,
1983). Under these conditions, temperature was the main factor to limit the growth rate. Whereas,
under light:dark cycle, the growth rate was limited by carbon fixation and the carbohydrate storage
capacity (Gibson et al., 1983). Maximum growth rate was only achieved when photosynthetic capacity
was saturated (Gibson et al., 1983; Robarts et al., 1987). However, as mentioned by Gibson et al.
(1983), because growth depends not only on the input of carbon during the light but also on the
carbon losses during the dark period, a clear relationship between photosynthesis and growth is not
necessary. Furthermore, the light quality was found to affect the bioactive compound synthetase
(Kaebernick et al., 2000; Mohlin, 2010). Therefore, in further studies, the impact of spectral

composition of the artificial radiation in the laboratory should be investigated.

The optimum light intensity of 20 umol photons m-2 s identified for Bio 33 in our work was similar to
the light intensity used for the Baltic Sea cyanobacteria cultivated in the work of Suikkanen et al.
(2004). The sensitivity of strain Bio 33 to high irradiance could be deduced by the distribution of the
Anabaena sp. in the Baltic Sea as this species distributes from 2 to 8 m and deep to 20 m under the
water (Hajdu et al., 2007). It suggests that the strain preferred low light intensity. Besides, the
inhibition of photosynthesis at high irradiance caused by photooxidation could be an explanation for
the sensitivity of Bio 33 to high irradiance. At high irradiance, photosynthetic rates are depressed by
photooxidation and photorespiration (Liere et al., 1982). The production of superoxide ion Oy, the
principal agent of photooxidation, produced particularly at high concentration of oxygen and low
concentration of CO,, is promoted by high light irradiance. The superoxide ion is toxic and may cause
damage to cytochromes, pigments and other components of the photosynthetic apparatus and
thereby depresses subsequently the photosynthetic rate (Liere et al., 1982).

IV.4.4. Effect of cobalt

There have been many studies about the effects of heavy metals on cyanobacteria (Saito et al.,
2002). Most of them focused on the toxic effect of heavy metal on cyanobacterial growth, N fixation
and photosynthesis (Rai et al., 1989; Dubey et al., 1990; EI-Sheekh et al., 2005; Balakrishnan et al.,
2007; Dudkowiak et al., 2011). In form of coenzyme By, trace element cobalt plays an important role
in many biological functions. Cobalt is required for the activity of several metaloenzymes such as
methylmalonyl-CoA mutase, methionine synthase, and type Il ribonucleotide reductase (Gleason et
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al., 1976; 1980; Reichard, 1993; Kobayashi et al., 1999; Raux et al., 2000; Martens et al., 2002;
Nordlund et al., 2006; Watanabe et al., 2007; Bonnet et al., 2010). Gleason et al. identified nrdJ gene
and expressed the corresponding ribonucleotide reductase, an enzyme which is absolutely dependent
on the addition of the cofactor, 5-adenosylcobalamin, from Anabaena sp. strain PCC 7120 in
Escherichia coli (Gleason et al., 2002). It was also found that the Anabaena reductase showed over
90% sequence similarity to putative reductases found in genome sequences of other cyanobacteria,
such as Nostoc punctiforme, Synechococcus sp. strain WH8102, and Prochlorococcus marinus
MED4 (Gleason et al., 2002). Some cyanobacteria can synthesize their own vitamin B1> and excrete it
into culture medium with high level (Watanabe et al., 2007; Bonnet et al., 2010; Hashimoto et al.,
2012). A study of Bonnet et al. stated that the axenic N-fixing marine cyanobacterium Crocosphaera
watsonii has Bi» synthesis capacity of 1 x 1018 (pM cell* over exponential phase) (Bonnet et al.,
2010). Besides, Bonnet et al. (2010) also found that the axenic N-fixing marine cyanobacterium
Crocosphaera watsonii excreted Bz up to 40 times higher per cell, compared to the smaller non-N-
fixing strain of marine Synechococcus. The marine cyanobacteria Prochlorococcus and
Synechococcus bacillaris absolutely required cobalt (Saito et al., 2002; Ledo et al., 2007). Their
production of Co binding ligands — referred as “cobalophores” — would increase the solubility of Co in
seawater, protect the metal from particle scavenging, precipitation, and oxidation — thereby
facilitating its bioavailability and uptake by cyanobacteria, and probably by other marine organisms
(Saito et al., 2002).

Besides, Howarth et al. (1988) concluded that nitrogen fixation is not limited by trace metals in the
Baltic Sea (Howarth et al., 1988). However, at concentration higher than 1 uM, cobalt was growth
inhibitory for some cyanobacteria (Vla, 1980; Singh, 1989). The toxicity is due to inhibiting of active
transport of K* and Na* ions into cyanobacterial cells by salts of heavy metals (Vla, 1980). The
demand of trace element cobalt and its growth limiting level differ from species to species in
cyanobacteria. Nevertheless, the concentration of cobalt in our study, 0.042 uM (in MBL medium) and
0.17 uM (in BG 11 medium with cobalt) was not high enough for inhibition the growth of Bio 33.
Otherwise, the requirement for cobalt of Bio 33 seemed to be so low that only mild inhibiting effects on
growth and biomass production of Bio 33 were observed at the lowest possible free cobalt
concentration in BG 11 and MBL. In addition, this phenomenon was observed only at 22.5°C. It was
assumed that there was a rapid recycling of cobalt in Bio 33 to avoid inducing cobalt limitation. Sunda
et al. (1995) indicated that Co and Zn can replace one another metabolically in eukaryotic species. In
addition, cobalt concentration and Co : Zn ratio could also be important. However, no report on the
interreplacement of Co and Zn in cyanobacteria has been found so far. Therefore, further researches

should be carried out to clarify the role of cobalt.
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As a high cobalt concentration can inhibit the growth of cyanobacteria (Vla, 1980; Singh, 1989), it
seems that cobalt can promote the lipopeptide production as a protector. Extracellular metabolites of
Anabaena doliolum in a 1:1 ratio (v/v) with fresh culture medium could mediate the toxicity of heavy
metal (Dubey et al., 1990). Presumably, strain Bio 33 produced more balticidins as a regulation
mechanism of toxicity caused by cobalt if the cobalt concentration in media is higher than necessary.
Until now, little is known about the trace metal requirements of the cyanobacterium Bio 33. Thus,
further studies are needed to elucidate the correlation among growth, balticidins biosynthesis and
cobalt concentration.

IV.5. Influence of cobalt and the strange round cells on the antimicrobial
activity of strain TVN40

Strain TVN40 was first screened for antimicrobial activity in the work of Le (2010). A broad antimicrobial
activity of the crude extract of the culture medium was found against Bacillus subtilis, Escherichia coli,
Staphylococcus aureus and Candida maltosa. No antimicrobial activity was found for the intracellular
extracts of this strain (2 mg extract/paper disc) but antifungal and antibacterial activity was reported for
the EtOAc extracts of strain TVN40. The bioassay-guided separation of the EtOAc extract of the culture
medium led to the isolation of flourensadiol (57) ((1R,1aB,4aa,7aa,7bp)-Decahydro-4a-hydroxy-1,4,73-
trimethyl-1H-cycloprop|[e]azulene-1-methanol; CAS 55812-89-0). This aromadendrane sesquiterpene
was first isolated from the West Texas shrub Flourensia cernua (Kingston et al., 1975; Pettersen et al.,
1975) and as far as known, the shrub Flourensia cernua is the only species from which flourensadiol
was isolated. Crude extracts and fractions from this species have been demonstrated to have
phytotoxic, antifungal, antialgal and antitermite activities, and reduce the consumption of alfalfa
(Medicago sativa L.) pellets by sheep (Estell et al., 1994; Tellez et al., 2001; Martinez-Luis et al., 2007;
Estell et al., 2008). Flourensadiol together with dehydroflourensic acid and methyl orsellinate described
in the study of Mata (Mata et al., 2003) are calmodulin (CaM) inhibitors and are the major phytotoxins of
the crude extract of Flourensia cernua (Asteraceae) which inhibited radicle growth of Amaranthus
hypochondriacus and Echinochloa crus-galli. Many other aromadendrane sesquiterpenoids which have
similar structure with flourensadiol isolated from the leaves of Xylopia brasiliensis were reported
exhibiting antifungal activity (Moreira et al., 2003). Nevertheless, only the structure of flourensadiol was

published, but little else is known about its biological activity.

As far as known, flourensadiol as well as other antifungal aromadendrane sesquiterpenoid derivatives
was found only in plant. These sesquiterpene derivatives are rare in cyanobacteria. So far, strain
TVN4Q is the first and only cyanobacterium from which flourensadiol was isolated. In Le’s work,

flourensadiol was isolated as an extracellular secondary metabolite of the culture medium of
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cyanobacterium strain TVN40. In addition, the antimicrobial properties of different fractions of the
culture medium suggested the presence of more than one active compound. Thus, the aim of our work
was to develop a simpler and more effective method than the currently used EtOAc extraction to isolate
active compounds from the culture medium of TVN40 and to identify some more active compounds
besides of flourensadiol.

In aquatic environment, most of cyanobacterial metabolites, including cyanotoxins, are usually
contained mainly within the cyanobacterial cells (Jones et al., 1999; Mankiewicz et al., 2003). Release
of toxins from cells to the surrounding water appears during cell senescence, death and lysis, rather
than by continuous excretion (Van Apeldoorn et al., 2007). So far, only some exometabolites were
identified as bioactive compounds, such as antibacterial diterpenoids noscomins A-E (53) from Nostoc
commune (Jaki et al., 1999; Jaki et al., 2000), antifungal peptides tolybyssidins A-B (54) from
Tolypotrix byssoidea (Jaki et al., 2001), the algicidal indol alkaloid norharmane (55) from Nodularia
harveyana (Volk et al., 2006) or the algicidal phenolic compound 4,4'-dihydroxybiphenyl (56) from
Nostoc insulare (Volk et al., 2006). Excretion is enhanced by chemical treatments for the eradication
of cyanobacteria, especially the use of algicides (either copper sulphate or organic herbicides) (Van
Apeldoorn et al., 2007). Nevertheless, the sesquiterpene flourensadiol (57) was found to be released
to the surrounding culture media (Le, 2010). It was shown that, strain TVN40 produced and excreted
flourensadiol to surrounding medium when it was cultivated in BG 11 medium supplemented with
cobalt. This could be an evidence that there is a relationship between cobalt and the secondary

metabolite production.
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To re-isolate flourensadiol from culture medium of cyanobacterium strain TVN40, a cultivation
experiment was designed as well as an effective extraction method was developed using the resin
XAD 16, binding organic substances with small to medium molecular weight from aqueous media
(Heinek, 2011). Unfortunately, flourensadiol was not detectable in EtOAc extract by MS analysis of all
culture media (before and after axenization). However, the antimicrobial assay confirmed that there
was at least another compound which is responsible for the antifungal and antibacterial activity of the
EtOAc extract and also of the fractions prepared by eluting the XAD-bounded substances with
different solvents (Heinek, 2011).

