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K J Victory CHEMICAL STRUCTURE ANALYSIS

CHAPTER 5 CHEMICAL STRUCTURE ANALYSIS

5.1 Introduction

Comparison of algal peptide content data is fraught with obstacles, principally due to
the choice of analytical methods available (Barbarino and Lourenco 2005). However,
information gleaned from resolution of peptide concentration is essential in discerning
chemical characteristics of individual species and isolating compounds with
interesting structural features (Hostettmann and Wolfender 2001). Subsequently, a
number of analytical chemistry techniques were applied during this study to ascertain
the chemical structure of the compound demonstrating pharmacological activity

during the bioassays.

High Pressure Liquid Chromatography (HPLC) is a universally accepted analytical
method for applications including separation, identification, purification, and
quantification of various compounds (University of Kentucky 2004). This technique
has been extensively exploited for identification and purification of bioactive
cyanobacterial metabolites; though Bloor and England (1989) acknowledge that only
a small number have been structurally identified. This complication is often directly
influenced by the minute quantities of secondary metabolite available, and
consequently the high sensitivity requirements of analytical equipment. Similarly,
samples containing peptide fragments or partial structures of variants with near
identical masses cannot always be distinguished; Nuclear Magnetic Resonance
(NMR) would be typically necessary for full structure clarification. NMR enables
elucidation of compound structure with respect to the position of Hydrogen atoms
within a molecule (Bailey and Bailey 1995). However, NMR requires isolation of the
compound of interest in the milligram range: many secondary metabolites are not
available in these quantities (Welker er al. 2006). Consequently, NMR was not
applied during this study, and other analytical techniques were employed to elucidate

the chemical structure of the bioactive metabolite.

Mass Spectrometry (MS) is an analytical tool for measuring molecular mass of a
sample, and may be utilised for analysis of peptides, drug discovery and water quality
(Ashcroft 2004; Beresovsky et al. 2006). This instrument is often coupled with

chromatography apparatus to separate compounds for more accurate resolution of
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components by mass spectrometry. During this study, liquid chromatography-mass
spectrometry (LC/MS) and tandem mass spectrometry (MS/MS) were employed to
resolve components of the bioactive compound’s structure. Detailed descriptions of
analytical techniques utilized throughout this study are provided below; general

attributes of analytical techniques are provided in section §B.III.
5.2 Chemical Structure Identification of bioactive compounds

5.2.1 Reverse-Phase HPLC: Isolation of Bioactive Compounds

Separation of bioactive peptides of Microcystis flos-aquae MIC FEBOS5 was
performed on a Vydac® C18 Protein and Peptide Column (Sum, 300A, 4.6mm ID x
250mm; Alltech, Melbourne, Australia). The HPLC system consisted of an ICI model
LC1200 UV-Vis Detector (Waters, Melbourne, Australia), and two ICI model
LC1110 solvent pumps (Waters, Melbourne, Australia). The mobile phase consisted
of a gradient of 95% v/v acetonitrile (0.1% TFA; solvent A) and 5% v/v acetonitrile in
distilled water (0.1% TFA; solvent B), with the following linear gradient program:
15% A at 0 min, 80% A at 30 min, 100% A at 31 min, 100% A at 36 min. Sample
volume was 100 pL and flow rate 2 mL min™'. Fractions of approximately 2 mL were

collected, corresponding to peaks in absorbance, which was monitored at 214 nm.

Eluted HPLC fractions were assessed for bioactivity against the original test
organisms. Fractions that demonstrated a positive result (inhibited growth of bacteria)
were further separated by HPLC, using a semi-preparative column (VYDAC® Protein
and Peptide C18 Polymeric Reversed Phase Sum, 3001&, 10 mm ID x 250 mm;
Alltech, Melbourne, Australia) to accumulate large quantities of the peptide. This
system consisted of a Waters 501 HPLC Pump, a Waters 510 pump, an ICI
Instruments LC1200 UV/Vis Detector and a Waters Automated Gradient Controller
(Waters, Melbourne, Australia). The same mobile phase was applied as described
above, with the following linear gradient program: 5 % A at 0 min, 70 % A at 30 min,
100 % A at 31 min, 100% A at 35 min. Sample volume was 250 pL and flow rate 4
mL min™'. Fractions of approximately 2 mL were collected, with particular focus on
peaks with similar retention times to those speculated to represent bioactive

compounds (approximately 15-20 min). A number of elutions were performed on the
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semi-preparative column to accumulate sufficient peptidic material to enable analysis

by Mass Spectrometry.
5.2.2 Mass spectrometric analysis of extracts of M. flos-aquae

Electrospray MS/MS data were determined using a Micromass Q-TOF-2 orthogonal
acceleration time of flight mass spectrometer with a mass range to 10,000 Da. The Q-
TOF-2 was fitted with an electrospray source in an orthogonal configuration with a Z-
spray interface. Samples were dissolved in acetonitrile water (1:1) and infused into
the electronspray source at a flow rate of 5 uL min™', under the following conditions:
capillary voltage 3.10 kV; source temperature 80°C; desolvation temperature 150°C;
cone voltage S0V. MS/MS data were acquired with the argon collision gas energy set

between 40-80 eV to give optimal fragmentations.

The peptide was also analysed by electrospray ionisation time-of-flight mass
spectrometry (LC/MS-TOF), using an Agilent 1100 series HPLC system (Agilent
Technologies; Forest Hill, Victoria, Australia) coupled to a Q—STAR® Pulsar I mass
spectrometer (Applied Biosystems; Melbourne, Victoria, Australia). Peptides were
loaded on a Zorbax® SB-C18 column (15 cm length) (Agilent Technologies; Forest
Hill, Victoria, Australia) and separated using a linear gradient of

water/acetonitrile/0.1% formic acid (v/v).

Mass spectrometry analysis was conducted by the School of Chemistry and Physics,
University of Adelaide, South Australia (MS and MS / MS), and Proteomics
International, a subsidiary of Murdoch University, Western Australia (LC/MS-TOF).
Due to commercial confidentiality, a detailed methodology was not provided by
Proteomics International for LC / MS — TOF analysis; a generic description has been

referred to, where appropriate.
5.3 Profile Interpretation

5.3.1 High Pressure Liquid Chromatography profiles

Extracts obtained from freeze-dried biomass of natural cyanobacterial bloom samples
were separated by Reverse Phase High Pressure Liquid Chromatography on a C18

Protein and Peptide column. Chromatographic profiles of bioactive and non-bioactive
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extracts were obtained to compare positional differences in peaks, which may infer a
fraction containing a bioactive compound. The chromatograph illustrated by Figure
5-1 was obtained by eluting a methanol/sonication extract of M. flos-aquae MIC
MARQOS. This extract had not previously demonstrated growth inhibition of any of the
test organisms. Figure 5-2 depicts an HPLC profile of a methanol/sonication extract
obtained from M. flos-aquae MIC FEBOS. The latter extract demonstrated both
antibacterial and antiviral activity during bioassay screening. While the
chromatograms were similar, one peak in particular was observed in the profile of the
February sample (Figure 5-2) that was absent from the chromatogram of the March
profile (Figure 5-1), and has been highlighted in Figure 5-2. This peak, labelled R3F6
had a retention time of approximately 18 min; there was no corresponding peak
observed in the peptide profile of the chromatogram constructed from the M. flos-
aquae MIC MAROS extract. Given that the extracts prepared from the M. flos-aquae
MIC MAROS biomass sample did not exhibit any antimicrobial activity, whilst the
sonicated methanol extract prepared from the M. flos-aquae MIC FEBOS isolate
inhibited growth of both bacteria and viruses, it is implicit that differences exist

between their peptide profiles.
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Figure 5-1: HPLC chromatogram obtained from crude methanol/sonication extract of Torrens
River M. flos-aquae MIC MAROS isolate. This extract did not demonstrate bioactivity against

bacteria, fungi or viruses
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Figure 5-2: HPLC chromatogram of methanolic extract obtained from Torrens River M. flos-
aquae MIC FEBOS isoalte. This extract has previously demonstrated antibacterial and antiviral

activity. Fraction R3F6, at retention time of 18 min, was not observed in the non-bioactive

extract.
5.3.2 Mass Spectrometry profiles

Mass spectrometry profiles of the extracts were constructed to identify the functional
groups and amino acids that represent the bioactive peptide. The relative abundance
of particular amino acids and characteristic patterns of MS profiles enables resolution
of the molecular formula of a compound, and often suggests possible structures. The
low mass region of MS / MS spectra often contain ions that are indicative of the

presence of specific amino acid residues within the peptides (Frias et al. 2006).

The mass spectrometry profile presented below and labelled Figure 5-3 was created
by measuring the mass to charge ratio of compounds in the methanol/sonication
extract of M. flos-aquae MIC FEBOS. A significant signal is observed on the profile
with an m/z of 1015.7. However, the MS profile of another extract, a multiple
methanol extraction of the M. flos-aquae MIC FEBOS biomass, did not resolve as
succinctly as the methanol/sonication extract. A comparison of the profiles

represented by Figure 5-4 and Figure 5-5 indicated the methanol/sonication extract
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was significantly more complex than that of the multiple methanol extraction. The
complexity of the profiles may be affected by the success of the individual extraction
procedures. Bioactivity assay screening of the extracts indicated only the

methanol/sonication extract exhibited antibacterial activity (results presented in

Chapter 4).
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Figure 5-3: MS profile of the bioactive methanol/sonication extract obtained from Torrens River

M. flos-aquae collected in February 2005
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Figure 5-4: MS profile of 3 x methanol extraction of Torrens River M. flos-aquae MIC FEB-05

Resolution of the MS profile for the methanol/sonication extract, and removal of the
background “noise” revealed a number of “daughter peaks” associated with the base
peak at m/z 1015.7; this fragmentation is observed in Figure 5-5. This phenomenon
suggested the compound had undergone a fragmentation reaction within the extract,
perhaps a degree of peptide degradation. However, fragmentation patterns allow
determination of the mass of an unknown compound, in addition to directing
elucidation of the molecular structure. This extract was subjected to further analysis

via tandem mass spectrometry and LC / MS to construct a likely molecular

configuration.
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Figure 5-5: MS profile of bioactive methanol/sonication extraction of Torrens River M. flos-
aquae MIC FEBO0S5. Resolution of the peptide peak removal of background noise revealed several

daughter peaks associated with the base peak.
5.3.3 Liquid Chromatography/Mass Spectrometry

Liquid chromatography-mass spectrometry approach measures discreet chemical
fragments of bioactive compounds following separation of the peptide by
chromatography (Frias et al. 2006). Consequently, LC / MS has proven to be a
powerful tool for analysis of toxins and other bioactive metabolites at trace levels, as
it provides primary amino acid sequence information for identification of the

compounds of interest (Frias et al. 2006).

To endorse accuracy of the chemical structure analysis of the bioactive peptide
forming the focus of this study, a lyophilised sample was submitted to Proteomics
International, a commercial subsidiary of Murdoch University, Western Australia for
de novo peptide sequencing analysis. HPLC profiles of the bioactive extract were
supplied to Proteomics International to provide a basis for sample analysis. The eluted
fraction R3F6 was analysed by LC/MS prior to de novo sequencing to determine
potential components of the bioactive compound’s structure. The peptide was
analysed by electrospray ionisation time-of-flight mass spectrometry (LC/MS-TOF),
using an Agilent 1100 series HPLC system (Agilent Technologies; Forest Hill,
Victoria, Australia) coupled to a Q-STAR Pulsar I mass spectrometer (Applied
Biosystems; Melbourne, Victoria, Australia). Peptides were loaded on a Zorbax® SB-
C18 column (15 cm length) (Agilent Technologies; Forest Hill, Victoria, Australia)

and separated using a linear gradient of water/acetonitrile/0.1% formic acid (v/v).
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Data obtained from the LC / MS / TOF investigation was analysed to obtain de novo
sequence using Analyst QS software (Applied Biosystems; Melbourne, Victoria,
Australia). The data obtained and corresponding sequence information is provided
below. The MSMS profile for the major peptide detected in the sample R3F6 with
mass 1037.6 is labelled Figure 5-6.
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Figure 5-6: MS / MS data profile for major peptide with mass 1037.6 of the bioactive extract
sample R3F6

5.3.3.1 Summary of results (Proteomics International, Murdoch University):

De novo sequencing analysis was conducted using the Analyst QS software (Applied
Biosystems; Melbourne, Victoria, Australia) for the major peptide with mass (mono)
1037.6 present in sample R3F6, isolated by HPLC. Results of the analysis indicated
that there was no readily interpretable, continuous amino acid sequence present,
although gaps within the fragmentation ladder corresponded to known amino acids.
For example, the mass gap of 156 between peaks at 887.4 and 731.4 indicated the
presence of arginine (Arg); while the mass gap between peaks 329.7 and 200.2 (129)
may represent glutamine (Glu); both mass gaps are highlighted in the MS / MS profile
labelled Figure 5-6. Similarly, the fragmentation pattern potentially indicated the
presence of modified amino acids (sulphonated; methylated; alkylated) or sugar units

such as xylose (mass gap of 180 between peaks at 620.4 and 440). However, a review
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of literature suggested modified (or degraded) amino acids were more likely than
sugar units, given the common structural features of cyanobacterial metabolites
(Moore 1996; Tooming-Klunderud et al. 2007). The possibility also existed that the
extract underwent some compound degradation during storage, a hypothesis which
was supported by the reduction in biological activity following 2 months storage at -

20°C.
5.3.3.2 Amino Acid Sequence Analysis

Interpretation of the amino acid sequence of the compound was also undertaken by
researchers within the Discipline of Chemistry, School of Chemistry and Physics,
University of Adelaide. To obtain a model of the structure, mass gaps between peaks
were calculated and identified as representing particular amino acids. This process
was undertaken from both limits of the mass scale to overcome the impediment

identified by Proteomics International.

The following amino acid pattern was suggested based on the MSMS data provided in
Figure 5-6; a proposed peptide structure has been constructed and is labelled Figure
5-7. The amino acids and associated mass gaps of the MSMS profile are illustrated in

Figure 5-8.

The occurrence of Ahp (3-amino-6-hydroxy-2-piperidone) fragment at 114 Da
(Tooming-Klunderud et al. 2007)., or Adda (3-amino-9-methoxy-2,6,8-trimethyl-10-
pheyl-4,6-decadienoic acid) at 135 Da (Frias et al. 2006) typically supported
identification of compound as a cyanopeptolin or a variant of microcystin
respectively. However, the absence of both unique amino acid fragments indicated
that the bioactive compound synthesised by this strain could not be classified into

either of these classes.
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Figure 5-7: Proposed (a) amino acid sequence and (b) peptide structure for the bioactive
compound isolated from non-toxic M. flos-aquae.
A comparison of the proposed amino acid sequence to a database of known peptide
sequences was unable to classify this sequence and proposed structure within any
known class of bioactive metabolites (B. Neilan, personal communication, April
2008). This suggests that either the compound is novel and has not previously been
discovered; or the compound has been modified and is a variant of a known peptide.
Further purification of the compound is necessary to conclusively identify this

compound.
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Figure 5-8: Proposed interpretation of the MS / MS profile provided by Proteomics
International, to determine an amino acid sequence for major peptide with mass 1037.6 in HPLC

fraction R3F6.
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54  Summary

A methanol-based extract of M. flos-aquae MIC FEBOS biomass, collected from a
non-toxic bloom in the Torrens River, Adelaide demonstrated antibacterial activity
against S. aureus and B. subtilis, discerned through a series of agar disc diffusion
assays (discussed in Chapter 4). This extract, in addition to an inert methanol extract
of M. flos-aquae MIC MAROS were separated into component peptides by reverse-
phase HPLC. Profiles were examined for differences in the presence of peaks; a peak
observed in the biologically active extract but absent in the profile of the inert sample
was considered likely to represent the bioactive peptide. Fractions representing 6
peaks from both extracts were assessed for inhibitory activity of the original test
organisms (described in Chapter 4). Biological activity was observed for only one
fraction, collected from the peak labelled R3F6 at a retention time of approximately

18 min.

The bioactive extract was applied to a semi-preparative column to accumulate the
fraction eluted at approximately 18 min. The sample was lyophilised then
resuspended in methanol prior to analysis by mass spectrometry and submission to
Proteomics International for analysis by LC / MS / TOF and de novo sequencing.
Mass spectrometric profiles revealed a low resolution of amino acid peaks, with a
major peptide with mass 1015.7 Da. Resolution of this peak to remove background

noise revealed severe fragmentation of this peptide peak.