At the same time, a microscopic analysis of the TVN40 culture revealed that the filaments grew
together with strange round cells (SRC) which could have important effects on the growth as well as
the active compound production of strain TVN40. The filamentous cyanobacterium strain TVN40 was
successfully separated from the strange round cells and pure cultures of them were established. The
antimicrobial activity testing of their pure and mixed culture extracts was done. As a result, only
TVNA40 was responsible for the antifungal activity but both TVN40 and SRC exhibited the antibacterial
activity. Besides, the co-cultivation of SRCs with TVN40 reduced the antimicrobial activity of this

strain.

Before the cultivation of pure TVN40 and SRC, whether flourensadiol was produced by TVN40 or
SRC was unclear. However, the absence of flourensadiol in MS analysis of strain TVN40+SRC could
due to the very low concentration of this compound in MS samples. Some other reasons that could be
responsible for the absence of flourensadiol were also proposed. In the laboratory cultivation, the
variation of some parameters which affect the involved secondary metabolism may result in the
absence of the active products (Cannell et al., 1988b). It explained why some cyanobacteria could no
longer produce their active compounds after a long time cultivated under laboratory conditions.
Another reason is that harvesting not at the right stage for production of antimicrobial compounds
could led to an overlook of an undetectable concentration of active compounds (Cannell et al.,
1988h). A possible reason could be that accompanying heterotrophic bacteria in cyanobacterial
culture might produce this compound and released it to the culture medium. According to Cole (1982),
accompanying heterotrophic bacteria alter or metabolize algal allelochemicals, or release either
inhibiting or stimulating substances. It is known that the role of bacteria may be an active metabolic
one, possibly involving the recycling of algal extracellular products and thereby enhanced the growth
of cyanobacteria (Fitzsimons et al., 1984). Therefore, it must be clarified whether the observed activity
of culture media from TVN40 and SRC was due to cyanobacteria only, or to the associated

heterotrophic bacteria present in the cultures. Isolation and identification of the accompanying
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bacteria, their cultivation and testing their antimicrobial activity was a successful way. As result of the
isolation process, 4 bacteria were isolated from the culture medium of SRC and were identified as
Devosia sp., Hydrogenophaga sp., Sphingomonas sp., and Rhodococcus sp.. The mixture of the
bacteria isolated from the culture medium of SRC was cultivated, extracted and the EtOAc extract
was analyzed by HPLC/ESIMS. In the MS chromatograms of EtOAc extracts of non-axenic pure
TVN40, SRC, and extracts from isolated bacteria of SRC, a fragment with m/z 239 corresponding to
[M+H]* of flourensadiol was found. This signal was very high in the EtOAc extract of the culture
medium of the mixture bacteria isolated from SRC but was low in other extracts. It suggested that the
accompanying bacteria were the producer of flourensadiol. Therefore, further cultivation and
extraction of each bacterium and MS analysis should be carried out to identify which bacterium is the

producer of flourensadiol.

The extracellular compounds released from cyanobacteria can inhibit or stimulate the other
cyanobacteria or microorganisms (Lopes et al, 2011; Hashtroudi et al., 2013). In case of
cyanobacterial toxins, the release of them have been suggested to inhibit the same or other
cyanobacterial species in the community, rather than inhibiting the abundance of competitors to
cyanobacteria (Suikkanen et al., 2004). Allelopathic effects of filamentous cyanobacteria in the Baltic
Sea were studied by Sanna Suikkanen (Suikkanen et al., 2004; Suikkanen et al., 2006; Suikkanen,
2008) revealed that the filamentous cyanobacteria Anabaena sp., Aphanizomenon flos-aquae and
Nodularia spumigena are capable of producing chemicals that inhibit competing phytoplankton
species. The allelopathic effect of one cyanobacterium on the other varies from species to species.
For example, the presence of Microcystis aeruginosa inhibited growth, reduced metabolic activity and
an increased quantum requirement for biomass assimilation in green alga Oocystis marsonii, whereas
no changes were observed in Scenedesmus obliquus (Dunker et al., 2013). Recent investigations on
fungicidal activity of extracellular filtrates from Anabaena sp. revealed that hydrolytic enzymes such as
chitosanases, chitinases, may contribute to the fungicidal activity besides other bioactive compounds
(Prasanna et al., 2008; Gupta et al., 2010; Prasanna et al., 2010). Therefore, further experiments
related to the co-cultivation of TVN40 filaments and SRC should be carried out to clarify the
relationship between them. In addition, the agent which is responsible for the antifungal activity of
TVN40 needs to be further explored.

Many biologically active compounds and natural products possessing an oxindole framework with a
hydroxy-bearing tetrasubstituted stereogenic center at C3 have been isolated from natural sources
(Suarez-Castillo et al., 2006). Particularly, some have been isolated from marine bryozoan, plant and
bacteria (Tadera et al., 1991; Balk-Bindseil et al., 1995; Suérez-Castillo et al., 2006). Oxindole (58)
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derivatives and their structural relationship to indoles are important targets in medicinal and synthetic
organic chemistry due to their broad biological activity including antifungal activity (Abele et al., 2003;
Porcs-Makkay et al., 2004; Sharma et al., 2010; Bergonzini et al., 2012). Researches on secondary
metabolites from higher plants frequently encountered indole alkaloids; they were also isolated, with a
lesser extent, in microorganisms and animals (Gademann et al., 2008). In contrast, there are much
less cyanobacterial indole metabolites known so far (Gademann et al., 2008). Among them were
bauerines A-C (59-61) from the terrestrial cyanobacterium Dichothrix baueriana GO-25-5 (Larsen et
al., 1994), nostocarboline (62) from Nostoc 78-12A (Becher et al., 2005), hapalindole A (63) from
Hapalosiphon fontinalis (Moore et al., 1987c), norharmane (55) from Nodularia harveyana (Volk,
2005; Volk et al., 2006) (first identification of this compound from culture medium of cyanobacteria),
the import plant hormone (phytohormane) auxin (64) or indole acetic acid from Nostoc and Anabaena
spp. (Hashtroudi et al., 2013). Some other cyanobacterial crude extracts were already reported for
their auxin-like activity (as plant hormones) on potato tissue culture due to their containing indole
derivatives (Shanab et al., 2003). Welwitindolinone A isonitrile (65) and several related oxindole-
containing alkaloids have been isolated from Hapalosiphon welwischii and Westiella intricate by

Moore and co-workers (Stratmann et al., 1994).

The dioxindole derivative (3-Hydroxy-2-oxo-2,3-dihydroindol-3-yl)acetonitrile (see 111.6.5) was isolated
from cabbage inoculated with Pseudomonas cichorii (Monde et al., 1991). The compound could be
derived via biological oxidation of indole-3-acetonitrile (Monde et al., 1991). It was the first report of
this dioxindole as a natural product. However, no report about the isolation of this dioxindole from
cyanobacteria has been found so far. In our work, the dioxindole derivative was isolated from the
culture medium of TVN40. Because dioxindole derivatives were mainly found in the presence of
bacteria and the MS analysis (see 11.6.10.2) displayed the presence of the fragment with m/z
according to this dioxindole derivative in almost all extracts, it should be that the accompanying
bacteria played an important role in the production of this compound. The HPLC/MS analysis of TYG
medium also showed fragments with m/z 211 in positive mode and m/z 187 in negative mode. It is
explained by the high tryptophane content of Pancreatic Digest of Casein which was used to prepare
TYG medium. The ionization of this compound can lead to the presence of these fragments. Besides,
the accompanying heterotrophic bacteria should be further investigated to figure out the producer of
(3-Hydroxy-2-oxo0-2,3-dihydroindol-3-yl)acetonitrile.
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IV.6. Taxonomy

In our study, the 16S rRNA gene sequencing was applied to classify axenic cyanobacteria. 16S
rRNAs are universal molecules, which evolved very early from the same ancestor and stayed quite
constant during generations. Although secondary structure is highly conserved, the primary structure
of 16S rRNA molecule, which is about 1500 nucleotides long, is a mosaic of conserved and variable
regions. For this reason, in bacteria 16S rRNA gene sequence analysis is used to determine a broad

range of relationships from phylum to species (Bryant, 1995).

For a correct taxonomic classification of strain Bio 33, the morphology was investigated and was in
accordance with the current description of Anabaena cylindrica. This species shows straight and
solitary unbranched trichomes, the vegetative cells are cylindrical, 3-4 um wide and 3-5 pum long and
the apical cells are rounded. The heterocysts are long and rounded, 5 pum wide and 6-8 um long and
intercalary in the filament (Geitler, 1932; Komarek et al., 1989; Galhano et al., 2011). Comparing the
nucleotide sequence obtained from sequencing 16S rDNA of Bio 33 with sequence information
available in the National Center for Biotechnology Information database using BLAST
(http://www.ncbi.nlm.nih.qov/BLAST) led to the sequence of Anabaena cylindrica as best hit (99%
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max identity). In order to infer the phylogenetic position of our strain with the producer strains of the
hassalidins, Tolypothrix and Hassallia, respectively, and other Anabaena spp., a phylogenetic tree
(Figure 111-68) was constructed on the basis of published partial 16S rRNA gene sequences of these
genera using a maximum likelihood method. Basing on the taxonomic scheme of the cyanobacteria
according to NCBI Taxonomy Browser (August 31, 2009) the order Nostocales are separated into four
families Microchaetaceae (containing Hassallia, Tolypothrix), Nostocaceae (containing Anabaena),
Rivulariaceae and Scytonemataceae. From the phylogenetic tree, it is clear that Anabaena belongs to
a separate cluster compared to Tolypothrix and Hassallia spp.. It seems that Tolypothrix and Hassallia
belong to a mixed cluster in the Microchaetaceae. It has already been indicated that Tolypothrix is a
problematic taxon, as species of this genus are dispersed among other Microchaetacean genera such
as Spirirestis, Hassallia, Rexia, and Coleodesmium (Vaccarino et al., 2009). As provided by the
authors, hassallidin A and B were isolated from an epilithic cyanobacterium identified as Tolypothrix
species (basionym Hassallia) according to Geitler's characterization and taxonomy scheme (Neuhof
et al., 2005). However, no phylogenetic analysis of the Hassallia species has been published to date.
From the molecular genetic data, it appears that our strain Bio 33 belongs to the Anabaena cluster in
the family Nostocaceae and is completely distinguished from the published Tolypothrix and Hassallia
spp., which means hassalidin-like lipopeptides are produced by different genera of the order

Nostocales living under different environmental conditions.

In case of strain TVN40, early classification identified TVN40 as an Anabaena species basing on
morphological features (Le, 2010). Nevertheless, the alignment of 16S rRNA gene sequence in our
study shows that TNV40 belongs to the genus Nostoc. It confirmed that the classification basing on

morphological characters may not reflect the true phylogenetic relationships of cyanobacteria.

Nostoc and Anabaena are traditionally separated based on morphological characteristics and life cycle
differences (Henson et al., 2002). Based on morphological features, the genera Anabaena and Nostoc
belong to order Nostocales, family Nostocaceae by traditional classification (Anagnostidis et al., 1989)
and subsection IV.I by bacteriological classification (Rippka et al., 2001). However, phylogenetic studies
of cyanobacteria have demonstrated that genetic relationships sometimes conflict with the
morphological classification because morphological characters can vary according to environmental
conditions (Rajaniemi et al., 2005). Formerly, Nostoc PCC 7120 was regarded as an Anabaena
species, and Nostoc PCC 6720 was described as Anabaenopsis (Rippka et al., 1979). In fact, the
separation of the genera Nostoc and Anabaena into two distinct genera has also been discussed in
recent years (Tamas et al., 2000; Henson et al., 2002; Rajaniemi et al., 2005). 16S rRNA gene studies
have shown that Nostoc and Anabaena are closely related; however, these studies were unable to
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clearly differentiate between the two genera (Giovannoni et al., 1988; Henson et al., 2002). Based on
partial (359 bp) nifH sequences, Tamas et al. suggested that genera Nostoc and Anabaena may belong
within a single, broadly defined genus (Tamas et al., 2000). However, alignment of the complete nifD
sequences of Henson et al. (2002) suggests that Nostoc and Anabaena are distinct genera. Therefore,
morphological, biochemical and molecular characterization need to be used to characterize these
strains (Caudales et al., 1992; Galhano et al., 2011).

Until now, although the taxonomy of the cyanobacteria still remains to be answered, 16S rRNA gene
sequences have proven to be very useful for the study of cyanobacterial phylogeny (Nelissen et al.,
1996). Recently, molecular approach has been employed to resolve evolutionary relationships within
the cyanobacterial lineage using 16S rRNA associated with 23S rRNA; nitrogen fixation genes
(nifHDK) with particular focus on nifH (Henson et al., 2002); 16S rRNA with rpoB and, carbon-fixation-
associated gene rbcLX (Rajaniemi et al., 2005); DNA reassociation (Lachance, 1981), DNA
polymorphisms within the phycocyanin locus (Neilan et al., 1995). Nevertheless, even when molecular
phylogenies have been employed to resolve evolutionary relationships within the cyanobacteria, the
morphological chemotaxonomy and a combination of many candidates basing on molecular genetic
approach are needed to classified cyanobacteria (Rajaniemi et al., 2005; Komarek, 2010, 2011;
Komarek et al., 2012).

By 16S rRNA gene sequencing, SRC was identified as a single cell cyanobacterium species
belonging to order Chroococcales. It is revealed that this microorganism is not another morphological
form of strain TVN40.
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V. Outlook

The lipopetides balticidins A-D, isolated from the biomass of Anabaena cylindrica strain Bio 33,
displayed specific antifungal activity with only marginal cytotoxic effects on eukaryotic cells and belong
to the hassallidin family. Temperature seems to have the most influence on growth of the strain in
culture and on the production of balticidins. This study showed that, at the optimum temperature for
the production of balticidins, the depletion of nitrate had no negative effect on the growth of Bio 33 but
had different effects on the concentration of each balticidin. The effect of cobalt on growth and the
production of balticidins differed according to temperature. Therefore, further research with different
concentrations of nitrate and cobalt is needed to evaluate the relation between temperature and the

concentration of nitrate as well as cobalt on the biosynthesis of balticidins.

Furthermore, the light quality was found to affect the bioactive compound synthetase (Kaebernick et
al., 2000; Mohlin, 2010). Therefore, in further studies, the impact of spectral composition of the

artificial radiation on the production of balticidins should be investigated.

Due to the specific antifungal activity of balticidins, further research is in progress to identify their
antifungal mechanism basing on the ergosterol and glucan synthesis inhibition. First experiments with
the main fraction Flll indicated a potential inhibition in the glucan synthesis. Therefore, the tests

should be carried out with pure balticidins to clarify action mechanism.

In this study, we have shown a completely distinguished gene cluster between Anabaena cylindrica
Bio 33 and Hassallia as well as Tolypothrix spp. available in the National Center for Biotechnology
Information database using BLAST. Whether this separation is valid with the original strains producing

hassallidins remains to be tested.

To date, limited information is available on the chemical nature of fungicidal metabolites in
cyanobacteria and the gene(s) involved. Furthermore, identification of peptide synthetase genes would
allow the detection of potential producers of hassalidin- and balticidin-like secondary metabolites in
natural cyanobacterial populations as well as to reveal the role of these compounds to the producing
organism and to the ecosystem. For these reasons, balticidin synthetase genes of Bio 33 should be

identified to clarify the biosynthesis.

During this study, attempts to axenize the SRC were successful and according to the 16S rRNA gene
the strains is identified belonging to order Chroococcales. In future, cultures of axenic SRC must be
established, which is essential to study the characteristics of these microorganisms, and study their
effects on the production of bioactive compounds from TVN40.
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In addition, the agent which is responsible for the antifungal activity of TVN40 needs to be further
explored. Furthermore, cultivation of each isolated bacterium from culture medium of SRC should be
carried out. Cocultivation of isolated bacteria with SRC or TVN40 can be a promising way to research

the antimicrobial activity under bacterial stress.
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Summary of the thesis

Theme: “Cyanobacteria as source of new antifungals”
Represented by Thanh Huong Bui

During the last few decades, considerable side effects as well as numerous resistances against
available antifungal agents promote the search for novel antifungal compounds. Meanwhile, hundreds
of cyanobacterial secondary metabolites were reported. They exhibit a diverse spectrum of biological
activities including antibacterial, algicidal, antifungal, antiviral, anticancer, cytotoxic, and enzyme
inhibiting activities. Therefore, cyanobacteria are accepted as a source of potential pharmaceutical

substances.

In the search for new antifungal agents, this study dealt with the antimicrobial screening, extraction,
isolation, structural elucidation as well as selective biological investigations of the isolated compounds.
In addition, the impact of the culture conditions on growth and on biosynthesis of bioactive compounds
was also studied. Besides, selective cyanobacteria were axenized and the taxonomy as well as the
genetic relationship of axenic cyanobacteria that produced bioactive compounds with some other

cyanobacteria was identified basing on the 16S rRNA gene sequences.

22 Vietnamese and 6 German cyanobacterial strains were screened for their antifungal activity using
the agar diffusion assay. Among them, the MeOH/water extract from the biomass obtained from a
laboratory culture of strain Bio 33, isolated from the Baltic Sea near Riigen Island, exhibited a specific
antifungal activity against Candida maltosa. Further investigation on human pathogenous fungi
showed inhibition zones from 21 to 32 mm (1 mg/6 mm paper disc) to Candida albicans, Candida
krusei, Aspergillus fumigatus, Microsporum gypseum, Trichophyton rubrum and Mucor sp. Besides, it
was very impressed that extracts of strain Bio 33 showed no antibacterial activity against Escherichia
coli, Pseudomonas aeruginosa, Bacillus subtilis, and Staphylococcus aureus. The taxonomy basing
on 16S rRNA gene sequence of the axenic Bio 33 identified this strain as Anabaena cylindrica
species. As a result of the bhioassay-guided fractionation of the crude MeOH/water extract, four new
lipopeptides, named balticidins A — D, were isolated from the biomass of Bio 33. These lipopeptides
represent a new structural type with the co-occurrence of a glycosylated cyclic peptide, a fatty acid
containing chlorine and a disaccharide moiety. The main active fraction isolated from the MeOH/water
extract of the biomass of Bio 33 which contains the four lipopeptides exhibited only marginal cytotoxic
activity against the human bladder carcinoma cell line 5637 (ICso = 93 ug/ml). The weak cytotoxic
activity and the absence of antibacterial effects in the used in vitro test systems opens a promising
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future for further investigations to clarify the antifungal mechanism and for in vivo applications of the

new lipopeptides.

Different media, temperature, light intensity and period of irradiance - the most important factors that
affect the growth and the production of bioactive compounds in cyanobacteria were investigated to
figure out conditions at which Bio 33 produces maximum of balticidins under laboratory conditions. In
addition, the depletion of nitrate and the trace element cobalt were studied to gain an insight into the
production of balticidins. As a result, temperature was the most apparent factor influencing the growth
of Bio 33 and the production of balticidins. Bio 33 was found to grow best in BG 11 medium plus 0.5%
NaCl at 26°C, under white fluorescent continuous light and a light intensity of 20 umol photons m2 s,
Nevertheless, under the same conditions, 22.5°C was the best temperature for the production of
balticidins. These experiments also indicated that harvesting of Bio 33 during the logarithmic growth
phase, particularly at 20t day, should supply approximately maximum quantity of balticidins. At 22.5°C
and 20 pmol photons m2 s under 24 h continuous irradiance, the depletion of nitrate had no negative
effect on the growth and the concentration of balticidin A but increased balticidin B and decreased
balticidin C; the absence of cobalt slightly decreased the growth but had no clear effect on the
production of balticidins.

On the other hand, extracts of the culture medium of the Vietnamese cyanobacterium TVN40,
exhibited antifungal activity against Candida maltosa and weak antibacterial activity. Extraction of the
culture medium with XAD-16 and elution of the XAD-bounded compounds by different solvents
resulted in five fractions (water, 80% MeOH, 100% MeOH, acetone, dichloromethan). The best activity
was exhibited by the 80% MeOH fraction, so that this fraction was used for further isolation
procedures. Four compounds have been isolated and one was identified as a dioxindole derivative.
Structural elucidation of the other three compounds is still in progress.

TVN40 was formerly identified as an Anabaena sp. according to the morphological properties, but the
16S rRNA gene sequence confirms that the strain belongs to the genus Nostoc. Microscopic
examination of TVN40 revealed that the filamentous strain was not a unialgal but a mixed culture with
strange round cells (SRCs) - a unicellular cyanobacterium belonging to the order Chroococcales.
Laboratory cultures of the pure filamentous strain TVN40, the isolated SRCs and the mixed culture of
both strains were established. Both TVN40 and SRC culture media were responsible for the
antibacterial activity against B. subtilis, S. aureus and E. coli. However, only the extract of the culture
medium of TVN40 was active against C. maltosa. The supplement of cobalt enhanced the
antimicrobial activity of the culture medium. Pure strains showed higher activity in comparison to the
mixed culture of TVN40 and SRC.
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Appendix

Antifungal assay
Protokoll 09.11.2009
Testung von Cyanobacterienextrakten auf antimykotische Wirksamkeit
Methode: Agardiffusionstest (nach CLSI)
Testmedium: RPMI-Agar, Fa. AB Biodisk

(Synthetisches Medium zur Antimykotika-Testung nach NCCLS-Standard)

Teststamme:
Spezies Pilzgruppe Herkunft
Candida albicans ATCC 90028 Sprosspilz Stammsammlung
Candida krusei ATCC 90878 Sprosspilz Stammsammlung
Aspergillus fumigatus Schimmelpilz Patientenisolat
Mucor sp. Schimmelpilz Patientenisolat
(Klasse: Zygomycetes)
Microsporum gypseum Dermatophyt INSTAND  Ringversuch,
2009
Ergebnisse:
Spezies
C. C. krusei A. fumigatus Mucor sp. M.
albicans gypseum

Bebrlitungszeit/- 24h/36°C 24h/36°C 48h/36°C 48h/30°C 7d/25°C
temperatur
Substanz-Nr. HHD/mm HHD/mm HHD/mm HHD/mm HHD/mm

1 0 0 0 0 0

2 23 20 30 26 38
Nystatin Kontrolle 24 19 24 25 20

1: MeOH extract of TVN40; 2: Flll of Bio 33
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Protokoll
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10.09.2010