De novo sequencing analysis of the sample labelled R3F6 was conducted by
Proteomics International to determine a likely amino acid composition of the
compound, in addition to indicating possible structural features. Despite a number of
gaps in the fragmentation pattern, mass gaps indicated the presence of Arginine and
Glutamine, among other amino acids. Analysis of the data by a research chemist from
the University of Adelaide suggested the following sequence and corresponding

structure:
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Figure 5-9: Proposed (a) amino acid sequence and (b) peptide structure for the bioactive
compound isolated from non-toxic M. flos-aquae.

Cyanobacteria are known to synthesise a number of structurally unique compounds;
their often cyclic structure and the presence of unusual amino acids indicates these
bioactive metabolites are produced via non-ribosomal peptide synthetases (Tooming-
Klunderud et al. 2007), often with the assistance of polyketide synthetases (Hoffmann
et al. 2003; Becker et al. 2004). Aside from microcystins, cyanopeptolins appear to be
the most common peptide synthesised by Microcystis, and were detected in 60% of
Microcystis colonies in a survey conducted recently by Welker et al (2006). A
comparison of the proposed amino acid sequence to a database of known peptide
sequences was unable to classify this sequence within any known class of bioactive
metabolites (B. Neilan, personal communication, April 2008). This suggested that
either the compound is novel and has not previously been discovered; or the
compound has been modified and is a variant of a known peptide. Further purification

of the compound is necessary to conclusively identify this compound.
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The information acquired during this phase of the investigation divulges the presence
of a bioactive compound, synthesised by a non-toxic isolate of M. flos-aquae MIC
FEBOS and suggests a potential amino acid sequence of the peptide. However,
published literature suggests many non-toxic cyanobacteria possess genes for
synthesis and assembly of microcystin either with a mutation or modification, or an
incomplete set of microcystin (mcy) genes. The presence of unusual amino acids also
indicates synthesis via a non-ribosomal or hybrid pathway with polyketide
synthetases; subsequently, M. flos-aquae MIC FEBOS5 was scrutinized at the
molecular level, to examine the genome for the presence (or absence) of the
microcystin operon or hybrid non-ribosomal peptide synthetase (NRPS) and

polyketide synthetase (PKS) genes.
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CHAPTER 6 MOLECULAR ANALYSIS OF BIOACTIVE
COMPOUND SYNTHESIS

6.1 Introduction and Strategy

This chapter describes the development of DNA extraction methods for
cyanobacterial cells; taxonomic classification of the cyanobacterial strain at the focal
point of this study by 16S sequence comparison; and sequence analysis of genes
potentially involved in bioactive peptide production, including microcystin type genes

and peptide synthetase genes.

The following strategy was developed to meet the above objectives. Extraction of
chromosomal DNA from freeze-dried biomass via a number of methods was
conducted to determine the most effective procedure resulting in the highest quality
DNA yield for downstream processing. Selection and development of degenerative
PCR primers and cycle protocols was conducted to maximise the success of DNA
amplification. PCR products were then submitted for sequence analysis.
Amplification of the genome using 16S primers and subsequent analysis of the
sequence within the Ribosomal Database Project website was employed for

taxonomic classification, and BLASTX analysis to identify the genes present.
6.2 Isolation of genomic DNA from M. flos-aquae

DNA from Microcystis sp. was extracted and purified with varying degrees of success
using a number of proprietary extraction kits, including the Wizard® Genomic DNA
Purification Kit (Promega Corporation, Madison, WI, USA), the QIAamp DNA Mini
Kit and QIAamp DNA Stool Kit (QIAGEN Pty Ltd, Doncaster, Victoria, Australia),
and the Mo Bio PowerPlant ™ DNA Isolation Kit (Mo Bio Laboratories Inc, Carlsbad,
CA, USA), typically applying the isolation protocols for Gram negative bacteria. All

DNA extraction procedures are described in detail below.
6.2.1 Wizard® Genomic DNA Purification Kit

Cells from Microcystis sp cultures in the exponential phase of growth were
centrifuged (Eppendorf Microcentrifuge 5415D, Eppendorf; 13,000 xg, 2 min), and
the supernatant discarded. The cells were lysed with 600 pL Nuclei Lysis solution and
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pipetted gently to mix. This solution was incubated for 5 min at 80°C before being
cooled to room temperature. RNAse solution (3 pL, 10 mg mL") was added, and the
solution mixed, then incubated at 37°C for 60 min, followed by cooling to room
temperature. To aid in precipitation of the protein, 200 pL Protein Precipitation
Solution was added, the solution mixed by vortex, then incubated on ice for 5 min.
Undesirable proteins and other cellular debris were removed by centrifugation
(13,000 xg, 3 min), and the supernatant containing the DNA transferred to a clean
microcentrifuge tube containing 600 pLL RT propan-2-ol (Ajax Finechem, Seven Hills,
NSW, Australia). Following centrifugation at 13,000 xg for 2 min, the supernatant
was carefully decanted and the pellet rinsed with 70 % (v/v) EtOH. The mixture was
centrifuged at 13,000 xg for a further 2 min, then the ethanol aspirated and the pellet
either air dried for 10-15 min, or dried in a Speedy Vac (SAVANT SVC 100 Speed
Vac; SAVANT Refrigeration Condenstion Trap; Double Stage Vacuum pump, GMI
Inc, M1, USA) for 10 min. The DNA pellet was rehydrated with the addition of 100
pL. Rehydration solution and incubated either at 65°C for 1 hr or at 4 °C overnight.
The contents of the tubes were stored at -20 °C until required for analysis by gel

electrophoresis and amplification by PCR.
6.2.2 QIAGEN QIAamp® DNA Mini Kit

Cells from a viable Microcystis flos-aquae 053D culture in the exponential phase of
growth were harvested by centrifugation (5,000 xg, 5 min) in a microcentrifuge tube
and the supernatant discarded. A sample of freeze-dried M. flos-aquae MIC FEBO5
cells were transferred to a clean microcentrifuge tube at a weight corresponding to the
live cells harvested (approximately 0.6 g). The volume of the pellets was estimated,
and an aliquot of Buffer ATL, supplied in the QIAamp® DNA Mini Kit, added to a
total volume of 180 ul in each tube. Proteinase K (20 pl) was added to both tubes,
which were mixed by vortex and incubated at 56 °C in a water bath for 3 hours, with
regular pulse-vortexing to ensure the tissue was completely lysed. Both tubes were
centrifuged briefly to remove drops from the inside of the lid, then 200 ul Buffer AL
added to the samples, mixed by pulse vortex for 15 s, and incubated at 70 °C for 10
min in a heating block. A white precipitate, observed following addition of Buffer AL
dissolved during incubation at 70 °C and therefore did not interfere with the

remainder of the procedure. Ethanol (96-100%, 200 ul) was applied to the sample,
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mixed by pulse-vortex, then centrifuged to remove drops from the inside the lid. The
entire mixture was applied to a QlAamp Spin Column held in a 2 mL collection tube,
without wetting the rim of the column. The collection tube and column were
centrifuged (6,000 xg, 1 min), then the spin column transferred to a clean collection
tube, while the tube containing the filtrate was discarded. Buffer AW1 (500 ul) was
added to the sample remaining in the spin column, and the column and tube were
centrifuged (6,000 xg, 1 min) with the cap closed to avoid aerosol formation. The
filtrate was discarded and the spin column transferred to a new collection tube; this
step was then repeated with the addition of Buffer AW2 (500 ul), then centrifugation
at 20,000 xg, for 3 min. A further centrifugation step (20,000 xg, 1 min) was included
to remove all traces of Buffer AW2. Final steps involved placing the QIAamp Spin
Column in a fresh 1.5 mL microcentrifuge tube and discarding the collection tube
containing the filtrate. Buffer AE (200 pl) was applied to the spin column and
incubated at room temperature for 5 min, followed by centrifugation (6,000 xg, 1
min). The elution step was repeated 3 times, using a fresh microcentrifuge tube for
each elution, to maximise DNA extraction from the samples. The contents of the
tubes were combined and stored at -20 °C until required for analysis by gel

electrophoresis and amplification by PCR.
6.2.3 QIAGEN QIAamp® DNA Stool Mini Kit

Freeze-dried cells of M. flos-aqguae MIC FEBO5 were weighed into a 2 mL
microcentrifuge tube and placed on ice. Buffer ASL was added to the tube and the
contents vortexed until thoroughly homogenised. The suspension was heated at 70 °C
for 5 min in a heating block, followed vortexing for 15s, then centrifugation at full
speed (20,000 xg) for 1 min to pellet the sample. An aliquot (1.2 mL) of the
supernatant was transferred to a new microcentrifuge tube, and the pellet discarded.
An InhibitEX tablet, provided in the QIAamp® DNA Stool Mini Kit was added to the
tube, and vortexed continuously for 1 min to ensure the tablet was completely
suspended. This suspension was then incubated for 1 min at room temperature to
allow inhibitors present in the sample to adsorb to the InhibitEX matrix. To remove
the inhibitors from the sample, the tube was centrifuged at full speed for 3 min,
resulting in a formation of a pellet. The supernatant was then transferred to a new 1.5

mL microcentrifuge tube and the InhibitEX pellet discarded. Centrifugation was
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repeated at full speed for 3 min. Proteinase K (15 puL) was added to a new tube, prior
to transfer of 200 ul of the supernatant, and an addition of 200 pL of Buffer AL. The
mixture was mixed by vortex for 15 s, then incubated at 70 °C for 10 min. Ethanol
(96-100%, 200 uL) was applied to the lysate and mixed by vortex. A fresh QIAamp
spin column placed in a 2 mL collection tube. The lysate was applied to the spin
column, without moistening the rim of the column. Following centrifugation at full
speed for 1 min, the spin column was transferred to a new collection tube, and the
filtrate discarded. Buffer AW1 (500 pL) was added to the sample remaining in the
spin column, and the column and tube were centrifuged (20,000 xg, 1 min) with the
cap closed to avoid aerosol formation. The filtrate was discarded and the spin column
transferred to a new collection tube; this step was then repeated with the addition of
500 puL of Buffer AW2, then centrifugation at 20,000 xg, for 3 min. A further
centrifugation step (20,000 xg, 1 min) was included to remove all traces of Buffer
AW?2. Final steps involved placing the QIAamp Spin Column in a fresh 1.5 mL
microcentrifuge tube and discarding the collection tube containing the filtrate. Buffer
AE (200 uL) was applied to the spin column and incubated at room temperature for 1
min, followed by centrifugation (20,000 xg, 1 min). The elution step was repeated,
using a fresh microcentrifuge tube for each elution, to maximise DNA extraction from
the samples. The contents of the tubes were combined and stored at -20 °C until
required for analysis by gel electrophoresis and amplification by PCR (QIAGEN
2001).

6.2.4 Mo Bio UltraClean Soil DNA Isolation Kit

To the 2 mL Bead Solution tubes provided, a sample of freeze dried M. flos-aquae
MIC FEBOS biomass was added and the contents mixed gently by vortex. Solution S1
was added (60 ul) and the tubes inverted several times to mix. An inhibitor removal
solution, Solution IRS (200 ul) was added to the tubes as the final eluted DNA would
be employed as template DNA for PCR. The tubes were then secured horizontally on
a flat bed vortex pad with tape and mixed at maximum speed for 10 min.
Centrifugation of the tubes at 10,000 xg for 30 s resulted in the cell debris forming a
pellet at the bottom of the tube. The supernatant (approximately 400-450 ul) was
transferred to a clean microcentrifuge tube, followed by addition of 250 ul of Solution

S2, vortexing for 5 s, and incubation at 4 °C for 5 min. The tubes were centrifuged at
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10,000 xg for 1 min, and the entire volume of supernatant transferred to a clean
microcentrifuge tube. Solution S3 was carefully applied to the supernatant at a
volume of 1.3 mL and the suspension vortexed for 5 s. Of this solution, 700 ul was
transferred to a spin filter and centrifuged for 1 min at 10,000 xg. The flow through
was discarded and the process repeated until all the supernatant had passed through
the spin filter. Solution S4 was then applied to the filtrate (300 ul), and centrifugation
repeated at 10,000 xg for 30 s; the flow through was again discarded and an
additional centrifugation for 1 min undertaken. The spin filter was transferred to a
new microcentrifuge tube, and 50 ul of Solution S5 added to the centre of the white
filter membrane, and both centrifuged for 30s. The spin filter was discarded, and the
DNA in the tube declared application ready. Eluted DNA was stored at -20 °C prior to
application as a template for PCR (Mo-Bio 2005).

6.2.5 Mo BIO PowerPlant™ DNA Isolation Kit

The PowerPlant™ DNA Isolation Kit provided a novel method for isolation of
genomic DNA with a high level of purity, allowing for successful PCR amplifications
from plant samples. Cell lysis and DNA liberation occurred by a combination of
mechanical and chemical methods. Released genomic DNA was precipitated with
1sopropanol, and then captured on a silica membrane within a spin column. DNA was
washed and eluted from the membrane, ready for PCR amplification or other

downstream application.

Table 6-1: Cell weights used for extraction of genomic DNA from freeze-dried Microcystis flos-

aquae
ID Cell weights (g)
MIC FEBOS5 (1) 0.1535
MIC FEBOS (2) 0.0125
MIC MARO5 0.2212 g

To the PowerPlant™ Bead Tubes provided in the kit, freeze-dried cyanobacterial
biomass at the cell weights recorded in Table 6-1 was added, followed by 550 pL of
PowerPlant™ Bead Solution, and the mixture gently vortexed. Alternatively, 1 mL of
live cyanobacterial culture was centrifuged in a PowerPlant™ Bead Tube and the
supernatant removed prior to addition of 550 pL of PowerPlant'™ Bead Solution.

Genomic DNA from live cultures of M. aeruginosa PCC 7806 was also extracted; 1
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mL of each culture was harvested by centrifugation (10,000 xg, 5 min) and the
supernatant discarded. Cell pellets were resuspended in the PowerPlant'™ Bead
Solution prior to loading in the bead tubes. Solution PB1 (60 pL) was then combined
and the tubes inverted several times to mix. All tubes were incubated at 65°C for 10
min, followed by vortex for 3 runs of 30 s each at maximum speed and room
temperature using a SAVANT Instruments FastPrep FP120 (SAVANT Instruments
Inc., Holbrook, New York, USA). The supernatant from each sample (approximately
400-500 pL) was then transferred to clean 2 mL Collection Tubes (provided).
Solution PB2 (250 pL) was transferred to each tube and the mixtures incubated on ice
for 5 min, followed by centrifugation at room temperature, 10,000 xg for 1 minute.
The resultant cell pellets were retained in the tubes, and the supernatants transferred to
clean 2.2 mL Collection Tubes with 1 mL of Solution PB3. Tubes were inverted 5
times to mix the contents thoroughly, followed by incubation at room temperature for

10 min, and centrifugation for 15 min at 13,000 xg.

The resultant supernatant was discarded and the cell pellets resuspended in 100 pL of
Solution PB6 and 500 pL of PB4. The contents of the tubes were mixed by vortex and
loaded onto a Spin filter (provided) for centrifugation at 10,000 xg for 1 minute. The
spin filter was removed from the basket, the flow through discarded and 500 pL of
solution PB5 added to the filter, replaced in the basket. Centrifugation was repeated
for 30s at 10,000 xg and the flow through discarded. The centrifugation step is
repeated for another minute, and the spin filter transferred to a clean 2 mL collection
tube. A 50 pL aliquot of solution PB5 was pipetted into the centre of the membrane in
the spin filter, and the tubes centrifuged for 30s at 10,000 xg to elute the DNA. The
spin filters were discarded, and the DNA stored at 4 °C until required for PCR.