Testung von Cyanobakterienextrakteextrakten auf antimykotische Wirksamkeit

Methode: Agardiffusionstest (nach CLSI)

Testmedium: RPMI-Agar, Fa. AB Biodisk. (Synthetisches Medium zur Antimykotika-Testung nach

CLSI-Standard)

Dr. Gudrun Schrdder. Institut fur Medizinische Mikrobiologie

Teststamme:
Spezies Pilzgruppe Herkunft
Candida albicans ATCC 90028 Sprosspilz Stammsammlung
Candida krusei ATCC 90878 Sprosspilz Stammsammlung
Aspergillus fumigatus Schimmelpilz Patientenisolat
Mucor sp. Schimmelpilz Stammsammlung
(Klasse: Zygomycetes)
Trichophyton rubrum Dermatophyt INSTAND  Ringversuch,
2008
Ergebnisse:
Spezies
C. albicans | C. krusei A. Mucor T.
fumigatus sp. rubrum
Bebriitungszeit/- 24h/36°C 24h/36°C | 48n/36°C | 48h/30°C | 7d/25°C
temperatur
Substanz-Nr. HHD/mm HHD/mm | HHD/mm | HHD/mm HHD/m
m
1. 2. 1. 2. 1. 2. 1. | 2
1 1 0 0 0 0 0 0 |10
2 233 0 0 0 0 0 0 0
3 1611 0 0 0 0 0 0 0
4 AS 0 0 0 0 0 0 0
5 154 0 0 0 0 0 0 0
6 Asb 0 0 0 0 0 0 0
7 Bio 33 - 16 16 |13 (12 |25 |26 |25
axenic
Nystatin Nystatin | 23 21 23 | 24
Kontrolle Control
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Il. Cytotoxic assay

MeOH/H,0 (1:1) extract_ Bio 33 cultivated in BG 11 medium
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Cytotoxic activity against the human bladder carcinoma cell line 5637
Main fraction Flll _ Bio 33 cultivated in BG 11 medium
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Cytotoxic activity against the human bladder carcinoma cell line 5637
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M. MIC of the main fraction FlI|

FI11_BG 11_22h incubated

0 - . :
0,0 1,0 2,0 3,0 4,0

Log(concentration)

—e—C1 _1375ug/mL ——C2_1125ug/mL
—e—Control_Y+PBS —m—Control_NB+PBS

FIII_MBL_22h incubated

0,4 -

o
0,0 1,0 2,0 3,0 4,0
Log(concentration)
—e—C1_1375ug/mL  ——C2_1125pg/mL

—e—Control_Y —a— Control_NB+PBS

Thanh Huong Bui

b)
FIII_BG 11 - N _22h incubated
0,5 -
0,4 -
4
0,3 -
a
(@]
0,2 -
0,1 -
o T T T T 1
0,0 1,0 2,0 3,0 4,0
Log(concentration)
—e—C1 1375ug/mL —a—C2_1125pg/mL
—e—Control Y ——Control_NB+PBS
d)
FI11_MBL - N_22h incubated
0,5 -
0,4
<4
0,3 -
)
O
0,2 -
0,1 -
O T T T T 1
0,0 1,0 2,0 3,0 4,0

Log(concentration)

—e—C1 _1375pug/mL —a—C2_1125pg/mL
—e—Control Y —a—Control_NB+PBS

Estimation of MIC for the main fraction FllI of strain Bio 33 cultivated in different media. a) BG 11. b) BG
11 without NaNOs. ¢) MBL. d) MBL without NaNOs. Control_Y: PBS + Bouillon + C.m. Control_NB+PBS: PBS +

Bouillon. n = 4 parallels.
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V. Supplementary information of structural elucidation of balticidins 1-4

Figure 1S1. 1D H NMR spectrum of 1 in trifluoroethanol-d2/H.0 (1:1) at 300 K.
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Figure 1S2. 2D COSY spectrum of 1 in trifluoroethanol-dz/H20 (1:1) at 300 K.
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Figure 1S3. 2D TOCSY spectrum of 1 in trifluoroethanol-d2/H20 (1:1) at 300 K.
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Figure 1S4. Low-field region of the 2D TOCSY spectrum of 1 in trifluoroethanol-d2/H,0 (1:1) at 300 K

showing assignments of amino acid spin systems.
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Figure 1S5. Mid-field (Ha and sugar) region of the 2D TOCSY spectrum of 1 in trifluoroethanol-d2/H20

(1:1) at 300 K showing assignments of sugar units.
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Figure 1S5a. Mid-field (sugar) region of the 2D TOCSY spectrum of 1 in trifluoroethanol-dz/H20 (1:1)

at 300 K showing assignment of arabinose spin system.
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Figure 1S5b. Mid-field (sugar) region of the 2D TOCSY spectrum of 1 in trifluoroethanol-d2/H20 (1:1)

at 300 K showing assignment of mannose spin system.
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Figure 1S5c. Mid-field (sugar) region of the 2D TOCSY spectrum of 1 in trifluoroethanol-dz/H20 (1:1)

at 300 K showing assignment of galacturonic acid spin system.
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Figure 1S6. 2D NOESY spectrum of 1 in trifluoroethanol-d»/H>0 (1:1) at 300 K.
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Figure 1S7. Low field 2D NOESY finger-print region of 1 in trifluoroethanol-d2/H.O (1:1) at 300 K
showing sequence assignment from HqNH signals (red circles). The sequence signals of 4-5 are
outside the region shown. Residue 5 has no Hq and 8 has no NH.
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Figure 1S8. NH-NH region of 2D NOESY spectrum of 1 in trifluoroethanol-dz2/H20 (1:1) at 300 K

showing sequence assignment from HqNH signals. Residue 5 has no Hq and 8 has no NH.
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Figure 1S9. 2D HSQC spectrum of 1 in trifluoroethanol-d2/H20 (1:1) at 300 K.
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Figure 1S10. 2D HMBC spectrum of 1 in trifluoroethanol-d»/H->0 (1:1) at 300 K.
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Figure 1S11. MSn fragmentation ions from the ESI-MS of 1 that confirm the peptide sequence.
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Figure 2S1. IH NMR spectrum of 2 in trifluoroethanol-dz/H.0 (1:1) at 300 K.
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Figure 2S2. 2D COSY spectrum of 2 in trifluoroethanol-dz/H20 (1:1) at 300 K.
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Figure 2S3. 2D TOCSY spectrum of 2 in trifluoroethanol-d2/H20 (1:1) at 300 K.
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Figure 2S4. Low-field region of the 2D TOCSY spectrum of 2 in trifluoroethanol-d2/H20 (1:1) at 300 K.
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Figure 2S5. 2D ROESY spectrum of 2 in trifluoroethanol-d2/H20 (1:1) at 300 K.
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Figure 2S6. 2D HSQC spectrum of 2 in trifluoroethanol-d2/H-0 (1:1) at 300 K.
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Figure 2S7. 2D HMBC spectrum of 2 in trifluoroethanol-d2/H-0 (1:1) at 300 K.

Appendix | 25



Thanh Huong Bui

Figure 3S1. 1D H NMR spectrum of 3 in trifluoroethanol-dz/H20 (1:1) at 300 K.
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Figure 3S2. 2D TOCSY spectrum of 3 in trifluoroethanol-d2/H.0 (1:1) at 300 K.
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Figure 3S3. Low-field region of the 2D TOCSY spectrum of 3 in trifluoroethanol-d2/H,0 (1:1) at 300 K

showing amino acid spin systems.
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Figure 3S4. 2D NOESY spectrum of 3 in trifluoroethanol-d»/H->0 (1:1) at 300 K.
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Figure 3S5. 2D HSQC spectrum of 3 in trifluoroethanol-d2/H20 (1:1) at 300 K.
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Figure 3S6. 2D HSQC-TOCSY spectrum of 3 in trifluoroethanol-d2/H20 (1:1) at 300 K.
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Figure 3S7. Low-field 1H region of 2D HSQC-TOCSY spectrum of 3 in trifluoroethanol-d2/H.0 (1:1) at

300 K showing assignment of amino acid spin systems.
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Figure 3S8. 2D HMBC spectrum of 3 in trifluoroethanol-d2/H-0 (1:1) at 300 K.
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Figure 3S9. Expansion of the sugar region of the 2D HMBC spectrum of 3 showing the correlation of

the anomeric proton of the galacturonic acid moiety with C3 of the arabinose moiety.

V.

IR spectra of pure compounds from Bio 33

The IR spectra were recorded using a NICOLET IR200 Fourier transform infrared spectrometer (FT-
IR) (Thermo Electron Corporation, USA).
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Figure 4S1. Infrared spectrum of compound 1.

Appendix | 35



Thanh Huong Bui

SF3E
TF3-5

102 = FrJul 0509:09:17 2013 (GMT+02:00)
- DAnderetF 3-5.5PA

101+

100 -

99 -

98 -

1737 36

91931

916,03

974

338220
326133
320107
365,41
1563 43

a73.58

961

% Transmission

1537 56
151234
140500
124 5

95+

161684
143106
120274
1008 42
820,37
77388

802,25

94

162845
113584

1456 600

93 -

166097
1077 .59
645,82

97+

669,45
520,75

91+

500,83

4000 ' o a0 ' " s000 500 000 7 s00
YWellenzahlen (cm-1)

Figure 4S2. Infrared spectrum of compound 2.
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Figure 4S4. Infrared spectrum of compound 4.
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VI HPLC-chromatograms of the isolated compounds from strain TVN40

Compound 1 (Peak 1)
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Compound 3 (Peak 3)
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VII.  Supplementary information of structural elucidation of isolated compounds of

TVN40
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Compound 1
- QLIO04 TVN 40 1b EST pos Lindequvist 01/08/12
A s tf¥
631.26200
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XMASS Mass Analysis for /Ds/Data/WWC/QLL/OLIOO4_TVN401b_0l-08-12/1/pdata/l/mas
nal.res:

XMASS Mase Analysis Congtraints
lon mass = 60L.2620000

Charge = +1
Tolerance = &, 0050000

DEE min = -3
DBE max = 22

Max Candidates = 100

Atom #(min, max) Wekimin, max}
c 1 100 a.00 100.00
H 1 200 0.00 100.00
H ] & 0.00 100.00
o o 20 0.00 100.00
Ha L] 1 0.00 100.00

[} c H ) a] MNa mass DBE error
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Ion =A88 = 625.2616100
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DBE min = =3
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Compound 5
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Ion mass = 5358, 2774250

Charge = +1
Tolerance = 0.0050000

DEE min = -2
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Max Candidates = 100
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VIIl.  ESIMS analysis for the presence of flourensadiol

BA-SRC_Medium_EtOAc extract

Datafile Name:BA-SRC_Medium_EtOAc ext_18.11.2013 6.lcd
Sample Name:BA-SRC_Medium_EtOAc ext

mAU
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= = =
o N wu
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IX. Partial 16S rRNA gene sequences

Bio 33
GCTCAGGATGAACGCTGGCGGTATGCTTAACACATGCAAGTCGAACGGAATCCTTAGGGATTTA
GTGGCGGACGGGTGAGTAACGCGTGAGAATCTGGCTTCAGGTCGGGGACAACAGTTGGAAACG
ACTGCTAATACCGGATATGCCGAGAGGTGAAAGATTAATTGCCTGGAGATGAGCTCGCGTCTGA
TTAGCTAGTTGGTGGGGTAAGAGCCTACCAAGGCGACGATCAGTAGCTGGTCTGAGAGGATGAT
CAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTCC
GCAATGGGCGAAAGCCTGACGGAGCAATACCGCGTGAGGGAGGAAGGCTCTTGGGTCGTAAAC
CTCTTTTCTCAGGGAAGAAAAAAATGACGGTACCTGAGGAATAAGCATCGGCTAACTCCGTGCCA
GCAGCCGCGGTAATACGGAGGATGCAAGCGTTATCCGGAATGATTGGGCGTAAAGGGTCCGCA
GGTTGCCATGTAAGTCTGCTGTTAAAGAGTGAGGCTCAACCTCATAAAAGCAGTGGAAACTACAT
AGCTAGAGTACGTTCGGGGCAGAGGGAATTCCTGGTGTAGCGGTGAAATGCGTAGATATCAGGA
AGAACACCGGTGGCGAAAGCGCTCTGCTAGGCCGTAACTGACACTGAGGGACGAAAGCTAGGG
GAGCGAATGGGATTAGATACCCCAGTAGTCCTAGCCGTAAACGATGGATACTAGGCGTGGCTTG
TATCGACCCGAGCCGTGCCGTAGCTAACGCGTTAAGTATCCCGCCTGGGGAGTACGCACGCAA
GTGTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGTATGTGGTTTAATTCGAT
GCAACGCGAAGAACCTTACCAAGGCTTGACATGTCGCGAATCTTTGGGAAACCGAAGAGTGCCT
TCGGGAGCGCGAACACAGGTGGTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTA
AGTCCCGCAACGAGCGCAACCCTCGTTTTTAGTTGCCATCATTAAGTTGGGCACTCTAGAGAGAC
TGCCGGTGACAAACCGGAGGAAGGTGAGGATGACGTCAAGTCAGCATGCCCCTTACGTCTTGG
GCTACACACGTACTACAATGCTACGGACAAAGGGCAGCTACACACCGATGTGATGCTAATCTCAT
AAACCGTAGCTCAGTTCAGATCGCATGCTGCAACTCGCCTGCGTGAAGGACGAATC

TVN40
GCTCAGGATGAACGCTGGCGGTATGCTTAACACATGCAAGTCGAACGGAATCTTAGGATTTAGT
GGCGGACGGGTGAGTAACGCGTGAGAATCTGGCTTCAGGTCGGGGATAACTACTGGAAACGGT
GGCTAATACCGGATGTGCCGAGAGGTGAAAGGCTTGCTGCCTGAAGATGAGCTCGCGTCTGATT
AGCTAGTTGGTGTGGTAAGAGCGCACCAAGGCGACGATCAGTAGCTGGTCTGAGAGGATGATCA
GCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTCCGC
AATGGGCGAAAGCCTGACGGAGCAATACCGCGTGAGGGAGGAAGGCTCTTGGGTTGTAAACCT
CTTTTCTCAAGGAATAAGAAATGAAGGTACTTGAGGAATAAGCATCGGCTAACTCCGTGCCAGCA
GCCGCGGTAATACGGAGGATGCAAGCGTTATCCGGAATGATTGGGCGTAAAGCGTCCGCAGGT
GGCTATGTAAGTCTGCTGTTAAAGAGTCTAGCTTAACTAGATAAGAGCAGTGGAAACTACAAAGC
TAGAGTGCGTTCGGGGTAGAGGGAATTCCTGGTGTAGCGGTGAAATGCGTAGAGATCAGGAAG
AACACCGGTGGCGAAGGCGCTCTACTAGGCCGCAACTGACACTGAGGGACGAAAGCTAGGGGA
GCGAATGGGATTAGATACCCCAGTAGTCCTAGCCGTAAACGATGGATACTAGGCGTTGCGAGTA
TCGACCCTCGCAGTGCCGGAGCCAACGCGTTAAGTATCCCGCCTGGGGAGTACGCACGCAAGT
GTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGTATGTGGTTTAATTCGATGC
AACGCGAAGAACCTTACCAAGACTTGACATGTCGCGAACTTTTCTGAAAGGAAGAGGTGCCTTAG
GGAGCGCGAACACAGGTGGTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGT
CCCGCAACGAGCGCAACCCTCGTTTTTAGTTGCCAGCATTAAGTTGGGCACTCTAGAGAGACTG
CCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAGTCAGCATGCCCCTTACGTCTTGGGC
TACACACGTACTACAATGCTCCGAACAGAGGGCAGCGAGCTAGTGATAGCAAGCAAATCCCGGA
AATCGGAGCTCACTTCAGATCGAAGGCTGCAACTCGCCTTCTTGAAGGAGGAATCGCTAGTAATT
GCAGGTCAGCATACTGCAGTGAATTCGTTCCCGGGCCATGTACACACCGCCCGTCACAC

SRC

AGTCGAACGAAGTCTTAGGACTTAGTGGCGGACGGGTGAGTAACGCGTGAGAATCTGGCTTTAG
GACGGGGATAACCACTGGAAACGGTGGCTAAGACCCGATATGCCGAGAGGTGAAAGTATTTTTA
GCCTAGAGGGGAGCTCGCGTCTGATTAGCTAGTTGGTGGGGTAAGAGCCTACCAAGGCGACGA
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TCAGTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTAC
GGGAGGCAGCAGTGGGGAATTTTCCGCAATGGGCGAAAGCCTGACGGAGCAATACCGCGTGGG
GGAGGAAGGCTCTTGGGTTGTAAACTCCTTTTCTCAGGGAAGAACACAATGACGGTACCTGAGG
AATCAGCATCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGATGCAAGCGTTATCCG
GAATCATTGGGCGTAAAGCGTCCGCAGGTGGCATTTCAAGTCTGCTGTCAAAGGTCGGGGCTTA
ACTCCGAACAGGCAGTGGAAACTGAGAAGCTAGAGTGCGGTAGGGGCAGAGGGAATTCCTGGT
GTAGCGGTGAAATGCGTAGAGATCAGGAAGAACACCGGTGGCGAAAGCGCTCTGCTAGGCCGC
AACTGACACTCAGGGACGAAAGCTAGGGGAGCGAATGGGATTAGATACCCCAGTAGTCCTAGCT
GTAAACGATGGATACTAGGCGTTGCTTGTATCGACCCAAGCAGTGCCGGAGCTAACGCGTTAAG
TATCCCGCCTGGGGAGTACGCACGCAAGTGTGAAACTCAAAGGAATTGACGGGGGCCCGCACA
AGCGGTGGAGTATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCAGGGCTTGACATGCCC
GGAATCTTGGGGAAACTCAAGAGTGCCTACGGGAACCGGGACACAGGTGGTGCATGGCTGTCG
TCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGTTTTTAGTTGC
CAGCATTAAGTTGGGCACTCTAGAAAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGAC
GTCAAGTCAGCATGCCCCTTACGCTCTGGGCTACACACGTACTACAATGCTATGGACAAAGGGC
AGCAAGAATGCGAATTCAAGCAAATCCCATAAACCATGGCTCAGTTCAGATCGCAGGCTGCAACT
CGCCTGCGTGAAGGCGGAATCGCTAGTAATCGCCGGTCAGCCATACGGCGGTGAATACGTTCC
CGGGCCTTGTACACACCGCCCGTCACACCATGGAAGCTGGCCACGCCCGAAGTCGTTACCCTA
ACCGCTTGCGGAGGGG

WL1
GTGGTCGGCTGCTTCCTTGCGGTTAGCGCACCGGCTTCGGGTAGAACCAACTCCCATGGTGTGA
CGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGCAGCATGCTGATCTGCGATTACTAGC
GATTCCAACTTCATGCACCCGAGTTGCAGAGTGCAATCCGAACTGAGACGGCTTTTTGGGATTAG
CATGACCTCGCGGTCTAGCTGCCCTCTGTCACCGCCATTGTAGCACGTGTGTAGCCCAGCCCAT
AAGGGCCATGATGACTTGACGTCATCCCCACCTTCCTCCGGCTTATCACCGGCAGTCTCCTTAG
AGTGCCCAACCAAATGATGGCAACTAAGGACGAGGGTTGCGCTCGTTGCGGGACTTAACCCAAC
ATCTCACGACACGAGCTGACGACAGCCATGCAGCACCTGTGTGCAGGTCACCGAAGTGAAGAG
ATCCATCTCTGGAAATCGTCCTGCCATGTCAAGGGCTGGTAAGGTTCTTCGCGTTGCTTCGAATT
AAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTTAATCTTGCGACCG
TACTCCCCAGGCGGAGAGCTTAATGCGTTAGCTGCGCCACTGAATGGTAAACCATCCAACGGCT
AGCTCTCATAGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTTCGC
ACCTCAGCGTCAGTTCCGGACCAGTAAGCCGCCTTCGCCACTGGTGTTCTTCCTAATATCTACGA
ATTCCACCTCTACACTAGGAGTTCCACTTACCTCTTCCGGACTCTAGCTTGCCAGTATCAAAGGC
AGTTCCGGAGTTGAGCTCCGGGATTTCACCCCTGACTTAACAAACCGCCTACGTGCGCTTTACG
CCCAGTAAATCCGAACAACGCTAGCCCCCTTCGTATTACCGCGGCTGCTGGCACGAAGTTAGCC
GGGGCTTCTTCTCCGACTACCGTCATTATCTTCATCGGTGAAAGAGCTTTACAACCCTAAGGCCT
TCATCACTCACGCGGCATGGCTGGATCAGGCTTGCGCCCATTGTCCAATATTCCCCACTGCTGC
CTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCTGATCATCCTCTCAGACCAGCTA
AAGATCGTCGCCTTGGTAGGCCATTACCCCACCAACTAGCTAATCTTACGCGGGCTCATCCAATT
CCGATAAATCTTTCCCCCGTAGGGCGTATACGGTATTAGCAGTCGTTTCCAACTGTTGTTCCGTA
GAACTGGGTAGATTCCCACGCGTTACTCACCCGTCTGCCACTCCCCTTGCGGGGCGTTCGACTG
CA