6.2.6 Re-precipitation of Microcystis DNA

Microcystis DNA, purified using the Wizard® Genomic DNA Purification Kit,
contained large amounts of cellular debris and cyanobacterial pigments (e.g.
chlorophyll), producing a very dark pellet. These proteins and other compounds may
interfere with binding of the cyanobacterial DNA to primers during PCR, resulting in
a lack of amplified DNA. Therefore, the DNA was re-precipitated using the following
method (F Bell, personal communication, November 2006) to remove as much of this

material as possible and “clean” the DNA product.
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To the rehydrated DNA product, 2.5 puL Glycogen (20 mg/mL) per 100 pL of
rehydrated DNA and an equal volume of propan-2-ol (100 puL) were added. The
solution was frozen at -20 °C for 30 min, centrifuged (14,000 xg, 20 min, 4 °C) and
the supernatant discarded. The pellet was rinsed in 1 mL of 70% (v/v) ethanol, then
decanted and the supernatant discarded, retaining the DNA pellet. To remove all
moisture, the pellet was dried in the Speed Vac for 10 min. The pellet was then
resuspended in 100 pL. of DNA Rehydration solution (Wizard Genomic DNA
Purification Kit), and incubated at either 65 °C for 1 hour or 4 °C overnight.

6.2.7 Rapid DNA Extraction Techniques

6.2.7.1 Rapid extraction of E coli DNA (the boiling method)

To obtain crude E coli DNA for exploitation as a positive control in amplification of
16s ribosomal RNA, a rapid extraction procedure known as the “boiling method” was
applied. An overnight culture of E coli DH5-a cultured in nutrient broth was used as
the bacterial DNA source. A microcentrifuge tube containing 1.5 mL of overnight
culture was centrifuged (13,000 xg, 1 min), and the supernatant discarded. The pellet
was resuspended in 1 mL of 1 x PBS, centrifuged for another minute, and again the
supernatant discarded. This step was repeated, and the majority of the PBS removed
by pipette. The pellet was then resuspended in Milli-Q® H,0, with 5 pLL of 5% (w/v)
Chelex (an ion exchange resin) added. The tube was placed in a covered boiling rack,
and the rack placed in a frying pan of boiling water for 3-5 min. The tube was
removed from the boiling water and placed immediately on ice for 10 min. The
microcentrifuge (Eppendorf Microcentrifuge 5415D, Eppendorf) was cooled to 4 °C,
and the tube spun at maximum speed (14,000 xg) for 10 min. The supernatant was
transferred to a clean tube prior to use in PCR (Metcalf and Codd 2000). (Note: the
crude DNA extract was only stable for approximately 24 hrs).

6.2.7.2 Microwave lysis

Rapid cell disruption techniques have been developed for swift extraction of DNA
from cyanobacteria, specifically from strains of Microcystis. Metcalf and Codd (2000)
demonstrated that the microwave boiling treatment of field and laboratory-cultured M.

aeruginosa was comparable to methanol extraction for toxin extraction, yet was
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inherently simpler than solvent extraction and precluded the need for chemical

treatment (Rasmussen et al. unpublished).

Cells were harvested from a viable culture of M. flos-aquae 053D and placed in 1.5
mL microcentrifuge tubes to a total volume of 500 uL. To improve effectiveness of
microwave disruption, a detergent-based solution was included (0.5% Triton X-100, 5
mM DTT, 0.5 M Tris pH 7.5), constituting 10% of the total volume. Given the
propensity for heated fluids to steam or superheat (Rasmussen et al. unpublished)
tubes were capped securely and placed in a closed, microwave-tolerant container.
Microwave lysis involved irradiation of cells (900 W min’l) using a Model N-227
bench top microwave (NEC, Epping, NSW, Australia). The tubes were centrifuged
(14,000 xg, 1 min) to pellet the cell debris, and DNA contained in the supernatant
applied as a template in PCR (Rasmussen ef al. unpublished).

6.2.7.3 Probe Sonication

Sonication has been successfully applied in disruption of cyanobacterial cells,
particularly those normally considered troublesome, such as filamentous or
aggregating strains (Bolch ez al. 1999). Probe sonication has been widely supported as
it involves minimal sample processing and provides large amounts of cellular DNA

for rapid diagnostic PCR.

Cells were directly transferred to 1.5 mL microcentrifuge tubes to a final volume of
500 pL and sonicated using a Branson Digital Sonifier 250 with a 3/16” Tapered
Microtip at 70% of maximum power, to avoid destroying the tip. To remove cell
debris, tubes were centrifuged (14,000 xg, 1 min) and the supernatant applied directly

as a template for PCR (Rasmussen et al. unpublished).
6.3 Polymerase Chain Reaction

The Polymerase Chain Reaction (PCR) is a method used to amplify specific
sequences of DNA via repeated cycles of synthesis using expressly designed primers
and DNA polymerase (Brock et al. 1997). A schematic diagram of a PCR cycle is
depicted in Figure 6-1. PCR has been extensively used in cyanobacterial genetics, to
assist in determining the sequences of genes that encode specific metabolites such as

toxins. Primers may also be applied to non-toxic species that may contain regions of
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sequence homology, and thus be used to determine other proteins encoded by the
DNA. By amplifying DNA either side of known conserved regions, such as those of
peptide synthetases, it is possible to determine and predict other proteins that may also
be encoded by the organism. Several sets of primers (a set consisting of the forward
and reverse primer) were utilised in this research, and the primer sequences and PCR

protocols are described below.

_ Isolate/extract DNA

v

16S rRNA gene

Heat to separate strands; add

* specific primers
<—d

Primer extension with DNA

F

l polymerase

1

Repeat steps for many PCR cycles to
l yield multiple copies of 16S ribosomal

RNA gene

Figure 6-1: Schematic of the Polymerase Chain Reaction (PCR) (Brock et al. 1997)

6.3.1 Primers

Classification of an organism is often performed by amplification of 16S ribosomal
DNA, a region demonstrating a high level of homology within organisms, but with
significant variations to distinguish between strains or species. The PCR products
from these amplifications are submitted for sequence analysis, and the resulting
sequence compared to others within sequence databases. Primers used for

amplification of 16S ribosomal RNA in cyanobacteria and E coli (included as a
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positive control to validate the DNA extraction and sequence amplification

procedures) are provided in Table 6-2.

Table 6-2: 16S RNA PCR Primers

Primer Tn (°C) Product (bp) Oligonucleotide primer sequence, 5°—3’
16sF 48 1500 ACG GCT ACCTTG TTA CGA
16sR 48 1500 AGA GTT TGA TCC TGG CTC
27F 54 500 GAG AGT TTG ATC CTG GCT CAG
519R 52 500 ATT ACC GCG GCT GCT GG
E27F 61 500 AGA GTT TGA TCC TGG CTC AG
809R 80.1 800 GCT TCG GCA CGC CTC GGG TCG ATA

Cyanobacterial peptides are frequently assembled non-ribosomally, via an integrated
NRPS/PKS system. Subsequently, primers were selected to amplify NRPS and PKS
genes of cyanobacteria. Degenerative primers based on those described by Neilan et
al (1999) were ordered from GeneWorks, for use in PCR amplification of peptide
synthetase genes and polyketide synthetase genes of Microcystis. A directed search
was also conducted for genes of the microcystin operon. Primer sequences described

in Table 6-3 apply to amplification of NRPS, PKS and microcystin genes.
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Table 6-3: Peptide synthetase gene consensus and specific PCR primers (Neilan et al. 1999)

NOTE:
Thistable isincluded on page 115
of the print copy of the thesisheld in
the University of Adelaide Library.
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6.3.2 16s rRNA amplification

In general, rRNA genes are considered to be more conserved in function and structure
than protein-coding genes, and thus the genetic diversity can be measured (Niibel et
al. 1997). It should be noted that the primers used in microbial ecology are designed
on the basis of limited sets of data; future research may reveal sequences from target

organisms which do not contain the signatures necessary for efficient amplification.
6.3.2.1 Reaction mix

The reaction mix consisted of the following reagents added in the given order to a
capillary or 200 uLL PCR tube: 9.5 ul mQ H,O, 1 pl Forward primer, 1 ul Reverse
primer, 1 pul Template DNA and 12.5 pl AmpliTaq Gold® PCR Master Mix (Roche,
New Jersey USA), a total of 25 pL. All tubes were vortexed for 10 s, to ensure the

contents were well mixed prior to PCR

An alternative reaction mixture used during PCR reactions at UNSW consisted of the
following reagents added to a capillary or 200 pLL. PCR tube: 2 pl. dNTPs, 2 pL 10x
buffer, 2 pL MgCl,, 1 pL Forward primer, 1 pL. Reverse primer, 1 pL Template DNA,
12 puL mQ H»O and 0.2 pL of Taq polymerase enzyme, a total of 20 pL. All tubes

were vortexed for 10 s, to ensure the contents were well mixed prior to PCR
6.3.2.2 PCR cycles

Due to the specificity of the primers used, the annealing temperature of the PCR cycle
had to be altered accordingly. Thus, a number of PCR cycles were employed which
are outlined in Table 6-4. The first cycle, as described by Neilan er al (1999) was
applied using the MTF2 and MTR primers for amplification of peptide synthetase
genes from Microcystis. The second cycle was developed for use with the 16S RNA
primers (D May, personal communication, July 2006). Further cycles were employed

during investigation of the mcy operon within experiments undertaken at UNSW.
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Table 6-4: Polymerase Chain Reaction cycles

Denaturation Annealing Time
Temp Temp
Cycle 1
94°C 2 min
Repeat steps 35 cycles »C 10
51°C 20s
72°C 1 min
Completion 4°C Hold
Cycle 2
94°C 1 min
Repeat steps 35 cycles 55°C ‘1min
72°C CImin
Completion 4°C "Hold
Cycle 3 (JAS1 - UNSW)
Heat 94°C 3 min
94°C 10s
Repeat steps 30 cycles 55°C 20s
72 °C CImin
Hold for cool down 72 °C ' 7min
Completion 20°C 'Hold
Cycle 4 (Gradient NRPS/PKS/MCY E - UNSW)
Heat 94°C 2 min
94°C 15s
Repeat steps 35 cycles 52°C/55 °C 30s
72 °C 1 min
Hold for cool down 72 °C 7 min
Completion 20°C Hold

Cycle 5 (MCY B1, C & D - UNSW)

Heat 94°C 4 min
92°C 15s
Touchdown 55 °C 30s
10 cycles from 55°C 45°C 20s
25 cycles at 45°C 72 °C 1 min 30 s
72 °C 7 min
20°C Hold
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The “touchdown” cycle employs an initial annealing temperature of 55°C, and
reduces by 1°C and 1 s each cycle until the “touchdown” temperature (i.e. 45°C) is

met. The remainder of the PCR cycles occur at the minimum annealing temperature.
6.4 Agarose Gel Electrophoresis

6.4.1 Loading and Running the Gel

To determine the success of the PCR amplification, the samples were separated on an
agarose gel. A 1% (w/v) solution of agarose in 1x TAE was prepared by dissolving 1
g of agarose in 100 mL of 1x TAE. The open ends of a gel casting tray were sealed
with tape, and a gel comb used to create sample wells within the agarose. Molten
agarose (~ 55 °C) was poured gently into the casting tray and allowed to set, and then
the tape and comb were removed. The PCR products were combined with a loading
buffer [“blue juice” with EDTA: 10 mg Bromophenol blue; 2 mL glycerol; 1 mg
RNAse; 120 pg EDTA; make up to 10 mL with mQ H,O. Boil 30 min], at a ratio of
5:2 (i.e. 5 pL PCR product and 2 pL of loading buffer) and mixed thoroughly. A DNA
ladder was employed to visualise the relative size of the PCR product. Three DNA
ladders were employed during this study; the first was a 100 bp GeneRulerTM (0.1 pg
uL"; Fermentas International, Canada) run with PCR products from the amplification
with peptide synthetase primers. The second ladder, based on the SPPI gene digested
with the restriction enzyme EcoR1 (Stackebrandt and Goodfellow 1991), provided a
ruler of up to 2,500 bp and was used in combination with 16S RNA primers. A third
ladder was applied during PCR amplifications of NRPS and PKS genes conducted in
the Neilan laboratory at the University of New South Wales (Sydney, Australia); this
ladder provided a ruler to 10 kb, and comprised three reference bands at 3,000, 1,000
and 500 bp. Figure 6-2 illustrates the distribution of DNA bands for the 100 bp DNA
ladder (a) and the DNA ladder mix (b).
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Figure 6-2: Fermentas GeneRulerTM (a) 100 bp DNA Ruler, and (b) DNA Ladder Mix 10kb

Samples containing DNA or PCR product mixed with loading buffer were pipetted
into gel wells, with the appropriate DNA ladder loaded in lane 2. The lid of the
electrophoresis chamber was secured and a current (100 V) applied. The dye front
was observed to monitor progression of the DNA migration. When the dye front
migrated to within 1 cm of the end of the gel, the current was removed and the DNA

dTM

visualised by staining with Ethidium Bromide or GelRe and UV exposure.

6.4.2 Gel staining and UV exposure

Ethidium Bromide, a fluorescent dye that intercalates between DNA and RNA bases,
was used to stain agarose gels and observe the PCR products. Following
electrophoresis, the gel was placed in a container of Ethidium bromide and stained for
15 minutes. The gel was placed on a transilluminator to visualise the DNA bands by

exposure to UV, and a photograph taken of the exposed gel.

GelRed™ is a red fluorescent nucleic acid dye designed to replace the highly toxic

ethidium bromide for gel staining (Biotium 2007). GelRed™

was used for post gel
staining as this method generally provides better sensitivity and eliminates any

possibility for the dye to interfere with DNA migration. Gels were visualised using
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the BioRad Gel Doc system and Quantity One 1-D Analysis software, allowing an

electronic copy of the gel to be created.
6.5 DNA Sequencing

6.5.1 Ethanol Precipitation (Template Clean-up)

This method was employed to purify DNA from the PCR amplifications of the 16S,
mcyA and mcyE genes of M. flos-aquae MIC FEBOS. The protocol involved the
addition of 2 volumes (approximately 40 uL) of ice cold (-20 °C) 100 % v/v Ethanol
(AR grade) to the successful PCR amplifications in a 1.5 mL microcentrifuge tube.
The solutions were left on ice for 45 min. Sodium acetate was not applied during this
procedure, to avoid precipitation of the primer DNA. The tubes were centrifuged at
maximum speed (14,500 xg) for 20 min, followed by removal of the supernatant and
addition of 150 pL of 70% v/v Ethanol (freshly prepared) to wash the cell pellet.
After a further centrifugation step and subsequent removal of the supernatant, the
pellet was dried at room temperature to remove residual ethanol, and resuspended in

15 uL of Milli-Q® H,0. DNA was visualised on a 1% Agarose gel.
6.5.2 Sequencing PCR

An aliquot of BigDye mix, consisting of 1 uL Big Dye and 5 x Sequence Buffer 3.5
uL was thawed. Primer (3.2 pmol) was added to the dye mix, followed by PCR
product at 20-50 ng, then Milli-Q® H,O to 20 pL. The PCR was run using the cycling

conditions detailed in Table 6-5.

Table 6-5: PCR cycling conditions for sequencing DNA

Cycle 5 — Sequencing PCR

Heat 96°C 3 min
96°C 10s
Repeat steps 30 I
50 °C 5s
cycles -
60 °C 4 min
Completion 10°C Hold
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6.5.3 Sequencing clean-up

Following the PCR reaction, the DNA was cleaned prior to submission for sequencing
to remove residual primer and non-specific DNA. The sequencing reactions were
transferred to a 1.5 mL tube, with 16 pL of Milli-Q® H,0 and 64 uL of 95% v/v AR
grade Ethanol. The solutions were incubated at room temperature for 15 min, and then
centrifuged at 14,500 xg for 20 min. The resulting supernatant was discarded and the
pellet washed with 250 pL of 70 % v/v Ethanol (centrifugation at 14,500 xg for 5

min). DNA pellets were dried using SpeediVac following removal of the supernatant.
6.5.4 Gel Precipitation

DNA visualised in 1 % Agarose gels was recovered using the Wizard® SV Gel and
PCR Clean up System (Promega Corporation, Madison, WI, USA).