WS1
GTAGCGCCCTCCTTGCGGTTAGGCTACCTACTTCTGGCGAGACCCGCTCCCATGGTGTGACGG
GCGGTGTGTACAAGACCCGGGAACGTATTCACCGTGACATGCTGATCCACGATTACTAGCGATT
CCGACTTCACGCAGTCGAGTTGCAGACTGCGATCCGGACTACGACCGGCTTTATGGGATTGGCT
CCCCCTCGCGGGTTGGCTGCCCTTTGTACCGGCCATTGTATGACGTGTGTAGCCCCACCTATAA
GGGCCATGAGGACTTGACGTCATCCCCACCTTCCTCCGGTTTGTCACCGGCAGTCCCATTAGAG
TGCCCTTTCGTAGCAACTAATGGCAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCAC
GACACGAGCTGACGACAGCCATGCAGCACCTGTGTGCAGGTTCTCTTTCGAGCACGAATCCATC
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TCTGGAAACTTCCTGCCATGTCAAAGGTGGGTAAGGTTTTTCGCGTTGCATCGAATTAAACCACA
TCATCCACCGCTTGTGCGGGTCCCCGTCAATTCCTTTGAGTTTCAACCTTGCGGCCGTACTCCCC
AGGCGGTCAACTTCACGCGTTAGCTTCGTTACTGAGTCAGAAGAGACCCAACAACCAGTTGACA
TCGTTTAGGGCGTGGACTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTTCGTGCATGAGC
GTCAGTGCAGGCCCAGGGGATTGCCTTCGCCATCGGTGTTCCTCCGCATATCTACGCATTTCAC
TGCTACACGCGGAATTCCATCCCCCTCTGCCGCACTCCAGCACTGCAGTCACAAGCGCCATTCC
CAGGTTAAGCCCGGGGATTTCACGCCTGTCTTACAGCACCGCCTGCGCACGCTTTACGCCCAGT
AATTCCGATTAACGCTCGCACCCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGGTGCT
TATTCTTACGGTACCGTCATTAGCCCCAGGTATTAACCAGAGCCGTTTCGTTCCGTACAAAAGCA
GTTTACAACCCGAAGGCCTTCTTCCTGCACGCGGCATTGCTGGATCAGGGTTGCCCCCATTGTC
CAAAATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCTGGT
CGTCCTCTCAGACCAGCTACAGATCGTCGGCTTGGTGAGCCTTTACCCCACCAACTACCTAATCT
GACATCGGCCGCTCCAATCGCGCGAGGCCTTACGGTCCCCCGCTTTCATCCACAGATCGTATGC
GGTATTAGCGCAGCTTTCGCTGCGTTATCCCCCACGACTGGGCACGTTCCGATGCATTACTCAC
CCGTTCGCCACTCGTCAGCACCTTGCGGCCTGTTACCGTTCGACTTGCATGGTAA

Y1
GGTCAGCTTCCTCCCTTGCGGGTTAGAGCACTGCCTTCGGGTGAAACCAACTCCCATGGTGTGA
CGGGCGGTGTGTACAAGGCCTGGGAACGTATTCACCGCGGCATGCTGATCCGCGATTACTAGC
GATTCCGCCTTCATGCTCTCGAGTTGCAGAGAACAATCCGAACTGAGACAACTTTTGGAGATTAG
CTACCCCTCGCAGGGTTGCTGCCCACTGTAGTTGCCATTGTAGCACGTGTGTAGCCCAGCGCGT
AAGGGCCATGAGGACTTGACGTCATCCCCACCTTCCTCCGGCTTATCACCGGCAGTTTCCTTAG
AGTGCCCAACTGAATGATGGCAACTAGGGATGAGGGTTGCGCTCGTTGCGGGACTTAACCCAAC
ATCTCACGACACGAGCTGACGACAGCCATGCAGCACCTGTCACTGATCCAGCCGAACTGAAGGA
AAGTGTCTCCACTATCCGCGATCAGGATGTCAAACGCTGGTAAGGTTCTGCGCGTTGCTTCGAAT
TAAACCACATGCTCCACCGCTTGTGCAGGCCCCCGTCAATTCCTTTGAGTTTTAATCTTGCGACC
GTACTCCCCAGGCGGATAACTTAATGCGTTAGCTGCGCCACTCAAGCTCTATGAACCCGAACAG
CTAGTTATCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTTC
GCACCTCAGCGTCAATACTTGTCCAGTCAGTCGCCTTCGCCACTGGTGTTCTTCCGAATATCTAC
GAATTTCACCTCTACACTCGGAATTCCACTGACCTCTCCAAGATTCAAGTTTTCCAGTTTCAAAGG
CAGTTCCGGGGTTGAGCCCCGGGCTTTCACCTCTGACTTAAAAAACCGCCTACGCGCGCTTTAC
GCCCAGTAATTCCGAACAACGCTAGCTCCCTCCGTATTACCGCGGCTGCTGGCACGGAGTTAGC
CGGAGCTTATTCTCCCGGTACTGTCATTATCATCCCGGGTAAAAGAGCTTTACAACCCTAAGGCC
TTCATCACTCACGCGGCATTGCTGGATCAGGCTTTCGCCCATTGTCCAATATTCCCCACTGCTGC
CTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCTGATCATCCTCTCAGACCAGCTA
AGGATCGTCGCCTTGGTAGGCTTTTACCCCACCAACTAGCTAATCCTACGCGGGCTCATCCTTG
GGCGATAAATCTTTGGACCGAAGTCATTATACGGTATTAGCACAAATTTCTCTGAGTTATTCCGTA
CCCAAGGGCAGATTCCCACGCGTTACGCACCCGTGCGCCACTAGACCCGAAGGTCTCGTTCGA
CTGC

YM1
CCTCCACAAGGGGTTAGGCCACCGGCTTCGGGTGTTACCGACTTTCATGACGTGACGGGCGGT
GTGTACAAGGCCCGGGAACGTATTCACCGCAGCGTTGCTGATCTGCGATTACTAGCGACTCCGA
CTTCACGGGGTCGAGTTGCAGACCCCGATCCGAACTGAGACCAGCTTTAAGGGATTCGCTCCAC
CTCACGGTCTCGCAGCCCTCTGTACTGGCCATTGTAGCATGTGTGAAGCCCTGGACATAAGGGG
CATGATGACTTGACGTCGTCCCCACCTTCCTCCGAGTTGACCCCGGCAGTCTCTTACGAGTCCC
CGCCATAACGCGCTGGCAACATAAGACAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCT
CACGACACGAGCTGACGACAGCCATGCACCACCTGTACACCGACCACAAGGGGGACCGTATCT
CTACGGTTTTCCGGTGTATGTCAAACCCAGGTAAGGTTCTTCGCGTTGCATCGAATTAATCCACA
TGCTCCGCCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTTAGCCTTGCGGCCGTACTCCC
CAGGCGGGGCGCTTAATGCGTTAGCTACGGCACAGATCCCGTGGAAGGAACCCACACCTAGCG
CCCACCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTTGCTACCCACGCTTTCGTTCCT
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CAGCGTCAGTTGTTTCCCAGAGACCCGCCTTCGCCACCGGTGTTCCTCCTGATATCTGCGCATTT
CACCGCTACACCAGGAATTCCAGTCTCCCCTGAAACACTCAAGTCTGCCCGTATCGCCTGCAAG
CCCGAAGTTGAGCCCCGGGTTTTCACAAACGACGCGACAAACCGCCTACGAACTCTTTACGCCC
AGTAATTCCGGACAACGCTCGCACCCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGGT
GCTTCTTCTGCAGGTACCGTCACTCACGCTTCGTCCCTGCTGAAAGAGGTTTACAACCCGAAGG
CCTTCATCCCTCACGCGGCGTCGCTGCATCAGGCTTCCGCCCATTGTGCAATATTCCCCACTGC
TGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCCGGTCACCCTCTCAGGTCG
GCTACCCGTCGTCGCCTTGGTAGGCCATTACCCCACCAACAAGCTGATAGGCCGCGGGCCCAT
CCTGCACCGATAAATCTTTCCACCACACACCATGCGGCATGCGGTCATATCCGGTATTAGACCCA
GTTTCCCAAGCTTATCCCAGAGTGCAGGGCAGATCACCCACGTGTTACTCACCCGTTCGCCGCT
CGTGTACCCCGAAAGGCCTTACCGCTCGACTGCA

Appendix | 48



Erklarung

Hiermit erklare ich, dass diese Arbeit bisher von mir weder an der Mathematisch-
Naturwissenschaftlichen Fakultdt der Ernst-Moritz-Arndt-Universitat Greifswald noch einer anderen

wissenschatftlichen Einrichtung zum Zwecke der Promotion eingereicht wurde.

Ferner erklare ich, dass ich diese Arbeit selbstandig verfasst und keine anderen als die darin
angegebenen Hilfsmittel und Hilfen benutzt und keine Textabschnitte eines Dritten ohne

Kennzeichnung tibernommen habe.
Greifswald, den 04. Juni 2014
Unterschrift des Promovenden

Thanh Huong Bui



CURRICULUM VITAE

Thanh Huong Bui

Born on the 08" April 1982 in Baoloc city, Lamdong province, Vietnam.

Educational Background and Professional Experience

Dec. 2008-present

Jan.-Sept. 2008

Jan.-Oct. 2007

Nov. 2005 - Feb.

2006

Aug. 2005-Dec. 2008

Aug. 2004- Aug. 2005

2000-Aug. 2004

1997-2000

Ph.D student at the Institute of Pharmacy, Ernst-Moritz-Arndt University

Greifswald, Germany.

German course at Vietnamesisch-Deutsches Zentrum (VDZ), Hanoi,

Vietnam, sponsored by DAAD, Germany.

Joint Graduate Education Program “Diploma Equivalent’, Hanoi

University of Science and Technology (HUST), Hanoi, Vietnam.

Knowledge Supplement in “Food and Beverage Processing
Engineering” for Master training program of Ho Chi Minh University of

Technology, Ho Chi Minh city, Vietnam.

Lecturer, Department of Chemistry, University of Dalat, Lamdong,

Vietnam.

Assistant lecturer, Department of Chemistry, University of Dalat,

Lamdong, Vietnam.

B.Sc. in Chemistry Pedagogics, University of Dalat, Lamdong,

Vietnam.

High school in Baoloc, Lamdong, Vietnam.



List of Publications
Publication

e Thanh-Huong Bui, Victor Wray, Manfred Nimtz, Torgils Fossen, Gudrun Schrdder, Kristian
Wende, Michael Preisitsch, Stefan E. Heiden, Sabine Mundt. Balticidins A-D, Antifungal
hassallidin-like Lipopeptides from the Baltic Sea Cyanobacterium Anabaena cylindrica
Bio 33. Journal of Natural Products, accepted (05. 2014).

e Sabine Mundt, Huong T. Bui, Michael Preisitsch, Susann Kreitlow, Ha T. N. Bui, Hang T. L.
Pham, EImi Zainuddin, Le T. A. Tuyet, Gerold Lukowski, Wolf-Dieter Julich. Microalgae - a
promising source of novel therapeutics. JSM Biotechnology and Biomedical Engineering,
Special Issue on “German Industrial Biotechnology”, accepted (04. 2014).

e Bui Thanh Huong, Huynh Dinh Dung (2008). Isolation and determination Tetracycline
residues in honey using a solid-phase extraction cleanup and UV spectroscopy detection.
Scientific announcement of Dalat University, 94 — 101.

Posters

Bui, T. H.; Wray, V.; Nimtz, M.; Fossen, T.; Schroder, G.; Wende, K.; Mundt, S. Four novel antifungal
compounds from the Baltic Sea cyanobacterium Bio 33 (2012), DPhG Jahrestagung 2012, Molekiile,
Targets und Tabletten — Translationale Forschung fir Arzneimittel der Zukuntft, Greifswald, Germany.