The DNA bands were excised following electrophoresis using a scalpel under UV
light, and placed in 1.5 mL microcentrifuge tubes with 10 uL. of Membrane Binding
Solution per 10 mg of gel (100 uL was applied to the gel fragments). The emulsion
was mixed by vortex and incubated in a waterbath at 60°C until the gel slice
dissolved. The dissolved gel mixture was transferred to an SV mini column and
collection tube assembly and incubated at room temperature for 5 min, followed by
centrifugation at 14,000 xg for 1 min and the flow through discarded. The membrane
within the mini column was washed with 700 uL of Membrane Wash Solution.
Following centrifugation (14,500 xg, 1 min) the flowthrough was discarded, and the
wash step repeated with 500 pL of the Membrane Wash Solution. Centrifugation at
14,500 xg for 5 min, then again for 1 min completed the washing stage. Elution of the
DNA was conducted by transferring the mini column to a clean 1.5 mL
microcentrifuge tube, with 20 uL of Milli-Q® H,0, incubating the tubes at room
temperature for 5 min and centrifugation at 14,500 xg for 1 min. The mini column
was discarded and the DNA visualised on a 1% Agarose gel to determine the success

of the precipitation.
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6.6 Comparison of DNA extraction methods

Extraction of DNA from cyanobacterial biomass via the proprietary Wizard®
Genomic DNA Extraction kit and the QIAGEN QIAamp DNA Mini kit and Stool Kit
had had limited success when applied to freeze dried cells of M. flos-aquae MIC
FEBOS. These kits are frequently applied to bacterial cells or cells harvested from
viable cultures and are generally considered successful in achieving extraction of
sufficient cellular DNA for downstream processing. Subsequently, alternative
techniques were sought to increase the DNA yield from cyanobacterial cells. Four
DNA extraction methods were suggested by researchers at the AWQC, and applied to
quantities of freeze-dried and viable cells of M. flos-aquae, to verify the optimal

extraction method for this study.

The results of the DNA extraction method comparison are represented within the gel
photograph labelled Figure 6-3. Microwave lysis and sonication were equally
successful in extraction DNA when applied to viable cultures of M. flos-aquae 053D,
however, neither method successfully extraction DNA from the freeze-dried material
(results not shown). The intensity of the bands visualised on the gel is proportional to
the quantity of DNA extracted from the cells; the brighter the bands, the greater the
yield of DNA extracted. The QIAGEN DNA Stool Kit extracted limited cellular DNA
from the freeze dried biomass, while the Mo Bio UltraClean™ Soil DNA kit was
considered inappropriate for extraction of cyanobacterial DNA from both freeze-dried

and viable cells.
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Figure 6-3: Cyanobacterial DNA extraction from M. flos-aquae by 4 extraction methods —
QIAGEN DNA Stool Kit, Mo Bio UltraClean™ Soil DNA kit, Microwave irradiation and
Sonication

PCR amplification of the extracted DNA was conducted using 2 sets of 16S RNA
primers (primer sequences were defined in Table 6-2. E coli DNA was included as a
positive control, as the primers were generically designed to amplify homologous
regions of bacterial DNA and E coli has a high doubling time, and was able to achieve
a high cell density in an overnight culture. Amplification of the cyanobacterial DNA
using the 16S primers was successful for E coli; no amplification of M. flos-aquae
MIC FEBO5 DNA was evident when the PCR products were visualised on a gel
(Figure 6-4). However, a faint band was visible for amplification of M. flos-aquae
053D DNA, extracted from a viable culture. Despite the appearance of three bands of
PCR product using the alternate primer set, 27F and 519R, these products were
suspected to be excess primer product rather than amplified DNA, as the position of
the bands relative to the DNA ladder does not place them in the expected position for

a PCR product using this particular primer set.

- 123 -



K J Victory MOLECULAR BIOLOGY

Primer
Cloud
M flos-aquae 27F, 519R
M. aeruginosa primers
E coli
M flos-aquae 16S
M. aeruginosa primers
E coli

SPP1 DNA

Ladder

Figure 6-4: 16s RNA PCR amplification

Thus it was concluded that the 16S primers had been moderately successful in
amplifying E coli DNA, and achieved only limited success in amplification of

cyanobacterial DNA. The alternate primer set was not successful in this case.
6.6.1 DNA Extraction — Mo Bio PowerPlant™ DNA Isolation Kit

Extraction of DNA from freeze-dried cyanobacterial has previously met with limited
success within this study, and subsequent downstream processing applications have
similarly been futile. A short, intensive period was spent in Associate Professor Brett
Neilan’s laboratory at the School of Biotechnology and Biomolecular Sciences,
University of New South Wales. Researchers within this group recommended the Mo
Bio PowerPlant™ DNA Isolation Kit for successful extraction of DNA from freeze-
dried material. The results of a DNA extraction using the Mo Bio PowerPlant™ kit
are represented within the gel photograph labelled Figure 6-5. M. flos-aquae MIC
FEBO5 DNA was loaded into the 2™ and 3" lanes, whilst M. flos-aquae MIC MARO5
DNA was included in lane 4. DNA extracted from a viable culture of M. aeruginosa
338B was included as a positive control to validate the extraction method. Although
the DNA bands did not demonstrate a high resolution and was observed to smear
within the gel, the extraction was considered successful and the DNA incorporated in

PCR amplifications.
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Figure 6-5: Extraction of genomic DNA using the Mo Bio PowerPlant DNA Isolation Kit.
Extraction of DNA from M. flos-aquae MIC FEBO5 and M. flos-aquae MIC MARO5. DNA

extracted from a viable M. aeruginosa MIC 338B culture was included as a positive control.

6.7  DNA Sequence Analysis and Taxonomic Classification

6.7.1 Computer Analysis of DNA and Protein Sequences

DNA and protein sequences were analysed using web-based molecular analysis
software programs, accessed via the School of Molecular and Biomedical Sciences

webpage (http://www.microbiology.adelaide.edu.au) (accessed 14 December 2007).

DNA sequencing data was corrected with the aid of Chromas (version 1.44,

http://www.technelysium.com.au/chromas.html).  Species confirmation of the

cyanobacteria used during this study was conducted using the Ribosomal Database

Project II website (accessed 17 December 2007):

(http://rdp.cme.msu.edu/classifier/hierarchy.jsp ?root=648 &depth=0&confidence=0.8)

Searches for homology to known DNA and protein sequences contained in GenBank
data bank was undertaken via the NCBI BLASTX search site (accessed 17 December
2007)

(http://www.ncbi.nim.nih.gov/blast/Blast.cqi?CMD=Web&PAGE TYPE=BlastHome).

A phylogenetic tree was calculated using the Clustal W alignment tool. This tool

compares multiple alignments of DNA or protein sequences to identify conserved
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sequence regions, and calculates “distances” between the sequences (accessed 11

January 2009).

(http://www.ebi.ac.uk/Tools/clustalw2/index.html).

6.7.1.1 Confirmation of genus classification by 16s RNA Comparison: Ribosomal

Database Project 11

The sequence obtained from the PCR cycle using 16s primers was submitted for
sequence classification. The sequence was classified in the following taxonomic
hierarchy (with 100% assignment detail, for a confidence threshold of 95%):
Domain: Bacteria
Phylum Cyanobacteria
Class Cyanobacteria
Family Family 1.1
Genus Microcystis
This classification confirms that the species investigated during this research is of the
genus Microcystis. A gel photograph of the PCR amplification using 16S primers is
labelled Figure 6-6, and the DNA sequence analysis of the 16S sequence amplified
from M. flos-aquae (MIC FEBOS) is provided in Figure 6-7.

[~
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a

1/50 dilution

Figure 6-6: PCR amplification of extracted MIC FEB05 DNA using the 16S primers E27F and
809R.
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1 5  CCGAAGTCTA GCATCATCGT TTACGGCTAG GACTACAGGG GTATCTAATC 3

51 5  CCTTTCGCTC CCCTAGCTTT CGTCCCTGAG TGTCAGATAC AGCCCAGTAG 3

101 5 CACGCTTTCG CCACCGATGT TCTTCCCAAT CTCTACGCAT TTCACCGCTA 3

151 5"  CACTGGGAAT TCCTGCTACC CCTACTGATC TCTAGTCTGC CAGTTTCCAC 3

201 5"  CGCCTTTAGG TCGTTAAGCA ACCTGATTTG ACGGCAGACT TGGCTGACCA 3

251 5  CCTGCGGACG CTTTACGCCC AATAATTCCG GATAACGCTT GCCTCCCCCG 3

301 5  TATTACCGCG GCTGCTGGCA CGGAGTTAGC CGAGGCTGAT TCCTCAAGTA 3

351 5" CCGTCAGAAC TTCTTCCTTG AGAAAAGAGG  TTTACAATCC AAAGACCTTC 3

401 5  CTCCCTCACG CGGCGTTGCT CCGTCAGGCT TTCGCCCATT GCGGAAAATT 3

451 5"  CCCCACTGCT GCCTCCCGTA GGAGTCTGGG CCGTGTCTCA GTCCCAGTGT 3

451 5 GGCTGCTCAT CCTCTCAGAC CAGCTACTGA TCGTTGCCTT GGTAGGCCTT 3

451 5" TACCCCACCA ACTAGCTAAT CAGACGCAAG CTCTTCTTCA GGCCAATTAG 3

451 5 GTTTCACCTT GCGGCACATC GGGTATTAGC AGTCGTTTCC AACTGTTGTC 3

451 5 CCCGTCCTGA AGTTAGATTC TTACGCGTTA CTCACCCGTC CGCCACTAGA 3

451 5" ATCCTAAGAT TCCCGTTCGA CTTGCATGTG TTAGGCACGC CGCCAGCGTT 3

451 5" CATCCTGAGC AGATCTTCAA GCCTAAA 3r

(a)

Sequences producing significant alignments

Accession Max Max E value

Number Score Identity

DQ124252.1  Uncultured Microcystis sp. 16S ribosomal RNA gene, 1380 96% 0.0
partial sequence

AJ635434.1 Microcystis ichthyoblabe 0BB35S01 partial 16S rRNA gene 1380 96% 0.0

AF139304.1 Microcystis aeruginosa strain UWOCC AubB1 1360 95% 0.0
16S ribosomal RNA gene, partial sequence

AJ635430.1 Microcystis aeruginosa 0BB35S02 partial 16S rRNA gene 1358 96% 0.0

AJ133170.1 Microcystis sp. 130 partial 16S rRNA gene, strain 130 1354 96% 0.0

AF139329.1  Microcystis flos-aquae strain UWOCC C3 1332 95% 0.0
16S ribosomal RNA gene, partial sequence

AF139328.1  Microcystis flos-aquae strain UWOCC C2 1332 95% 0.0

16S ribosomal RNA gene, partial sequence

(b)

Figure 6-7: DNA sequence analysis of the PCR product 16S from Microcystis flos-aquae. (a) DNA

sequence of 16S obtained from M. flos-aquae. (b) Results of a BLASTN DNA sequence analysis of
the PCR product 16S amplified from MIC FEBOS5. The 16S gene of M. flos-aquae was similar to
the 16S gene of M. flos-aquae strain UWOCC C3.
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AF139329 743  CTAGTATCCATCGTTTACGGCTAGGACTACAGGGGTATCTAATCCCTTTCGCTCCCCTAG 684
165 8 CTAGCAT-CATCGTTTACGGCTAGGACTACAGGGGTATCTAATCCCTTTCGCTCCCCTAG 66
AF139329 683  CTTTCGTCCCTGAGTGTCAGATACAGCCCAGTAGCACGCTTTCGCCACCGATGTTCTTCC 624
165 67  CTTTCGTCCCTGAGTGTCAGATACAGCCCAGTAGCACGCTTTCGCCACCGATGTTCTTCC 126
AF139329 623  CAATCTCTACGCATTTCACCGCTACACTGGGAATTCCTGCTACCCCTACTGCTCTCTAGT 564
165 127 CAATCTCTACGCATTTCACCGCTACACTGGGAATTCCTGCTACCCCTACTGATCTCTAGT 186
AF139329 563  CTGCCAGTTTCCACCGCCTTTAGGTCGTTAAGCAACCTGATTTGACGGCAGACTTGGCTG 504
165 187  CTGCCAGTTTCCACCGCCTTTAGGTCGTTAAGCAACCTGATTTGACGGCAGACTTGGCTG 246
AF139329 503  ACCACCTGCGGACGCTTTACGCCCAATAATTCCGGATAACGCTTGCCTCCCCCGTATTAC 444
165 247  ACCACCTGCGGACGCTTTACGCCCAATAATTCCGGATAACGCTTGCCTCCCCCGTATTAC 306
AF139329 443  CGCGGCTGCTGGCACGGAGTTAGCCGAGGCTGATTCCTCAAGTACCGTCAGAACTTCTTC 384
165 307 CGCGGCTGCTGGCACGGAGTTAGCCGAGGCTGATTCCTCAAGTACCGTCAGAACTTCTTC 366
AF139329 383  CTTGAGAAAAGAGGTTTACAATCCAAAGACCTTCCTCCCTCACGCGGCGTTGCTCCGTCA 324
165 367 CTTGAGAAAAGAGGTTTACAATCCAAAGACCTTCCTCCCTCACGCGGCGTTGCTCCGTCA 426
AF139329 323  GGCTTTCGCCCATTGCGGAAAATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGT 264
165 427 GGCTTTCGCCCATTGCGGAAAATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGT 486
AF139329 263 CTCAGTCCCAGTGTGGCTGCTCATCCTCTCAGACCAGCTACTGATCGTCGCCTTGGTAGG 204
165 487  CTCAGTCCCAGTGTGGCTGCTCATCCTCTCAGACCAGCTACTGATCGTTGCCTTGGTAGG 546
AF139329 203  CCTTTACCCCACCAACTAGCTAATCAGACGCAAGCTCTTCTTCAGGCCAATTAGGTTTCA 144
165 547  CCTTTACCCCACCAACTAGCTAATCAGACGCAAGCTCTTCTTCAGGCCAATTAGGTTTCA 606
AF139329 143  CCCTGCGGCATATCGGGTATTAGCAGTCGTTTCCAACTGTTGTCCCCGTCCTGAAGTTAG 84
165 607 CCTTGCGGCACATCGGGTATTAGCAGTCGTTTCCAACTGTTGTCCCCGTCCTGAAGTTAG 666
AF139329 83  ATTCTTACGCGTTACTCACCCGTCCGCCACTAGAATCCGAAGATTCCCGTTCGACTTGCA 24
165 667  ATTCTTACGCGTTACTCACCCGTCCGCCACTAGAATCCTAAGATTCCCGTTCGACTTGCA 726
AF139329 23  TGTGTTAGGCACGCCGCCAGCGT 1
165 727 TGTGTTAGGCACGCCGCCAGCGT 749
()

Figure 6-8: (c) DNA sequence alignment of 16S gene from M. flos-aquae and AF139329,
Microcystis flos-aquae strain UWOCC C3 16S ribosomal RNA gene, partial sequence. The
sequences are 95% similar.

Ribosomal DNA extracted from the freeze dried cyanobacterial biomass MIC FEBOS
was similar to M. flos-aquae strain UWOCC C3, by DNA sequence alignment of the
16S ribosomal sequence with a known Microcystis flos-aquae sequence. The two

sequences, with alignment demonstrated by Figure 6-8, were 95% similar.

The phylogenetic tree calculated by comparing sequences identified in the BLASTN

DNA sequence analysis is illustrated in Figure 6-9.
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Figure 6-9: Unrooted phylogenetic tree derived from a comparison of 16S sequences of

Microcystis sp.

AF139329 ATTCGATGCAACGCGAAGAACCTTACCAAGACTTGACATGTCGCGAACCCTGGTGARAGC 933
AF139328 ATTCGATGCAACGCGAAGAACCTTACCAAGACTTGACATGTCGCGAACCCTGGTGARAGC 933
AJ635430 ATTCGATGCAACGCGAAGAACCTTACCAAGACTTGACATGTCGCGAACCCTGGTGARAGC 959
AJ133170 ATTCGATGCAACGCGAAGAACCTTACCAAGACTTGACATGTCGCGAACCCTGGTGARAGC 921
uncultured ATTCGATGCAACGCGAAGAACCTTACCAAGACTTGACATGTCGCGAACCCTGGTGARAGC 958
AJ635434 ATTCGATGCAACGCGAAGAACCTTACCAAGACTTGACATGTCGCGAACCCTGGTGARAGC 949
AF139304 ATTCGATGCAACGCGAAGAACCTTACCAAGACTTGACATGTCGCGAACCCTGGTGARAGC 933
16S CGCCCAATAATTCCGGATAACGCTTGCCTCCCCCGTATTACCGCGGCTGCTGGCA-———— 320
* Kk * *k kK kkk * * * * * * Kk kK * Kk kK
AF139329 TGGGGGTGCCTTCGGGAGCGCGAACACAGGTGGTGCATGGCTGTCGTCAGCTCGTGTCGT 993
AF139328 TGGGGGTGCCTTCGGGAGCGCGAACACAGGTGGTGCATGGCTGTCGTCAGCTCGTGTCGT 993
AJ635430 TGGGGGTGCCTTCGGGAGCGCGAACACAGGTGGTGCATGGCTGTCGTCAGCTCGTGTCGT 1019
AJ133170 TGGGGGTGCCTTCGGGAGCGCGAACACAGGTGGTGCATGGCTGTCGTCAGCTCGTGTCGT 981
uncultured TGGGGGTGCCTTCGGGAGCGCGARCACAGGTGGTGCATGGCTGTCGTCAGCTCGTGTCGT 1018
AJ635434 TAGGGGTGCCTTCGGGAGCGCGAACACAGGTGGTGCATGGCTGTCGTCAGCTCGTGTCGT 1009
AF139304 TAGGGGTGCCTTCGGGAGCGCGAACACAGGTGGTGCATGGCTGTCGTCAGCTCGTGTCGT 993
16S CGGAGTTAGC--CGAGGCTGATTCCTCAAGTACCGTCAGAACTTCTTC-~CTTGAGAARA 376
*x  x % * R S * * kk Kk * * *k kK * * * *
AF139329 GAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGTTCTTAGTTGCCAGCATTAAG 1053
AF139328 GAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGTTCTTAGTTGCCAGCATTAAG 1053
AJ635430 GAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGTTCTTAGTTGCCAGCATTAAG 1079
AJ133170 GAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGTTCTTAGTTGCCAGCATTAAG 1041
uncultured GAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGTTCTTAGTTGCCAGCATTAAG 1078
AJ635434 GAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGTTCTTAGTTGCCAGCATTAAG 1069
AF139304 GAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGTTCTTAGTTGCCAGCATTAAG 1053
16S GAGGTTTACAATCCAAAGACCTTCCTCCCTCACGCGGCGTTGCT-~CCGTCAGGCTTTCG 434
* k% * * * * * * * kK * * Kk kK * * Kk k ok * * *
AF139329 TTGGGGACTCTAAGGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAGT 1113
AF139328 TTGGGGACTCTAAGGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAGT 1113
AJ635430 TTGGGGACTCTAAGGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAGT 1139
AJ133170 TTGGGGACTCTAAGGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAGT 1101
uncultured TTGGGGACTCTAAGGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAGT 1138
AJ635434 TTGGGGACTCTAAGGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGACGACGTCAAGT 1129
AF139304 TTGGGGACTCTAAGGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGACGACGTCAAGT 1113
16S CCCATTGCGGAAAATTCCCCACTGCTGCCTC~CCGTAGGAGTCTGGGCCGTGTCTCAGTC 493
* * % * * ok kK X% * ok k Kk k ok ok * Kk kK * K x
AF139329 C-AGCATGCCCCTTACGTCTTGGGCGACACACGTACTACAATGGTCGGGACAAAGGGCAG 1172
AF139328 C-AGCATGCCCCTTACGTCTTGGGCGACACACGTACTACAATGGTCGGGACAAAGGGCAG 1172
AJ635430 C-AGCATGCCCCTTACGTCTTGGGCGACACACGTACTACAATGGTCGGGACAAAGGGCAG 1198
AJ133170 C-AGCATGCCCCTTACGTCTTGGGCGACACACGTACTACAATGGTCGGGACAAAGGGCAG 1160
uncultured C-AGCATGCCCCTTACGTCTTGGGCGACACACGTACTACAATGGTCGGGACARAGGGCAG 1197
AJ635434 C-AGCATGCCCCTTACGTCTTGGGCGACACACGTACTACAATGGTCGGGACARAGGGCAG 1188
AF139304 C-AGCATGCCCCTTACGTCTTGGGCGACACACGTACTACAATGGTCGGGACARAGGGCAG 1172
165 CCAGTGTGGCTGCT-CATCCTCTCAGAC-CAGCTACTG-—~ATCGTTGCCTTGGTAGGCCT 549
* kK * Kk K * ok kK Kk * Kk k kK * Kk kK * Kk kk K * %k

Figure 6-10: Multiple alignments of key domains of 16S sequences from Microcystis sp. — partial

sequence
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The predicted ribosomal sequence identified in this study is labelled 16S. Protein
sequence database accession numbers for the remaining sequences relate to the
following strains: AF139304, Microcystis aeruginosa WOCC AubBl; AJ635434,
Microcystis ichthyoblabe 0BB35S01; DQ124252, uncultured Microcystis sp.;
AJ635430, Microcystis aeruginosa 0BB35S02; AJ133170, Microcystis sp. strain 130;
AF139329, Microcystis flos-aquae UWOCC C3; and AF139328, Microcystis flos-
aquae UWOCC C2.

Peptide sequences can often be inferred from broad clustering of genes according to
phylogenetic grouping. Simple phylogenetic analysis contains too few representative
sequences to attach any conclusive phylogenetic inferences; however, the unrooted
phylogram presented in Figure 6-9 suggests the 16S sequence from M. flos-aquae
MIC FEBOS demonstrates some similarities with published 16S sequences of
Microcystis sp. Figure 6-10 indicates multiple alignments of key domains of partial
16S sequences from Microcystis sp., including the 16S sequence identified during this

study.
6.8 Detection of peptide assembly genes

Researchers generally concur that cyanobacterial peptides with biological activity,
including toxins, are likely products of a hybrid non-ribosomal peptide
synthetase/polyketide synthetase system. Consequently, a directed search for
complete or partial sequences of both NRPS and PKS genes within the M. flos-aquae
MIC FEBOS genome was performed. Conjecture that cyanobacteria possess genes of
the microcystin operon for functions other than synthesis of the toxin led to further
examination of the genome for mcy gene sequences. The biosynthetic pathway for
production of microcystin has been elucidated (Tillett er al. 2000), enabling
development of primers specific for microcystin genes. Sequence analysis of PCR

products relating to the aforementioned genes is explored below.

6.8.1 Detection of Non-ribosomal Peptide Synthetase and Polyketide
Synthetase Genes in M. flos-aquae

Chromosomal DNA extracted from M. flos-aquae isolate MIC FEBOS were used as

DNA templates for PCR. DNA amplification was carried out as described in section
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§6.3, using the primer pairs described in Table 6-3 to detect full or partial sequences
of peptide or polyketide synthetase genes. DNA from M. aeruginosa PCC7806 was
used as a positive control, and Milli-Q® water was substituted for DNA in negative

controls.

Amplifications of M. flos-aquae MIC FEBOS chromosomal DNA and M. aeruginosa
PCC 7806 (Koch) produced expected peptide/polyketide synthetase gene products of
700-800 bp, depending on the gene investigated. Negative control samples did not

result in any PCR products.
6.8.1.1 Non-ribosomal Peptide Synthetase (NRPS) Genes

A discussion relating to the role of peptide synthetases in synthesis of toxins and
bioactive compounds is presented in section §2.5.2.1, wherein MeiBner et al (2002)
alluded to a subtle distinction in presence and function of peptide synthetases within
toxic and non-toxic strains. Meilner et al (2002) suggested that enzymes in
hepatotoxic strains involved primarily with toxin formation, while those in non-toxic
strains implicated in synthesis of bioactive peptides. Meillner et al (1996)
demonstrated that toxic and non-toxic strains of Microcystis differed in their genomic
sequence — toxic strains possess genes for specific peptide synthetases for

biosynthesis of microcystins.

A BLASTN DNA sequence analysis of the NRPS PCR product amplified from MIC
FEBOS indicated that the NRPS gene of M. flos-aquae was most similar to the
cyanopeptolin synthetase gene of Microcystis sp, with 93% similarity. The results of

the sequence analysis are illustrated in Figure 6-11 and Figure 6-12.
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1 5"  GCAAAGGAAA  TTTCCAAAGT AAAGGTTAGC TTCATGCTCC GAGATACTCA 3
51 5" GGGTTAAAAT GATATTAACC TGCGAATCTT TACAGACTTC CCTGCCAAAT 3
101 5’ CATAATGCTA TTGTTGTCTG TTTAGATAAA GATTGGCAAG AAATTAATCA 3’
151 5" AACCAGTCAG GAGAATCTTA ACAGCGCAGT TTCTGCGGAT AATTTAGCCT 3
201 5"  ACGTTATTTA TACTTCTGGTT CTACAGGAAT ACCCAAGGG TGTTATCGTC 3
251 5 ACTCCTCAAG CAATTAATCG ACTGGTATTA AATACCAATT ACATCCAGTT 3
301 5 TACTCCTGAT GACCGCGTTG TGCAGGCGTC TAATATTGCT TTTGATGCCG 3
351 5  CTACTTTTGA AATTTGGGGG GCTTTACTTA ACGGTGCTAA AATTATTATT 3
401 5"  ATCGCTAAAT CAATTTTGCT CTCACCCCAA GAATTGGCAC TAAGCTTAAA 3
451 5" GGAAAATCAG ATTAGTGTCT TATTTTTAAC CACCGCACTT TTTAATCAGT 3
501 5>  TAGCTAATTTA  GTTCCCCAAG CTTTTAGTAA CTTACGATG CTTACTATTIT 3
551 5" GGGGGTGAA GCAGTTGAAC CAAAATGGGT ACAAGAGGTA CTAGAAAAAG 3
601 5°  GTGCGCCACA ACGGTTGCTT CATGTCTATG GACCAACAGA AAATACAACG 3
651 5"  TTTTCTTCCT GGTATTTAGT GCAAAACGTA GCTTCTACAG CCACATCTAT 3
701 5"  TCCCATTGGT AAAGCGATTG CCAATAGCCA AATCTATTTGC TGGATAAAAA 3
751 5" TCTGCATCCT GTGCCGATTG GTGTTCCAGG AGAATTACATA TTGGTGGCGC 3
801 5"  AGGATTAGCG ATAGGTTATC TCAATCGTCC CGAATCAACC CTAAGCACAA 3
851 5  TTCATTCCTA ATCCTTTTAG TAATTACCC AGATTCTCAT CTCTATAACA 3
901 5" CAAGAAGACT TAGCGCGTAT TTACCCGATG GTGATATTGA ATATCTGGGA 3
951 5"  CGCATTGATA ATCACGCAAA AATCCCCGGC CG 3
(@
Sequences producing significant alignments
Accession Max Max E value
Number Score Identity
DQ075244.1  Microcystis sp. NIVA-CYA 172/5 cyanopeptolin 1247 93% 0.0
synthetase gene cluster, complete sequence
DQ837301.1 Planktothrix agardhii NIVA-CYA 116 cyanopeptin oci 1236 93% 0.0
gene cluster, complete sequence
AY768441.2  Planktothrix sp. PCC 7811 clone 1 non-ribosomal peptide 1230 93% 0.0
synthetase gene cluster, partial sequence
AMT778942.1  Microcystis aeruginosa PCC 7806 genome sequencing data, 91% 7e-79
contig C312
AJ224718.1 Cyanobacterium sp. gene encoding peptide synthetase, 85% Te-49
clone Riga062, partial
AJ224712.1  Microcystis aeruginosa gene encoding peptide synthetase, 84%
strain EAWAG167, partial

Figure 6-11: DNA sequence analysis of the PCR product NRPS from Microcystis flos-aquae. DNA
sequence of NRPS from obtained from M. flos-aquae MIC FEBOS. (b) Results of a BLASTN DNA
sequence analysis of the PCR product NRPS amplified from M. flos-aquae MIC FEBOS. The

NRPS gene of M. flos-aquae was most similar to the cyanopeptolin synthetase gene of Microcystis

sp.
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Query 26 TTAGCTTCATGCTCCGAGATACTCAGGGTTAAAATGATATTAACCTGCGAATCTTTACA 84
FEerrer rerrerr rrerrr e rrerrerrr ot e et

Sbjct 28469 TTAGCTTTATGCTCCAAGATACCCA-GGTTAAAAT-ACTGTTAACCTGCGAATCTTTACA 28526

Query 85 GACTTCCCTGCCAAATCATAATGCTATTGTTGTCTGTTTAGATAAAGATTGGCAAGAAAT 144
FErr o rrrrerrerrr o rrrrrrerrerrerr e e rerrerr e et

Sbjct 28527 GAATTTCTTGCCAAATCATCAGGCTATTGTTGTCTGTTTAGACAAAGATTIGGCAACAAAT 28586

Query 145 TAATCAAACCAGTCAGGAGAATCTTAACAGCGCAGTTTCTGCGGATAATTTAGCCTACGT 204
(RN ot rrrrrerre rerrer e rrr e et et et e e el

Sbjct 28587 TAATCAGGCAAGTCTGGAGAATCTGAACAGCACAGTITTCTGCGGATAATTTAGCCTACGT 28646

Query 205 TATTTATACTTCTGGTTCTACAGGAATACCCAAGGGTGTTATCGTCACTCCTCAAGCAAT 264
Frerrrrrrerrerrerrerrrrreerrerrerrerr e rerrer e rrrr |

Sbjct 28647 CATTTATACTTCTGGTTCTACAGGAATACCCAAGGGTGTTATCGTCACTCATCAAGCAGT 28706

Query 265 TAATCGACTGGTATTAAATACCAATTACATCCAGTTTACTCCTGATGACCGCGTTGTGCA 324
Frerrrrrrerrerrerrerr rrrrrrerrerrerrrrrrrrrerrerr e rrrrrrnd

Sbjct 28707 TAATCGACTGGTATTAAATACTAATTACATCCAGTTTACTCCTGATGACCGGGTTGTGCA 28766

Query 325 GGCGTCTAATATTGCTTTTGATGCCGCTACTTTTGAAATTTGGGGGGCTTTACTTAACGG 384
FErrrrrrrerrerrerrerrrrr e rerr et ettt

Sbjct 28767 AGCGICTAATATTGCTTITTGATGCCGCTACTTITTGAAATTTGGGGGGCTTTACTTAACGG 28826

Query 385 TGCTAAAATTATTATTATCGCTAAATCAATTTTGCTCTCACCCCAAGAATTGGCACTAAG 444
FEerrr reerrerrerrerrrrr et rrerr e e e et e e

Sbjct 28827 TGCTAAGATTATTATTATCGCTAAATCAGTTTITGCTCTCACCCCAAGAATTGGCACTAAG 28886

Query 445 CTTAAAGGAAAATCAGATTAGTGTICTTATTTTTAACCACCGCACTTTTTAATCAGTTAGC 504
Frerrrrrrerrerrerrerrrrrrerrerrerrerr et rerrrr et e e

Sbjct 28887 CTITAAAGGAAAATCAGATTAGTGTICITATTTTITAACCACAGCACTTITTAATCAGITAGC 28946

Query 505 TAATTTAGTTCCCCAAGCTTTTAGTAACTTACGATGCTTACTATTTGGGGGTGAAGCAGT 564
Prerrrrrrer errerrerrrrr e rrerr et e e ettt

Sbjct 28947 CAATTTAGTTCCGCAAGCTITTAGTAGCTITACGATGCTTACTATTTGGGGGTGAAGCAGT 29006

Query 565 TGAACCAAAATGGGTACAAGAGGTACTAGAAAAAGGTGCGCCACAACGGTTGCTTCATGT 624
Frerrrrrrerrerrerrerrrrrrerrerr et e et re e e

Sbjct 29007 TGAACCAAAATGGGTACAAGAGGTACTAGAAAAAGGTGCGCCACAACGGTITGCTTCATGT 29066

Query 625 CTATGGACCAACAGAAAATACAACGTTTTCTTCCTGGTATTTAGTGCAAAACGTAGCTTC 684
FEerrr reerr rrerrerrrrrrerrerrerrerr e e e et e e e

Sbjct 29067 CTATGGGCCAACGGAAAATACAACGTTTICTTCCTGGTATTTAGTGGAAAACGTAGCTTC 29126

Query 685 TACAGCCACATCTATTCCCATTGGTAAAGCGATTGCCAATAGCCAAATCTATTTGCTGGA 744
FErrrerrrr rerrrrerrrrrrrerrrrer e e e e e rrrrr e e el