Thanh-Huong Bui, Gudrun Schrdder, Rolf Jansen, Victor Wray, Kristian Wende, Sabine Mundt.
(2011), A new antifungal compound from the cyanobacterium Anabaena sp., MIMAS-Symposium,
Microbial Interations in Marine Systems, Alfried-Krupp-Wissenschaftskolleg Greifswald, Germany.

Thanh-Huong Bui, Gudrun Schréder, Rolf Jansen, Victor Wray, Kristian Wende, Sabine Mundt
(2011). A new antifungal compound from the cyanobacterium Anabaena sp., DPhG

Doktorandentagung 2011, Heringsdorf, Germany.



Acknowledgments

First of all, I would like to express my deep gratitude to my supervisor, PD. Dr. Sabine Mundt, and Prof.
Dr. Ulrike Lindequist, Director of the Department of Pharmaceutical Biology, for giving me the
opportunity to work in their researching group, to get access to interesting cyanobacterial strains and for
guiding me at all phases of the thesis.

| would like to thank the members of the Joint Graduate Education Program and the 322 Project —
Ministry of Education and Training of Vietnam, especially Prof. Dr. Le Tran Binh, Prof. Dr. Maria-
Theresia Schafmeister, Dr. Jérn Kasbohm, Dr. Le Thi Lai, Dr. Luu Lan Huong for their responsibility in
this program. They had given me the opportunity to do research in Germany. | am deeply indebted to
the Vietnamese Ministry of Education and Training and the German Academic Exchange Service
(DAAD) for the scholarship that supported my first stage in Germany and 8 months of studying German,
which provided me incomparable advantages for my life in Germany.

| especially appreciate Prof. Dr. Ulrike Lindequist, PD. Dr. Sabine Mundt, Dr. Gesine Roth (Head of the
Academic International Office, EMAU Greifswald), Institute of Marine Biotechnology (IMAb, Greifswald)
for financial support. Their kind helps are always memorized.

| wish to thank Dr. Victor Wray and Dr. Manfred Nimtz (Helmholtz Institute for Infection Research,
Braunschweig, Germany), and Torgils Fossen (Department of Chemistry and Centre for Pharmacy,
University of Bergen, Norway) for accompanying us in structural elucidation of our novel antifungal
compounds. Besides, the kindness and hospitality of Dr. Victor Wray and his wife -Jackie are sincerely

appreciated.

| would like to thank Dr. Gudrun Schréder (Friedrich Loeffler Institute of Medical Microbiology,
University Medicine Greifswald, Greifswald) for her kind helps in human pathogenous fungal testing, Dr.
Mller (TU Miinchen) and Dr. Martina Wurster (EMAU Greifswald) for their kind helps in antifungal
mechanism testing (ergosterol and glucan assay), and Katrin Eiden (EMAU Greifswald) for her kind
helps in cytotoxic assays, C. Kakoschke and A. Abrahamik (HZI Braunschweig, Germany) for their
skillful technical assistance and O. Morgenstern, PhD and J. Technau (EMAU Greifswald) for
measuring IR spectra, Christian Backer for measuring optical rotation. Dr. Norbert Arnold (IPB Halle)
and Dr. Andrea Porzel (IPB Halle) for their kind helps in NMR measurements and interpretation of some
compounds. Michael Preisischt and Stefan Heiden are thanked for collaboration in the taxonomic study.
All the co-authors are acknowledged for their contribution to the papers.



Dr. Le Thi Anh Tuyet and Michael Preisitsch are acknowledged for introducing me to new experimental
skills in working with cyanobacteria, giving me the possibility to complete this thesis. | thank all of my
colleagues, staffs and diploma students at the Department of Pharmaceutical Biology, Greifswald for
their help, for supporting me a pleasant working affair and valuable hints. They are also the ones who
helped me get more knowledge about different cultures.

| would like to thank Mrs. Hannelore Bartrow for her skillful technical assistance, Mrs. Monica Matthias,
Mrs. Jutta Fenske and Mrs. Ruth Ball for their kindness. Always listen to me very patiently, understand
me in all circumstances in spite of my awful German speaking, give useful advice, eagerly press me
and help me to improve my German, they made me feel like staying at home, with my parents. | would
like to thank Mr. K-H. Lichtnow, Mrs. Vera Leesch for their helpful supports.

| would like to thank my administrators, my teachers, my colleagues at the University of Dalat, who
created good conditions, confirmed the permission for my studying in Germany and encouraged me to
go ahead with my thesis. | especially appreciate Mrs. Tran Thi Hoai Linh, who always helped me with

all administrative formalities.

| am much obliged to Dr. Kustiariyah Tarman, Mira Kohl, Anne Sauermann, Helena Wegele, Sabrina
Heinek, Simon Merdivan. Thank you all for bringing me big laughs, smiles. Thank “small Kusti” for being
beside me when | cried. And thank so much Trung “ture”, Huong “mun”, Thuy & Minh Anh, Minh Phuc -
my best friends - for bringing away the lonely feeling, for wiping tears, for being a part of my life. And
thank you all members of the Vietnamese group for our friendship, for sharing time, for parties, for
cooking, for singing, for laughing, for travelling...

Especially, | would like to give my special thanks to my close friend, Mr. Curiosity-who-is-now-my-
husband, who always stands side by side with me. He, whose patience is endless, and his love enabled
me to complete this work. With all my love, | want to say thank you to my whole family, especially my
parents, the best motivation for me to commence and complete the thesis.

And thank you so much for reading my thesis.

Greifswald, den 04. Juni 2014.



	I. Introduction 1
	I.3.1. Pharmaceutical compounds originated from cyanobacteria in clinical trial 10
	I.3.2. Nitrogen-containing secondary metabolites from cyanobacteria 12
	I.3.3. Antifungal metabolites from cyanobacteria 14
	II. Materials and methods 21
	II.1.1. Stock cultures 21
	II.1.2. Cultivation conditions 25
	II.2.1. Chemicals and equipments 28
	II.2.2. Extraction of cyanobacterial biomass and medium 29
	II.3.1. Culture media 31
	II.3.2. Test-organisms 31
	II.3.3. Agar diffusion test 32
	II.3.4. Minimum inhibitory concentration (MIC) 33
	II.3.5. Cytotoxicity assay 35
	II.4.1. Preparation of the crude extract 39
	II.4.2. Fractionation of MeOH/H2O extract by silica gel column chromatography 39
	II.4.3. Purification of the main fraction by solid phase extraction (SPE) 41
	II.4.4. Thin layer chromatography (TLC) 42
	II.4.5. Bio-autochromatography 43
	II.4.6. Purification of the active compounds by HPLC 44
	II.6.1. Method development for quantification of the antifungal compounds 48
	II.6.2. Method validation for quantification of the antifungal compounds 52
	II.6.3. Production of bioactive compounds from strain Bio 33 53
	II.6.4. Statistical treatment 54
	II.7.1. Extraction of intracellular bioactive compounds 54
	II.7.2. Extraction of extracellular bioactive compounds 54
	II.7.3. Antimicrobial activity 55
	II.7.4. Purification of the active compounds by HPLC 55
	II.7.5. Structural elucidation of isolated compounds 56
	II.7.6. Investigation of growth of strain TVN40 56
	II.8.1. Materials 57
	II.8.2. Isolation of bacteria from culture medium of SRC 58
	II.8.3. Cultivation of bacteria from culture medium of SRC 58
	II.8.4. ESI MS analysis 59
	II.9.1. Single-cell isolation by micropipette 61
	II.9.2. Streaking of cyanobacterial suspension 62
	II.9.3. Renewing of isolated cyanobacteria 63
	II.9.4. Preservation of axenic cultures 63
	II.9.5. Cultivation of axenic cyanobacteria 63
	II.10.1. Material and equipments 64
	II.10.2. Cyanobacterial DNA isolation 65
	II.10.3. Polymerase chain reaction (PCR) amplification of the 16S rRNA gene 66
	II.10.4. Phylogenetic relationship 68
	III. Results 69
	III.1.1. Yield of biomass 69
	III.1.2. Yield of the extracts 69
	III.1.3. Antifungal activity against Candida maltosa 70
	III.1.4. Antibacterial activity 72
	III.2.1. Extraction of the biomass with n-hexane, MeOH/H2O, H2O 74
	III.2.2. Cytotoxicity of the crude extract 75
	III.2.3. Analytical thin layer chromatography (TLC) of the crude extract 75
	III.2.4. Autobiographic assay of the crude extract 77
	III.2.5. Fractionation of the MeOH/H2O extract by silica gel column chromatography 77
	III.2.6. The biological activity of the main fraction FIII 78
	III.2.7. Purification of FIII by solid phase extraction (SPE) 80
	III.2.8. Purification of the active compounds by HPLC 82
	III.2.9. Structure elucidation of pure compounds isolated from strain Bio 33 84
	III.2.10. Antimicrobial activity of pure compounds from strain Bio 33 96
	III.3.1. Effect of nutrient medium on growth of Bio 33 96
	III.3.2. Effect of nitrate on growth of Bio 33 98
	III.3.3. Effect of cobalt on growth of Bio 33 100
	III.3.4. Effect of light on growth of Bio 33 102
	III.3.5. Effect of temperature on growth of Bio 33 104
	III.4.1. Method development 107
	III.4.2. Method validation for quantification of balticidins A-C 115
	III.5.1. Effect of culture medium on the production of balticidins A-C 119
	III.5.2. Effect of nitrate on the production of balticidins A-C 121
	III.5.3. Effect of cobalt on the production of balticidins A-C 124
	III.5.4. Effect of light intensity and time of irradiance on the production balticidins A-C 128
	III.5.5. Effect of temperature on the production of balticidins A-C 131
	III.5.6. Summary of culture optimization 133
	III.6.1. Growth of strain TNV40+SRC in different media 134
	III.6.2. Extraction of the culture medium strain TNV40+SRC by XAD-16 134
	III.6.3. Antimicrobial activity of extracts from strain TVN40+SRC 135
	III.6.4. Purification of the active compounds from strain TNV40+SRC by HPLC 136
	III.6.5. Structural elucidation of isolated compounds of strain TVN40+SRC 137
	III.6.6. Purification of the TVN40 culture 138
	III.6.7. Comparison of extraction of filamentous TNV40, SRC and strain TVN40+SRC 139
	III.6.8. Comparison of antimicrobial activity of the isolated TVN40, SRC and strain TVN40+SRC 140
	III.6.9. Isolation, cultivation, extraction and tesing of isolated bacteria from SRC 144
	III.6.10. ESI MS analysis for the presence of isolated compounds 145
	III.7.1. Axenization of strain Bio 33, TVN40 and SRC 149
	III.7.2. Preservation of cyanobacteria in the cultivation 150
	III.7.3. Antimicrobial activity of the axenic Bio 33 153
	III.8.1. The 16S rRNA gene sequences of Bio 33, TVN40, SRC and isolated bacteria 154
	III.8.2. Phylogenetic relationship of strain Bio 33 156
	IV. Discussion 158
	IV.4.1. Effect of culture media 171
	IV.4.2. Effect of temperature 173
	IV.4.3. Effect of light intensity and period of light 175
	IV.4.4. Effect of cobalt 176
	V. Outlook 186
	VI. References 190
	I.  Introduction
	I.1. Antifungal drugs in use, problems, and urgent need
	I.2. Physiology and taxonomic classification of cyanobacteria
	I.3. Cyanobacteria as source of novel natural products
	I.3.1. Pharmaceutical compounds originated from cyanobacteria in clinical trial
	I.3.2. Nitrogen-containing secondary metabolites from cyanobacteria
	I.3.3. Antifungal metabolites from cyanobacteria