Sbjct 29127 TACAGCCACAACTATTCCCATTGGTAAAGCGATTGCCAATACCCAAATCTATTTGCTGGA 29186

Query 745 TAAAAATCTGCATCCTGTGCCGATTGGTGTTCCAGGAGAATTACATATTGGTGGCGCAGG 804
PEEErErre e trerr trrrrrrrrrd FEEErrrrrrrrrrererend I

Sbjct 29187 TAAAAATCTCCAACCTGTCCCGATTGGTGTAGTAGGAGAATTACATATTGGTGGTATGGG 29246

Query 805 ATTAGCGATAGGTTATCTCAATCGTCCCGAATCAACCCTAAGCACAATTCATTCCTAATC 864
PEerre rorrrerrerr e rrrrrrerrr rerrr et e e

Sbjct 29247 ATTAGCCAAAGGTTATCTTAACCGTCCCGAATTAACCC-AAGAAAAATTTATTCCTAATC 29305

Query 865 CTTTT 869
(RN

Sbjct 29306 CTTTT 29310

Figure 6-12: DNA sequence analysis of the PCR product NRPS from Microcystis flos-aquae MIC
FEBO5. DNA sequence alignment of NRPS gene from M. flos-aquae and DQO075244. The

sequences are 93% similar
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6.8.1.2 Polyketide Synthetase Genes

A search targeting the presence of polyketide synthetase genes was also conducted, to
substantiate the hypothesis that the bioactive compounds were assembled via an
integrated NRPS-PKS biosynthesis pathway. Sequence analysis of the PCR product
created using the PKS primers described in Table 6-3 has been prepared and is
included as Figure 6-13. Results of a BLASTX DNA sequence analysis demonstrated
similarities between the PKS gene of M. flos-aquae MIC FEBOS5 and the PKS (mcyG)
gene of M. aeruginosa PCC 7806 (Koch). However, the sequence comparison
included as Figure 6-13 (c) indicates the sequences are only 63% similar, implying
either only a partial PKS sequence is present in M. flos-aquae MIC FEBOS, or the
primers selected for amplification of PKS genes require a higher level of degeneracy
to optimise annealing of the primer to the template DNA and subsequent DNA

elongation.
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1 5"  GTGGAGCACG TTGAACGCTC TGGAGATGCT GGTTACATCC CCCAGGAAGC 3
51 5"  CGATGCCCGG ATTGGGGTGT TCGGGGGTGT TGGCACTAAC TGGCACCTGA 3
101 5"  GCCAAGTCGC TCAATCTAGC GTGGCCAAGA AATATGCCAG CGGTGCTTCA 3
151 5’  GTCGTGATCA GCAACGACCA AGACTATGTA ACATCACGGG TTTCCTACAA 3
201 5’  GCTTGGGCTA GTTGGGCCTA GCGTTAATGT GCAGTCGGCC TGTTCCACCT 3
251 5’ CCTTAGTGGC AACTATTTTA GGGATGACCA GCCTGCGTTC AAAGCAATGT 3
301 5"  GATCTAGCCC TTGCTGGCGG TGCAACGATT GAACTTCCTG AAAGGAAAGG 3
351 5’ CTATCTGCAT CTGGAAGGCG GAATGGAGTC GCCTGATGGC CATTGCCGGC 3
401 5’  CGTTTGATGC TGCCGCTAAT GGGACGGTGT TCAGCCGCGG TGCCGGGGTG 3
401 5’  GTGATACTCA AGCGGCTGGC TGATGCTGTG CGCGATCGTG ATCACATCTA 3
401 5>  TGCTGTGCTA GTGGATGGTG CGGTAAACAA CGATGGTGCT GACAAAATTG 3
401 5"  GCTTTACCGC ACCAAGCATT TCTGGACAGG TGGCGCTGAC CCTGGATGCT 3
401 5>  CTTAGTCGGG CAGGGCTTTC GGCTGAACAA CTCAGTTTCG TGGAACCCAC 3
401 5°  GGACCCGGCT ACCGGCTGAT GGGGGGAGCA CAGGCGGGCC TGAAAATATA 3
401 5’ TAACTTCAAC CAGCAATCTA GTCATAATTA GGAGGTTTTG GGGAATTTTC 3
401 5> CAACCTGGCC TGATATCACG CCCTCCCTAG CGTGGGCAGA AATGTGCAGG 3
401 5" GGGCTTAATC GGGGATCACA AGAAGAAGCC CATTAAAATA CCGGTGTCCG 3
401 5"  CCAAATTGTG CCAAGGGGTC CTTTCTTTAT GTGGGCGCGC TGTTCCCTCT 3
401 5’  TTCATGGAAC T 3

(@)
Sequences producing significant alignments High Score E value
gblAAF15892.2I1AF204805_2 NosB [Nostoc sp. GSV224] 219 2e-55
reflZP_00110898.11 COG3321 Polyketide synthase modules 218 5e-55
reflYP 322130.1I Beta-ketoacyl synthase [Anabaena variabilis 215 4e-54
gblAAX44114.11 polyketide sythase [Leptolyngbya sp. PCC 7410] 211 4e-53
gblAAX44111.11 polyketide sythase [Leptolyngbya sp. PCC 73110... 211 4e-53
gblAAX44112.11 polyketide sythase [Leptolyngbya sp. PCC 73110] 211 5e-53
reflZP_01467099.11 amino acid adenylation domain protein [Sti 210 9e-53
gblAAF19812.11AF188287 4 MtaD [Stigmatella aurantiaca] 210 9e-53
gblAAX44113.11 polyketide sythase [Leptolyngbya sp. PCC 73110] 210 9e-53
gblAAX44119.11 polyketide sythase [Leptolyngbya sp. PCC 7410] 210 9e-53
gblAAX44117.11 polyketide sythase [Leptolyngbya sp. PCC 7410] 210 le-52
embICAD89775.11 MelD protein [Melittangium lichenicola] 205 3e-51
embICAQ090231.11 mcyG [Microcystis aeruginosa PCC 7806] 205 4e-51
gblAAX73195.11 McyG [Microcystis aeruginosa] 205 4e-51
gblIAAF00957.11AF183408 5 McyG [Microcystis aeruginosa PCC 7806] 205 4e-51

NAGYNPNTYQGSIGIFAGASMNTYLINNCYPNRGKLDSNDELQPFTLDSMGGFQTMVAND 27

(c)

PKS 25 DAGYIPQEADARIGVFGGVGTNWHLSQVAQSSVAKKYAS------------ GASVVISND 168
CAO090231 828 KDYLTTRISYKLNLHGPSVNVQTACSTGLVVVHLACQSLISGESDMALAGAASINSPQKI 887
PKS 169 QDYVTSRVSYKLGLVGPSVNVQSACSTSLVATILGMTSLRSKQCDLALAGGATIELPERK 348
CAO090231 888 GYLYQEGLIMSPDGHCRAFDAEAKGTIFGSGVGVIMLKRLSDALADHDHIYAVIKGSAIN 947
PKS 349 GYLHLEGGMESPDGHCRPFDAAANGTVFSRGAGVVILKRLADAVRDRDHIYAVLVDGAVN 528
CAO090231 948 NDGGQKLGFTAPGGEGQIAAATEALAFAGVDANTISFVE 986
PKS 529 NDGADKIGFTAPSISGQVALTLDALSRAGLSAEQLSFVE 645

Figure 6-13: DNA sequence analysis of the PCR product PKS from Microcystis flos-aquae MIC
FEBOS. (a) DNA sequence of PKS from obtained from M. flos-aquae. (b) Results of a BLASTX
DNA sequence analysis of the PCR product PKS amplified from MIC FEBO0S5. The PKS gene of
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M. flos-aquae was similar to the PKS (mcyG) gene of M. aeruginosa PCC 7806. (c) DNA sequence
alignment of PKS gene from M. flos-aquae and CAQ90231. The sequences are 63% similar.

6.8.2 Detection of mcy genes by PCR

Chromosomal DNA extracted from M. flos-aquae strain MIC FEBOS5S were used as
DNA templates for PCR. PCR was carried out as described in section §6.3, using the
primer pairs described in Table 6-3 to detect full or partial sequences of genes of the
microcystin operon. DNA from M. aeruginosa PCC 7806 (Koch) was used as a

positive control, and Milli-Q® water was substituted for DNA in negative controls.

Amplifications of M. flos-aquae MIC FEBOS chromosomal DNA and M. aeruginosa
PCC 7806 produced expected microcystin gene based products of 500-1500 bp,
depending on the gene investigated. Negative control samples did not produce any

PCR products.
6.8.2.1 DNA sequencing Results

Several researchers (Nishizawa et al. 1999; Fujii et al. 2000) have suggested that non-
toxic Microcystis species potentially possess a partial or mutated set of genes
encoding peptide synthetases for microcystin biosynthesis and assembly.
Subsequently, primers specific for 5 genes of the microcystin operons were used to
amplify segments of template DNA via PCR. The rationale behind this investigation
was to establish the presence (or absence) of the microcystin genes and thus the

potential for the strain to produce these toxins.

To amplify the amount of PCR product available for sequencing the DNA, the
original PCR cycle was repeated, using the PCR products of the previous cycle as the
template DNA. BLASTX DNA sequence analysis demonstrated that the 500 bp PCR
product obtained using the mcyE primer pairs was similar to the mcyE gene sequences
of other Microcystis species, with the highest homology to the M. aeruginosa mcyE
gene (98% similarity) (Figure 6-14). Results of BLASTX DNA sequence analysis of
PCR products amplified with primers based on the remaining microcystin genes
examined in this study — mcyA, mcyB, mcyC and mcyD — are presented in APPENDIX
D. Sequence similarity between the PCR products and known DNA sequences of

Microcystis sp. genes ranged between 86% (mcyA) and 61% (mcyB), suggesting a
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high degree of sequence homology exists between genes of M. flos-aquae MIC

FEBOS and other Microcystis strains.

51

101
151
201
251
301
351
401

AGGCACTTGT
AGGAATGCAG
TGGGCCGAGT
ATGGCGGCTG
TATGTTTGCC
TAGGAGAAGA
GGAATGGTTG
CGATATTATT
CAGTTCAAAG

gblAAF00958.11AF183408 6

mcyE

mcyE

mcyE

AAF00958

AAF00958

AAF00958

dbjiBAB12211.1]
gblAAX21772.1]
gblAAX21773.11
gblAAX?21770.11
gblAAX21771.11
emblCAD29794.11

gblAAX21780.11
reflZP_01629641.11
gblAAX21778.1I
gblAAO64407.1]
gblAAX21776.11
gblAAX21775.11
gblAAX?21783.11
gblAAX?21769.11

1592 AVQEQMNRGIGLGMQSNLAAETAALISEMGRVERVAFSNTGTEAIMAAVRIARSRTKRQK
16 AVHEQMNRGIGLGMQSNLAAETAALISEMGRVERVAFSNTGTEAIMAAVRIARSRTKRQK

ATTGAGCAGT
TCAAATCTGG
CGAAAGAGTC
TTCGCATTGC
GGCTCCTACC
TAAAACCACG
AAGACATAAT
GCTACTCATG
TCGCAAACCC

Sequences producing significant alignments

emblCA090229.11

TCACGAACAA
CCGCCGAAAC
GCTTTTAGTA
TCGCTCCCGG
ATGGAACTTT
ACTCAACCCT
AGTCTTGAGT
CTGATGATTT
GATTTACAGC

(a)

ATGAATCGAG
CGCCGCTTTA

ATACGGGAAC
ACAAAACGTC
TGACGGCATC
TAAGTTTAGG
TATGGAGTTG
AGCTGCCGTA
TCCAGGAATT

mcyE [Microcystis aeruginosa PCC 7806]
McyE [Microcystis aeruginosa PCC 7806]

polykeitde synthase and peptide synthetase

microcystin synthetase [Microcystis aeruginosa.

microcystin synthetase [Microcystis aeruginosa UT

microcystin synthetase [Microcystis wesenbergii

microcystin synthetase [Microcystis viridis NIES

peptide synthetase [Planktothrix agardhii NIVA-C

microcystin synthetase [Phormidium sp. 4-19b]

Amino acid adenylation [Nodularia spumigen

microcystin synthetase [Phormidium sp. 2-26b3]

NdaF [Nodularia spumigena]

microcystin synthetase [Oscillatoria sp. 18R]

microcystin synthetase [Nostoc sp. 152]

nodularia synthetase [Nodularia sphaerocarpa PCC

microcystin synthetase [Anabaena sp. 202]

(b)

1652 IVMFAGSYHGTFDGILARVGEDKTTTQPLSLGTPLGMVEDIIVLSYGVEESLDIIATHAD
196 IVMFAGSYHGTFDGILARVGEDKTTTQPLSLGTPLGMVEDIIVLSYGVEESLDIIATHAD

1712 DLAAVLVEPVQSRKPDLQPQE
376 ~ DLAAVLVEPVQSRKPDLQLQE

(c)

GAATAGGCTT 3
ATTAGTGAAA 3
CGAGGCGATT 3
AAAAAATCGT 3
TTAGCACGAG 3
CACTCCTTTA 3
AAGAAAGCCT 3
TTAGTCGAAC 3
AACA 3
High Score E value
265 9e-70
265 9e-70
263 4e-69
251 8e-66
249 3e-65
249 4e-65
247 2e-64
230 3e-59
226 4e-58
224 le-57
224 le-57
223 2e-57
217 2e-55
214 2e-54
213 3e-54
203 3e-51
1651
195
1711
375
1732
438

Figure 6-14: DNA sequence analysis of the PCR product mcyE from Microcystis flos-aquae. (a)
DNA sequence of mcyE from obtained from M. flos-aquae. (b) Results of a BLASTX DNA
sequence analysis of the PCR product mcyE amplified from MIC FEB05. The mcyE gene of M.

flos-aquae was most similar to the mcyE gene of M. aeruginosa PCC 7806. (c) DNA sequence

alignment of mcyE gene from M. flos-aquae and AAF00958. The sequences are 98% similar
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Routine HPLC analysis undertaken by AWQC did not detect the presence of the toxin
microcystin from the isolate of M. flos-aquae (MIC FEBO0S), within the limits of
detection of the HPLC system. Lack of toxin production was confirmed by
researchers at UNSW by protein phosphatase inhibition assay. However, experiments
conducted during this study have established that this particular strain of M. flos-
aquae was able to synthesise an antibacterial compound, effective against S. aureus
and B. subtilis, and an antiviral compound with cytotoxicity demonstrated towards
RSV and Dengue virus. Detection of genes with a high degree of homology to
characterised microcystin genes, combined with the lack of toxin production suggests
that these genes may contribute instead to synthesis of the bioactive compound(s), an
idea previously acknowledged by leading researchers (Meillner et al. 1996;
Namikoshi and Rinehart 1996; Nishizawa ef al. 1999; Dittmann et al. 2001; Fujii et
al. 2002). The relationship between the presence of particular microcystin genes and

resultant biological activity has yet to be significantly explored.
6.8.2.2 Characterisation of gene cluster

Elucidation of the structural organisation of the microcystin gene operon by Tillet et
al (2000) suggested 10 bidirectionally transcribed open reading frames, arranged in
two putative operons:

mcyD-J mcyA mcyB mcyC

<4l s o

Figure 6-15: General structure of microcystin (Tillett ez al. 2000; Mikalsen ef al. 2003)

Amplification of DNA using primers specific for the mcyB gene indicated that this
gene is absent or mutated within genomic DNA from M. flos-aquae MIC FEBOS,
preventing the primers binding effectively. To ascertain the presence of a region of
DNA between mcyA and mcyC and the size of this region, primers were developed
based on the reverse complement of the mcyA forward primer and the mcyC reverse
primer; the primer sequences are provided in Table 6-6. Given the unknown
properties of these primers, optimisation of the PCR cycle was undertaken to
determine the most effective annealing temperature for primer binding and
elongation. Applying the PCR cycle described in Table 6-7, the annealing

temperature, X, was altered following gel electrophoresis of the PCR products,
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staining of the gel using GelRed, and UV exposure using the BioRad Gel Doc system.
Annealing temperatures assessed were: 48°C, 50°C, 52°C, 55°C, and 57°C.

Table 6-6: Primer sequences for reverse complement of mcyA and mcyC genes, developed to

amplify the region of DNA between mcyA and mcyC.

Primer T, (°C) Oligonucleotide primer sequence, 5°—3’
mcyAF  43.0 TTT GAT ACG GCT TTT AATTTT
mcyCR 520 ACT AGA AGA TTC GCT GAT ATG CT

Table 6-7: PCR cycle for amplification of the region of DNA between mcyA and mcyC

Denaturation | Annealing Time

Temp Temp
Cycle

94°C 4 min
Repeat steps 35| 94°C 15s
cycles X°C 1 min

72°C 1 min

Completion 4°C Hold

Amplification of DNA was not successful using annealing temperatures 48°C, 50°C, and
55°C. A faint band of DNA was visible at approximately 800 bp using an annealing
temperature of 52°C; however, annealing appeared more successful at 57°C, with a stronger

band visible at approximately 800 bp.
6.9 Summary

Chemical analysis of the isolated bioactive compound, described in Chapter 5,
indicated that the peptide possessed amino acids often associated with the toxin
microcystin, despite toxicity testing of the cyanobacteria by AWQC and UNSW
confirming a lack of detectable toxin. However, researchers (Nishizawa et al. 1999;
Fujii et al. 2000) have acknowledged that non-toxic strains often possess an
incomplete microcystin operon, deficient in one or more genes, or comprising partial
genes, giving rise to compounds with other alternative functions. To this end,
investigations were undertaken to a) optimise extraction of DNA from freeze dried
cyanobacterial cells; b) amplify regions of chromosomal DNA demonstrating
homology to toxin gene sequences, through optimisation of primer pairs and PCR

cycles; and c) elucidate the presence (or absence) of genes belonging to the
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microcystin biosynthesis cluster. A supplementary investigation was also conducted

to characterise the region of DNA between genes mcyA and mcyC.

Numerous DNA extraction methods were applied to samples of freeze dried
cyanobacterial biomass, with the majority demonstrating limited or no success.
Extraction techniques frequently applied to bacterial cells were unable to penetrate the
structurally superior cyanobacterial cell wall. Proprietary extraction kits including the
Wizard® Genomic DNA Kit and several Qiagen kits yielded very little viable DNA
for downstream processing applications such as PCR. However, the Mo Bio
PowerPlant™ DNA Isolation Kit was successfully able to extract DNA for use as

template DNA in subsequent PCR reactions.

To confirm that the strain of interest did indeed belong to the genus Microcystis, a
preliminary DNA amplification using 16S primers was conducted. The product
obtained from the 16s PCR cycle was submitted for sequence analysis and may be
classified in the following taxonomic hierarchy (with 100% assignment detail, for a
confidence threshold of 95%):
Domain: Bacteria

Phylum Cyanobacteria

Class Cyanobacteria
Family Family 1.1
Genus Microcystis

This classification confirms that the species investigated during this research is of the

genus Microcystis.

A comprehensive literature review of cyanobacterial genome investigations revealed
many research groups had successfully developed primers specific for genes of the
microcystin operon (Neilan 1995; Meillner et al. 1996; Dittmann et al. 1997,
Kaebernick and Neilan 2001; Dittmann and Borner 2005). Given the similarities in
structure features and amino acids between the bioactive compound and microcystin,
a directed search was conducted using the aforementioned primers to ascertain the
presence (or conversely, the absence) of the microcystin genes mcyA, mcyB, mcyC,
mcyD and mcyE, by applying the relevant primers and using optimal PCR cycles.
Complete or partial sequences were identified for 4 of the five genes investigated;

amplification of the mcyB gene was unsuccessful.
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Examination of the microcystin synthesis pathway identified the involvement of a
hybrid NRPS/PKS system to assemble the components of the toxin. These systems
are also suspected to be involved in synthesis of other biologically active compounds,
and subsequently primers for cyanobacterial NRPS and PKS genes were applied to
the template DNA for amplification of homologous regions. These investigations
indicated that M. flos-aquae MIC FEBOS5 possesses an NRPS gene with 94%
similarity to the cyanopeptolin synthetase gene of Microcystis sp. Elucidation of a
PKS gene was less successful; however, a BLASTX DNA sequence analysis of the
PCR product obtained using the cyanobacterial PKS primers demonstrated 63%
similarity to the PKS (mcyG) gene of M. aeruginosa PCC 7806. The implications of
these experiments suggest that firstly M. flos-aquae MIC FEBO5 possesses an NRPS
gene that is likely involved in synthesis of the bioactive compound (which may
resemble the cyanopeptolins), given the species is non-toxic and therefore the NRPS
would not be required for toxin synthesis; and secondly that either the PKS primers
were not suitable for this isolate or that the species does not possess a complete PKS

gene.

The absence of a conclusive mcyB sequence prompted examination of the region of
between mcyA and mcyC to determine whether a partial (incomplete) mcyB gene
existed, an unidentified gene was present, or whether the region was excised entirely.
Reverse complement primers of mcyA and mcyC were developed and applied to
amplify the region of DNA between these genes to identify the genetic sequence.
Optimisation of the PCR protocol was also undertaken as the primers had not been
previously tested, and therefore a recommended cycle was not available.
Amplification of DNA was not successful using annealing temperatures of 48°C,
50°C, and 55°C. A faint band of DNA was visible at approximately 800 bp using an
annealing temperature of 52°C; however, annealing appeared more successful at
57°C, with a stronger band visible at approximately 800 bp. The PCR product was
unfortunately insufficient for further processing (i.e. DNA sequencing), and due to

time constraints, the investigation ceased at this point.

Molecular analysis of DNA from M. flos-aquae MIC FEBO5 using 16S ribosomal
sequence analysis successfully confirmed the taxonomy of the cyanobacteria as genus

Microcystis. Partial sequences of genes mcyA, mcyC, mcyD and mcyE from the
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microcystin operon were identified in chromosomal DNA of M. flos-aquae MIC
FEBOS; however, a sequence homologous to mcyB was not identified. An NRPS gene
sequence similar to that of the cyanopeptolins was also identified, though only a
partial PKS sequence (63% similarity) was detected. Results of the molecular analysis
of this isolate suggest the biologically active peptide may be synthesised by
components of the microcystin gene operon, and that the peptide itself may resemble

or be related to the cyanopeptolins.
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CHAPTER 7 SUMMARY AND CONCLUDING
REMARKS

7.1 Introduction

The increasing emergence of antibiotic resistant pathogens has motivated the search
for alternative sources of compounds able to combat persistent infections (Burgess et
al. 1999; Freile-Pelegrin and Morales 2004; Das et al. 2005), by inhibiting growth
and/or infective mechanism of the pathogen. Natural therapies are considered more
environmentally acceptable than synthetic drug products due to their inherent
biodegradability (Ozdemir et al. 2004) and subsequently researchers have focused on
acknowledged sources such as cyanobacteria, documented synthesisers of a diverse
range of bioactive peptides and other compounds (Bloor and England 1989;
Borowitzka 1995; Borowitzka 1999; Harada 2004; Dittmann and Wiegand 2006).
Most commonly detected are the microcystins, hepatotoxic cyclic peptides that inhibit
protein phosphatases PP1 and PP2A (Beresovsky et al. 2006). However, other
compounds, such as the one isolated in this study, demonstrate biological activity

against bacteria and viruses, though their exact biological function remains unclear.

Cyanobacteria (and microalgae) are often the preferred investigative organisms for
bioactive compound detection, compared with higher plants (Mur et al. 1999). There
are numerous reasons in support of this predilection, including rapid generation of
biomass, availability of low-cost culture media, ease of cultivation in the laboratory,
similarities to bacterial cells (particularly for cyanobacterial species) aiding research
directions and knowledge of the organism, and diversity of environmental niches

where these organisms survive whilst others fail.

Obstacles arise in identification of the responsible species, particularly with respect to
field samples (Parker 1982; Ferris and Hirsch 1991). These cells often live in close
association, at times forming symbiotic or parasitic relationships with other organisms
and are consequently difficult to isolate for closer examination. Similarly, synthesis of
the compounds is heavily influenced by environmental parameters (nutrient
bioavailability, temperature, light intensity and exposure) (Skulberg 2000); strains are
capable of up- or down-regulation of compound synthesis in response to external

influences. Screening programmes therefore tend to focus on axenic or unialgal
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laboratory cultures, produced under controlled conditions. Few of the many thousands
of cyanobacterial species have been identified as bioactive (Borowitzka 1995;
LeFlaive and Ten-Hage 2007), inferring either some cells are not capable of
biological activity, or the combination of conditions are not optimal for that strain.
Bioactive compounds are frequently the product of secondary metabolic activity
(Carmichael 1992); these substances are produced only when the cell is established
within its environment, and is able to afford the energy necessary for secondary

compound biosynthesis.

The work described in this thesis therefore aimed to: (a) assess a field strain of
cyanobacteria for bioactivity against bacterial, fungal and viral test organisms; (b)
isolate the compound(s) of interest, construct a potential amino acid sequence and/or
identify key structural attributes of the compound; and (c) examine the relationship
between the lack of toxin synthesis and presence of toxin genes, and their potential

involvement in bioactive compound synthesis.
7.2 Culture Growth and Nutrient Bioavailability

Cyanobacteria are considered one of the most robust, easily cultivable organisms and
are often cultivated successfully in the laboratory following collection from the field.
Whilst some species may be particularly sensitive to removal from their preferred
environment and are not able to readily adapt to the sterile surroundings of a
laboratory (Castenholz 1988; Andersen and Kawachi 2005), many species are
successfully cultured and maintained for extended periods using techniques more
frequently applied to bacteria. Provided the essential components are provided in a
nutrient rich growth media, and parameters such as light intensity and exposure,
temperature and agitation are optimised for the species of interest cyanobacterial

cultures are relatively simple to initiate and sustain.

In particular, Microcystis has earned a reputation for simple cultivation using minimal
media (i.e. limited essential components required) (Watanabe 2005). Isolates of two
species, M. flos-aquae and M. aeruginosa, were collected from locations around
Adelaide, and further cultures were obtained from the collection at AWQC for
comparison of growth in minimal and enriched media, and standard and enriched

river water. All tests were performed in triplicate to validate results. As expected, all
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strains demonstrated strong growth in the enriched synthetic media, and also achieved
satisfactory growth in minimal media. Species obtained from the field sites appeared
to endure better in the enriched river water than those obtained from established
laboratory cultures. This is perhaps an inherent trait of the field strains, to be able to
adapt readily to changes in their immediate environment. Constant competition for
nutrients and light, and deterring higher organisms that utilise cyanobacteria as a food
source equip field strains with mechanisms to acclimatize to modifications in their
habitat. Conversely, cells supplanted from a unialgal or “synthetic” environment
where all nutrients and growth parameters are optimised may be less flexible in their

response to stressors.

Optimisation of growth media and hence biomass yield will have profound effects on
cell metabolism and subsequently the quantities and types of secondary compounds
synthesised. Secondary metabolite production, considered non-essential to a cell’s
initial survival may not relate directly to high biomass yield; synthesis of these
compounds is often triggered under conditions not conducive to high growth rates,
such as nutrient deprivation (Olaizola 2003). Therefore, optimisation of culture
conditions should seek to establish a balance between secondary metabolism and

growth rate.

During this study, species of Microcystis collected from various locations across
Adelaide were cultured in modified growth media, in addition to samples of nutrient
rich river water. Samples of the water were analysed for key nutrients — ammonia,
copper, iron, lead, nitrate, phosphate, and zinc — at three stages of cyanobacterial
activity within the river. Availability of specific nutrients is crucial to survival of
cyanobacteria within their environment (Vonshak and Torzillo 2004; Baptista and
Vasconcelos 2006); a lack of essential elements ultimately results in death of the
species within a particular environmental niche. However, the nutrients must also be
bioavailable; that is, existing in the environment as free ions available for uptake by
the cells. These results suggest that M. flos-aquae MIC FEBOS5 was potentially able to
utilise particular heavy metals, limiting their impact on the environment. A significant
spike in the concentration of iron was noted in the April 05 sample (refer to §4.3.1.2

Figure 4-7).
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Concentrations of total Nitrogen (TKN) remained relatively high, particularly during
the bloom period and generally over the entire monitoring period; however, the
concentration of nitrogen-containing compounds such as ammonia (NHsz) and
nitrogen oxides (NOX) were very low during the bloom suggesting that these forms
were preferentially utilised by Microcystis cells rather than elemental nitrogen.
Microcystis and Anabaena differ in their ability to fix nitrogen from the environment,
as many strains of Anabaena are recognised “nitrogen-fixers”. Similarly, low
concentrations of phosphorus during the bloom period suggest that this is a vital
element for growth of cyanobacteria. Conversely, continually low levels of
phosphorous following the bloom may be a signal that other organisms in the
environment were using this compound, or reflect upstream conditions or rainfall

periods.

The combinations and relative concentrations of each of the nutrients are likely to
have influenced the type and quantity of secondary metabolites synthesised by M.
flos-aquae MIC FEBOS5. A reduction in concentration or bioavailability of any of
essential constituents, or indeed a change in the physical parameters such as
temperature and light intensity could potentially have precluded biosynthesis of
bioactive compounds. Influence of physicochemical factors on synthesis of
secondary, bioactive compounds requires further investigation before a conclusive

argument can be constructed.
7.3 Isolation and bioactivity assessment of Microcystis flos-aquae

Cyanobacterial secondary metabolites exhibiting biological activity against a range of
organisms are naturally synthesised, potentially as a defensive mechanism against
competitors and predators in their environment (Ward and Targett 1989; Ikawa et al.
1996). A selection of strains collected from field sites around Adelaide and laboratory
cultivated strains were examined for biological activity against bacterial, fungal and
viral test organisms. To adequately assess the bioactive status of cyanobacteria, a
comprehensive review of literature pertaining to extraction methods and bioactivity
assays applicable to cyanobacterial cells was conducted, and preliminary
investigations performed to determine the suitability and efficacy of each method.
Those demonstrating successful compound isolation were chosen for examination and

subsequent optimisation. Combinations of extraction techniques and solvents were
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trialled, and six extraction protocols were selected for application in remaining
bioactivity assays; these techniques have been outlined in section §3.4 and are
described in detail in APPENDIX B; standard operating procedures are provided in
APPENDIX A. As previously noted, many field strains exhibit a predisposition to
form symbiotic associations in their environment (Parker 1982; Reynolds 1984; Ferris
and Hirsch 1991; Andersen and Kawachi 2005), necessitating removal of these
organisms prior to treatment of the cyanobacterial biomass to ensure active
compounds were of cyanobacterial origins. Cyanobacterial biomass was treated by
sonication and rigorous washing to remove unwanted organisms, prior to application

of the selected extraction methods.

Screening programmes for bioactive cyanobacterial strains have been undertaken by
research groups worldwide, applying techniques to both field and laboratory
cultivated strains (Cannell er al. 1988; Carmichael 1992; de Caire er al. 1993;
Borowitzka 1995; Nowotny et al. 1997; Cohen 1999; Kreitlow et al. 1999; Harada
2004; Skulberg 2004). Whilst this study has concentrated on one particular isolate of
M. flos-aquae demonstrating dual activities, other species of Microcystis and
cyanobacterial genera should not be ignored. The laboratory cultures assessed during
this study did not exhibit growth-inhibitory properties under the chosen assay
conditions; this does not imply that these strains lack bioactivity. These strains may
simply be more sensitive to environmental influences, or the cultures were extracted
during a less than optimal period of secondary metabolite synthesis. It is widely
recognised that secondary metabolites synthesised during specific periods of
development are often species and even strain unique (Armstrong et al. 1991;
Borowitzka 1999; Skulberg 2004). Consequently, the conditions implemented for M.
flos-aquae MIC FEBOS were optimal for bioactive compound production by this
isolate, but were not suitable for other strains within the same species. Also
acknowledged is the idea that laboratory cultures have a tendency to lose the ability to
synthesise bioactive metabolites through repeated subculturing (Skulberg 2000;
Welker et al. 2006); the loss of competition for nutrients and light exposure within
cultures grown under ‘“ideal” or artificial conditions eliminates the need for

production of defensive compounds.
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Issues related to extraction of the compounds become evident in light of the limited
quantities of synthesised substance (Sasson 1991), and the potential degree of
complexity of the compound, rendering chemical manufacture infeasible in many
cases (Dittmann and Wiegand 2006; Welker et al. 2006; LeFlaive and Ten-Hage
2007). These issues can be partially overcome through optimisation of growth media
components and parameters (light intensity and colour, exposure time, temperature) to
prompt the onset of secondary metabolism of the cell within a “secure” environment,
thus increasing yield of the metabolites of interest. Optimisation of growth conditions
(and intrinsically metabolite synthesis) and extraction techniques are thus imperative
for development of these compounds in commercial or medical application. The
approach used in this thesis should therefore be applicable to detection of a wide

range of cyanobacterial metabolites displaying antimicrobial activity.