	II.  Materials and methods
	II.1. Cultivation of cyanobacteria
	II.1.1. Stock cultures
	II.1.2. Cultivation conditions
	II.1.2.1. Media
	II.1.2.2. Equipments
	II.1.2.3. The stock culture
	II.1.2.4. The Fernbach culture
	II.1.2.5. Large-scale cultivation


	II.2. Preparation of the extracts
	II.2.1. Chemicals and equipments
	II.2.2. Extraction of cyanobacterial biomass and medium
	II.2.2.1. Extraction of biomass
	II.2.2.2. Extraction of medium with EtOAc


	II.3. Screening for antimicrobial and cytotoxic activity
	II.3.1. Culture media
	II.3.2. Test-organisms
	II.3.3. Agar diffusion test
	II.3.3.1. Materials
	II.3.3.2. Method

	II.3.4. Minimum inhibitory concentration (MIC)
	II.3.4.1. Materials
	II.3.4.2. Method

	II.3.5. Cytotoxicity assay
	II.3.5.1. Chemicals and equipment
	II.3.5.2. Method


	II.4. Bioassay-guided fractionation of the crude extracts
	II.4.1. Preparation of the crude extract
	II.4.2. Fractionation of MeOH/H2O extract by silica gel column chromatography
	II.4.2.1. Materials
	II.4.2.2. Method

	II.4.3. Purification of the main fraction by solid phase extraction (SPE)
	II.4.4. Thin layer chromatography (TLC)
	II.4.4.1. Materials
	II.4.4.2. Method

	II.4.5. Bio-autochromatography
	II.4.5.1. Materials
	II.4.5.2. Method

	II.4.6. Purification of the active compounds by HPLC
	II.4.6.1. Equipments
	II.4.6.2. Analytical HPLC
	II.4.6.3. Fractionation of FIII
	II.4.6.4. Purification of isolated fractions


	II.5. Structural elucidation of the isolated compounds
	II.6. Growth of strain Bio 33 under different cultivation conditions
	II.6.1. Method development for quantification of the antifungal compounds
	II.6.1.1. HPLC analysis
	II.6.1.2. Effect of filter and solvent on the preparation of HPLC sample
	II.6.1.3. Effect of solvents on the extraction of balticidins A-C
	II.6.1.4. Effect of extraction time and volume of extraction solvent
	II.6.1.5. Effect of tubes used for extraction on quantification of active compounds
	II.6.1.6. Effect of ultrasound and position of the extraction tube
	II.6.1.7. Evaluation of the extraction conditions

	II.6.2. Method validation for quantification of the antifungal compounds
	II.6.2.1. Method reproducibility
	II.6.2.2. Linearity
	II.6.2.3. Accuracy and recovery
	II.6.2.4. LOD and LOQ
	II.6.2.5. Stability in solution

	II.6.3. Production of bioactive compounds from strain Bio 33
	II.6.4. Statistical treatment

	II.7. Isolation and purification of the active compounds from the culture medium of strain TVN40
	II.7.1. Extraction of intracellular bioactive compounds
	II.7.2. Extraction of extracellular bioactive compounds
	II.7.2.1. Extraction of the extracellular bioactive compounds with EtOAc
	II.7.2.2. Extraction of the extracellular bioactive compounds with AmberliteTM XAD-16

	II.7.3. Antimicrobial activity
	II.7.4. Purification of the active compounds by HPLC
	II.7.4.1. Purification of acetone fraction
	II.7.4.2. Purification of 80% methanol fraction

	II.7.5. Structural elucidation of isolated compounds
	II.7.6. Investigation of growth of strain TVN40

	II.8. Isolation, cultivation, extration and testing of bacteria from SRC
	II.8.1. Materials
	II.8.2. Isolation of bacteria from culture medium of SRC
	II.8.3. Cultivation of bacteria from culture medium of SRC
	II.8.4. ESI MS analysis

	II.9. Axenization of cyanobacteria
	II.9.1. Single-cell isolation by micropipette
	II.9.2. Streaking of cyanobacterial suspension
	II.9.3. Renewing of isolated cyanobacteria
	II.9.4. Preservation of axenic cultures
	II.9.5. Cultivation of axenic cyanobacteria

	II.10. Taxonomy
	II.10.1. Material and equipments
	II.10.2. Cyanobacterial DNA isolation
	II.10.3. Polymerase chain reaction (PCR) amplification of the 16S rRNA gene
	II.10.4. Phylogenetic relationship


	III.  Results
	III.1. Screening for antifungal compounds
	III.1.1. Yield of biomass
	III.1.2. Yield of the extracts
	III.1.3.  Antifungal activity against Candida maltosa
	III.1.4. Antibacterial activity
	III.1.4.1. Agar diffusion assay against Bacillus subtilis
	III.1.4.2. Agar diffusion assay against Staphylococcus aureus
	III.1.4.3. Agar diffusion assay against Escherichia coli
	III.1.4.4. Agar diffusion assay against Pseudomonas aeruginosa


	III.2. Isolation and purification of the antifungal compounds from strain Bio 33
	III.2.1. Extraction of the biomass with n-hexane, MeOH/H2O, H2O
	III.2.2. Cytotoxicity of the crude extract
	III.2.3. Analytical thin layer chromatography (TLC) of the crude extract
	III.2.4. Autobiographic assay of the crude extract
	III.2.5. Fractionation of the MeOH/H2O extract by silica gel column chromatography
	III.2.6. The biological activity of the main fraction FIII
	III.2.6.1. Antifungal activity of FIII
	III.2.6.2. MIC of FIII against Candida maltosa
	III.2.6.3. Cytotoxicity of FIII
	III.2.6.4. Autobiographic assay of FIII

	III.2.7. Purification of FIII by solid phase extraction (SPE)
	III.2.8. Purification of the active compounds by HPLC
	III.2.9.  Structure elucidation of pure compounds isolated from strain Bio 33
	III.2.10. Antimicrobial activity of pure compounds from strain Bio 33

	III.3. Growth and antifungal activity of strain Bio 33 under different cultivating conditions
	III.3.1. Effect of nutrient medium on growth of Bio 33
	III.3.2. Effect of nitrate on growth of Bio 33
	III.3.2.1. Bio 33 cultivated in BG 11 medium
	III.3.2.2. Bio 33 cultivated in MBL medium

	III.3.3. Effect of cobalt on growth of Bio 33
	III.3.3.1. Bio 33 cultivated in BG 11 medium
	III.3.3.2. Bio 33 cultivated in MBL medium

	III.3.4. Effect of light on growth of Bio 33
	III.3.5. Effect of temperature on growth of Bio 33
	III.3.5.1. Effect of temperature in BG 11 medium
	III.3.5.2. Effect of temperature on growth of Bio 33 in MBL medium


	III.4. Method development and validation for the quantification of balticidins A-C from Bio 33
	III.4.1. Method development
	III.4.1.1. HPLC analysis
	III.4.1.2. Effect of filter and solvent on the preparation of HPLC samples
	III.4.1.3. Effect of solvents on the extraction of the active compounds
	III.4.1.4. Effect of extraction time and extraction volume
	III.4.1.5. Effect of tubes used for extraction on quantification of active compounds
	III.4.1.6. Effect of ultrasound and position of the extraction tube
	III.4.1.7. Evaluation of the extraction conditions

	III.4.2. Method validation for quantification of balticidins A-C
	III.4.2.1. Method reproducibility
	III.4.2.2. Linearity
	III.4.2.3. LOD and LOQ
	III.4.2.4. Accuracy and recovery
	III.4.2.5. Stability in solution


	III.5. Production of balticidins A-C of strain Bio 33
	III.5.1. Effect of culture medium on the production of balticidins A-C
	III.5.2. Effect of nitrate on the production of balticidins A-C
	III.5.2.1. Strain Bio 33 cultivated in BG 11 medium
	III.5.2.2. Strain Bio 33 cultivated in MBL medium

	III.5.3. Effect of cobalt on the production of balticidins A-C
	III.5.3.1. Strain Bio 33 cultivated in BG 11 medium
	III.5.3.2. Strain Bio 33 cultivated in MBL medium

	III.5.4. Effect of light intensity and time of irradiance on the production of balticidin A-C
	III.5.5. Effect of temperature on the production of balticidins A-C
	III.5.5.1. Strain Bio 33 cultivated in BG 11 medium
	III.5.5.2. Strain Bio 33 cultivated in MBL medium

	III.5.6. Summary of culture optimization

	III.6. Investigation of strain TVN40 and SRC
	III.6.1. Growth of strain TNV40+SRC in different media
	III.6.2. Extraction of the culture medium strain TNV40+SRC by XAD-16
	III.6.3. Antimicrobial activity of extracts from strain TVN40+SRC
	III.6.4. Purification of the active compounds from strain TNV40+SRC by HPLC
	III.6.4.1. Purification of the acetone fraction
	III.6.4.2. Purification of XAD 80% methanol fraction

	III.6.5. Structural elucidation of isolated compounds of strain TVN40+SRC
	III.6.6. Purification of the TVN40 culture
	III.6.7. Comparison of extraction of filamentous TNV40, SRC and strain TVN40+SRC
	III.6.8. Comparison of antimicrobial activity of the isolated TVN40, SRC and strain TVN40+SRC
	III.6.9. Isolation, cultivation, extraction and tesing of isolated bacteria from SRC
	III.6.10. ESI MS analysis for the presence of isolated compounds
	III.6.10.1. ESI MS analysis for the presence of flourensadiol
	III.6.10.2. ESI MS analysis for the presence of dioxindole derivative
	III.6.10.3. ESI MS analysis for the presence of compound 1, 2 and 5


	III.7. Axenization of cyanobacteria
	III.7.1. Axenization of strain Bio 33, TVN40 and SRC
	III.7.2. Preservation of cyanobacteria in the cultivation
	III.7.2.1. Renewing of isolated cyanobacteria
	III.7.2.2. Preservation of axenic cyanobacteria

	III.7.3. Antimicrobial activity of the axenic Bio 33

	III.8. Taxonomy
	III.8.1. 16S rRNA gene sequences of Bio 33, TVN40, SRC and isolated bacteria
	III.8.2. Phylogenetic relationship of strain Bio 33


	IV.  Discussion
	IV.1. Screening
	IV.2. Cyanobacterial research in the Baltic Sea
	IV.3. Isolation and characterization active compounds from Bio 33
	IV.4. Effect of culture conditions on growth and active compounds of Bio 33
	IV.4.1. Effect of culture media
	IV.4.2. Effect of temperature
	IV.4.3. Effect of light intensity and period of light
	IV.4.4. Effect of cobalt

	IV.5. Influence of cobalt and the strange round cells on the antimicrobial activity of strain TVN40
	IV.6. Taxonomy

	V.  Outlook
	VI.  References