The target species of this study, a non-toxic isolate of Microcystis flos-aquae MIC
FEBOS5 was assessed for biological activity against bacterial, fungal and viral
pathogens, in addition to a field strain of A. circinalis, and a number of cyanobacterial
isolates obtained from established laboratory cultures. Freeze-dried cellular material
was extracted using the methods selected, and the extracts assessed for growth
inhibition. Production of antimicrobial compounds was confirmed by agar disc
diffusion assays using bacterial and fungal test organisms, and by cytotoxicity assay
using the viral pathogens. A microtitre plate assay was also developed to support
results of the agar disc diffusion assays, based on a method described by the
Australian Institute of Marine Science, Townsville, QLD (L. Llewellyn, personal
communication, March 2005). Antiviral assessment was conducted via cytotoxicity
assays by virologists at the IMVS, Adelaide, due to the stringent regulations

surrounding handling of infectious viruses in the public domain.

One extract in particular, a methanol-based extraction of M. flos-aquae MIC FEBOS
collected from the Torrens River, demonstrated inhibitory activity for the bacteria S.
aureus, B. subtilis and to a lesser extent, C. albicans. Virologists at the IMVS
confirmed that this extract also displayed cytotoxic effects for Dengue virus and RSV.
Neither the laboratory cultured isolates, nor the A. circinalis sample collected from
the same field site inhibited growth of any of the test organisms. On the basis of these

properties, only the extract and corresponding M. flos-aquae MIC FEBOS isolate was
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selected for further investigation, including chemical analysis and molecular

examination of biosynthetic genes.
7.4 Chemical structure analysis of the bioactive metabolite

In this study, chromatographic profiles of extracts were constructed via reverse phase
HPLC to visualise the components isolated from the biomass. HPLC is a universally
accepted analytical method for separation, identification, purification, and
quantification of various compounds (University of Kentucky 2004), and has been
extensively exploited for identification and purification of cyanobacterial bioactive
metabolites (Voloshko et al. 2008), though Bloor and England (1989) acknowledge
that only a small number have been structurally identified. Chromatographic profiles
were constructed of the extract with proven bioactive characteristics, and a non-
bioactive extract of the M. flos-aquae MIC FEBOS5 biomass collected at a later stage
of growth but developed using the same technique. Differences in peaks were
interpreted to indicate the presence (or absence) of components between the extracts,
and subsequently comparison of the profiles highlighted a number of peaks that could
have represented the bioactive compound. Using a semi-preparative column fractions
were accumulated at the retention times of the chosen peaks and were re-examined for
bioactivity using the original organisms. One fraction, collected at a retention time of
approximately 18 min successfully inhibited growth of S. aureus and B. subtilis; this
fraction was observed to be absent from the chromatographic profile of the non-
bioactive extract, suggesting it was likely to be the compound of interest, and
warranted further investigation. Fractionated samples were also submitted for antiviral
analysis; however, these samples have not been assessed when this manuscript was
submitted, due to the limitations on resources of the IMVS to dedicate to non-

essential projects.

A key issue in this study was isolation of the biologically active peptides and structure
analysis to elucidate a likely amino acid sequence and structure. Mass Spectrometry
(MS) is an analytical tool often utilised for analysis of peptides, drug discovery and
water quality (Ashcroft 2004; Beresovsky et al. 2006). Tandem Mass spectroscopy
(MS/MS) and liquid chromatography-mass spectrometry (LC/MS) was employed
during this study to resolve components of the bioactive compound structure. LC/MS

has proven to be a powerful tool for analysis of toxins and other bioactive metabolites
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at trace levels, as it provides primary amino acid sequence information for

identification of the compounds of interest (Frias et al. 2006).

Results of the chemical analysis indicated that there was no readily interpretable,
continuous amino acid sequence present, although gaps within the fragmentation
ladder were perceived to correspond to known amino acids. Interpretation of the
amino acid sequence of the compound undertaken by a research chemist suggested the
following amino acid pattern and related structure based on the MS/MS and LC/MS

data generated:
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Figure 7-1: Proposed (a) amino acid sequence and (b) peptide structure for the bioactive
compound isolated from non-toxic M. flos-aquae.
The fragmentation pattern also indicated the presence of modified amino acids
(sulphonated; methylated; alkylated) or sugar units such as xylose (mass gap of 180
between peaks at 620.4 and 440). A review of literature suggested modified (or
degraded) amino acids were more likely than sugar units, given the common

structural features of cyanobacterial metabolites (Moore 1996; Tooming-Klunderud et
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al. 2007). The possibility also existed that the extract underwent a degree of
compound degradation during storage, a hypothesis which was supported by a

reduction in biological activity of the extract following 2 months storage at -20°C.

Although this thesis concentrated on the antibacterial property of M. flos-aquae MIC
FEBOS, other antimicrobial properties, particularly the antiviral trait, should not be
discounted. Fractionated extract sample were reassessed only for antibacterial and
antifungal activity; any of the remaining fractions may have contained the antiviral
compound (it has been assumed that the antibacterial and antiviral activity displayed
by this strain are caused by 2 discrete, though potentially related, compounds, given
the divergence in infection mechanism between the pathogens). Thus, future work
must examine this cyanobacterium as a source of diverse biologically active
metabolites. Justification for this approach is inherent in the previously demonstrated
antiviral activity, and the commercial potential for development of the compounds

into vaccines or as constituents of rigorous treatment regimes.

7.5 Characterisation of NRPS, PKS and mcy genes present in

bioactive M. flos-aquae

Classification of an organism is often confirmed by comparing the 16S ribosomal
RNA sequence of the target strain with known 16S sequences stored in genome
databases. These sequences are known to possess regions of highly conserved
homology within species, and often with other organisms of the same domain (e.g.
bacteria and cyanobacteria). The DNA sequence obtained from the PCR amplification
using 16S primers was submitted for sequence classification, and was classified
according to the following taxonomic hierarchy (with 100% assignment detail, for a

confidence threshold of 95%):
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Domain: Bacteria
Phylum Cyanobacteria
Class Cyanobacteria
Family 1.1
Genus Microcystis
This classification confirms that the species investigated during this research was of

the genus Microcystis.

In this study, genomic DNA extracted from the bioactive M. flos-aquae MIC FEBOS5
was examined for the presence of genes involved in biosynthesis of the peptides.
Given the propensity for cyanobacterial strains to possess genes for the toxin
microcystin, the search was initiated using primers specific for conserved regions of
these genes. In order to detect the presence of mcy biosynthesis genes in this isolate, a
PCR method was devised to detect the presence of genes with sequence homology to
known mcyA, mcyB, mcyC, mcyD and mcyE. Similarity to NRPS and PKS genes was
also sought, to support the theory that bioactive metabolites are assembled via a

hybrid NRPS-PKS system.

Tooming-Klunderud et al (2007) remarked that “. . . despite the large number of
cyclic peptides found in cyanobacteria, relatively few classes of NRPS operons have
been characterised . . .” Investigating the sequence variation in mcy genes of
Microcystis strains, Mikalsen et al (2003) suggested that frequent recombination
event between domains, in addition to gene deletions may account for the
inconsistency in the mcyABC operon between strains. Microcystis has demonstrated
co-production of microcystin and cyanopeptolin in several strains (Birk et al. 1989;
Ishida et al. 1995; Murakami et al. 1997). Cyanopeptolins are a class of protease-
inhibiting peptides, characterised by the presence of the amino acid Ahp (3-amino-6-
hydroxy-2-piperidone), and the cyclic configuration of the peptide. These compounds
appear to be the second most common peptide synthesised by Microcystis, following
microcystin (Tooming-Klunderud et al. 2007), and Welker et al (2006) detected

cyanopeptolins in 60% of Microcystis colonies studied.

Alignment of the DNA sequences with equivalent sequence data from different

cyanobacterial sources confirmed the presence of a non-ribosomal peptide synthetase
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gene, and a number of genes from the mcy operons, known to be involved in synthesis
of the enzymes responsible for assembly of the toxin, microcystin. Specifically, mcyA,
mcyC, mycD and mcyE were detected, with sequence similarity to previously
characterised mcy genes between 63% and 98%. Although a sequence was returned
following analysis of the PCR product amplified by the mcyB primers, it was
concluded that a non-specific product had been amplified with these primers. The
mcyB gene sequence of M. flos-aquae MIC FEBOS did not resemble any known
sequences of mcyB genes of other Microcystis sp. but demonstrated 61% homology to
a type 1 site-specific deoxyribonuclease from Shewanella baltica OS155 (Ziemke et
al 1998). This suggests either mcyB is absent from the operon; only a partial gene
sequence is present with low sequence similarity to the primer set used; or degeneracy

of the primer sets was insufficient for this strain.

The presence of microcystin genes mcyA, mcyC, mcyD and mcyE supported the
hypotheses previously presented, that toxin genes present in non-toxic strains are
potentially involved in biosynthesis of metabolites with alternative bioactivities such
as antibacterial or antiviral. Disruption mutations in genes mcyA, mycD (Tillett et al.
2000) and mcyB (Dittmann et al. 1997) confirmed the specific involvement of these
genes in microcystin production. The disrupted genes were alleged to encode peptide
synthetases specifically involved in biosynthesis of microcystin, and chemical and
enzymatic analysis by the respective research groups confirmed the absence of any
partial, truncated or linear forms of microcystin (Tillett et al. 2000), though the strains
were able to maintain synthesis of smaller peptides (Dittmann et al. 1997). Applying
these principles to the isolate investigated during this study, the lack of mcyB
indicated that the combination of genes was predicted to encode a non-toxic
metabolite and the bioactive compound was regarded as novel. Chromosomal DNA
from M. flos-aquae MIC FEBOS was also examined for the presence of NRPS and
PKS genes, thought to play a primary role in assembly of the bioactive or toxic
compound. NRPS and a partial PKS gene with similarity to those of the cyanopeptolin

family were also identified during this phase of research.

7.6 Future work

Microcystis flos-aquae isolate MIC FEBOS produced both an antibacterial and an

antiviral compound within a natural environment under bloom-forming conditions,
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potentially as a deterrent to grazers feeding on the organism, or to competitors for
essential nutrients. Elucidation of optimal synthesis conditions for these compounds
may stimulate function of M. flos-aquae MIC FEBOS as a primary producer for large
scale production of alternative drug therapies. However, further experiments are
required to improve production and extraction of bioactive metabolites, and to
develop assessment techniques with high sensitivity to minute quantities of the
compound. Numerous extraction methods were examined during this study to obtain
sufficient material for bioactivity assessment; for development into commercial-grade
products more refined techniques are required. Bioactive compound production was
not optimised during this investigation, as the primary objective was to isolate and

characterise bioactive compounds synthesised by the isolate.

The implication that environmental parameters including light exposure, temperature,
agitation and nutrient bioavailability, influence the metabolism of cyanobacterial cells
has been well documented (Huisman et al. 1999; Vonshak and Torzillo 2004; Baptista
and Vasconcelos 2006; LeFlaive and Ten-Hage 2007), though the relationship
between a change in environment and the resultant cellular response is not well
understood. Subsequently, an in-depth assessment into the affect of environmental
stressors on the metabolic activities of cyanobacterial cells is essential to further
understand algal ecology, and potentially to identify mechanisms for up-regulation of
production of desirable compounds. Conversely, these same principles may be utilised

in minimising synthesis of harmful substances such as toxins.

HPLC analysis of extracts of M. flos-aquae MIC FEBOS indicated the presence of a
number of compounds other than the antibacterial metabolite isolated. It is feasible
that under different combinations of growth conditions (temperature, light exposure
and intensity, nutrient concentration) peptides with other biological properties may be
synthesised in sufficient quantities for bioassay detection. For a broader perspective of
the ecological functions of this strain, further information should be obtained by
analysing the molecular structures of the remaining peptides, particularly that of the

antiviral compound.

Due to stringent requirements imposed on handling of viral particles, assessment of
the antiviral status of the extracts was outsourced to virologists at the Institute of

Medical and Veterinary Science (IMVS). The methanolic extract that inhibited
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growth of the bacterium S. aureus also demonstrated antiviral effects towards Dengue
virus and RSV. Currently, treatment for RSV is primarily supportive care. Antiviral
drugs such as ribavirin, which is the only approved drug for treatment of RSV in
infants, have been severely limited by the mode of administration, cost and limited
efficacy (Krilov 2002). Other treatment regimes based on monoclonal antibodies are
suitable for prevention of severe RSV in premature infants and those with chronic
lung disease; however the drug has not proven effective for treatment of established
RSV disease (Krilov 2002). Similarly, there is an urgent need to provide a solution to
the escalating global public health problems caused by dengue infections (Stephenson
2005). Better disease management, vector control and improved public health
measures will help reduce the current disease burden, but a safe and effective vaccine
is probably the only long-term solution (Stephenson 2005). The commercial potential
for a naturally synthesized antiviral compound able to reduce or prevent infection by
both Dengue virus and RSV is enormous. However, significant research is required to
isolate the compound, develop techniques to increase yield, and examine the action of
the compound against the virus itself to determine the most effective target within the

viral infection and replication cycle.

A number of authors (Birk er al. 1989; MeiBner et al. 1996; Namikoshi and Rinehart
1996; Nishizawa et al. 1999; Dittmann et al. 2001; Fujii et al. 2002) have observed
that the presence of genes of the mcy operon within non-toxic strains of
cyanobacteria, generally responsible for synthesis of the toxin microcystin, may serve
alternative functions. As suggested by Dittman et al (2001) in section §2.5.2, some
cyanobacterial genera appear to possess the biosynthetic genes but do not synthesise
the corresponding metabolites, raising the question of function of peptide synthetases
in toxic and non-toxic strains. Despite the recent investigations undertaken by these
authors and the research undertaken as part of this study, a clear understanding of the
role of the mcy operon in bioactive metabolite synthesis is still forthcoming.
Significant research is required to provide valid information regarding biosynthetic
pathways of cyanobacteria. Ziemert et al (2008) suggests conducting a comparative
analysis of related gene clusters to provide new insights into the versatility of these
pathways, and hence allow discovery of novel natural products and the functional role

of the peptides.
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The commercial potential of these compounds, particularly the antiviral metabolites,
is substantial, and deserves further investigation to maximise the yield of the
compounds and simplify efficient extraction and purification processes to enable rapid
development. Genetic examination of the strains will contribute significantly to this
development, and while alternatives such as transformation of the metabolic genes
into organisms with a higher growth rate (e.g. E coli) may have potential, the key to
successful extraction of the compounds is to ultimately identify the responsible genes

and perform directed investigations involving mutation or up-regulation of the genes.
7.7 Concluding Remarks

The overall objectives of this study were to (a) assess a field isolate of cyanobacteria
for bioactivity against bacterial, fungal and viral test organisms; (b) isolate the
compound(s) of interest, construct a potential amino acid sequence and/or identify key
structural attributes of the compound; and (c) examine the relationship between the
lack of toxin synthesis and presence of toxin genes, and their potential involvement in

bioactive compound synthesis.

Historically, identification of biologically-active strains of cyanobacteria has halted at
the detection phase following rigorous screening programs; few studies have pursued
the metabolite to the extent of determining chemical structure (Bloor and England
1989; Borowitzka 1995; Luescher-Mattli 2003), and fewer still have attempted to
ascertain the relationship between biosynthetic pathway and secondary metabolite
(MeiBner et al. 1996; Fujii et al. 2000; Volk and Furkert 2006; Tooming-Klunderud et
al. 2007).

The results presented in this thesis describe a bioactive strain of M. flos-aquae MIC
FEBOS with cytotoxic activity for S. aureus, B. subtilis, RSV and the Dengue virus.
The focus of the study followed the isolation and analysis of the antibiotic compound,
and the subsequent molecular investigations to identify genes potentially involved in
synthesis of the bioactive compounds, and the relationship of these genes to those
involved in microcystin synthesis. Publication of this research will contribute
significant knowledge to the limited data surrounding cyanobacterial secondary
metabolites, and direct further studies toward development of these compounds as

alternative, novel therapies for treatment of drug resistant pathogens.
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