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Figure 10. Clumping behavior in the dark. Filaments of nine strains (1 – 9) were 

dispersed by homogenization. (A) t = 0; (B) t = 30 min. Only two Oscillatoria strains (5 

and 6) out of nine cyanobacterial isolates formed clumps. (1=Geitlerinema HS-217; 2= 

Leptolyngbya 102d-1; 3= Leptolyngbya 102e-1; 4=Geitlerinema W-1; 5=Oscillatoria 

101-1; 6=Oscillatoria100-1; 7=Geitlerinema 1991; 8=Geitlerinema P2b; 9=Geitlerinema 

HS-223)   

 55



 
 
Figure 11. Phylogenetic tree derived from the 16S rRNA gene sequence of Oscillatoria 

strain 100-1 and its most closely related neighbors. The tree topology is based on 

maximum likelihood analysis. Scale bar corresponds to 1% estimated sequence 

divergence. 
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CHAPTER III. 

MICROCYSTIN PRODUCTION AND ECOLOGICAL PHYSIOLOGY OF THE 

CARIBBEAN BLACK BAND DISEASE CYANOBACTERIUM OSCILLATORIA 

SP. 

Abstract 

 Black band disease (BBD) of corals is one of the major factors contributing to the 

recent decline of coral cover and diversity worldwide. This pathogenic microbial 

consortium is dominated by phycoerythrin-rich, gliding, filamentous non-heterocystous 

cyanobacteria. It is well known that cyanobacteria are capable of toxin production, which 

has been documented in a number of freshwater species. However, toxin production has 

not been investigated to the same extent in marine species. Recently, it was shown that 

BBD cyanobacteria are capable of toxin production. I proposed that the sulfide-rich, 

anaerobic condition within the BBD mat, together with toxin produced by cyanobacteria, 

are mechanisms contributing to the pathobiology of BBD. In this work, two strains of 

Oscillatoria, isolated from BBD, were tested for their ability to produce toxins. Extracts 

of these laboratory grown cyanobacteria were assessed for the presence of toxins by 

using ELISA and their identification was carried out using Ultra-Performance Liquid 

Chromatography-Tandem Quad Mass Spectrometry (UPLC-MS/MS). Results showed 

that both cyanobacterial strains produce microcystin-LR (MC-LR). Additionally MC-LR 

production was assessed by one Oscillatoria strain under different environmental 

conditions.  
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Introduction 
 
 Coral diseases are one of the major factors contributing to the recent decline of 

coral cover and diversity (Hughes et al., 2003; Pandolfi et al., 2003). It has been 

suggested that approximately 30 different diseases affect corals worldwide (Green and 

Bruckner, 2000; Sutherland et al., 2004) of which 18 have been characterized to date 

(Sutherland et al., 2004). Black band disease is one of the major diseases affecting corals 

world wide (Carlton and Richardson, 1995). The disease appears as a horizontally 

migrating dark-colored band that ranges in width from 1mm to a few centimeters and 

migrates across the tissue of corals at a rate as fast as 1 cm per day killing healthy tissue 

and leaving behind dead skeletal surface (Antonius, 1981; Richardson, 1996; Richardson, 

1998). It has been characterized as a microbial mat dominated by phycoerythrin-rich, 

gliding, filamentous non-heterocystous cyanobacteria (Antonius, 1973; Rützler et al., 

1983; Taylor, 1983; Richardson et al., 1997; Richardson and Kuta, 2003). In addition to a 

spatially dominant cyanobacterial population this pathogenic microbial consortium 

(Richardson, 2004) contains sulfide-oxidizing bacteria of the genus Beggiatoa (Garrett 

and Ducklow, 1975; Ducklow and Mitchell, 1979), sulfate reducing bacteria (Cooney et 

al., 2002; Viehman et al., 2006 ), numerous heterotrophic bacteria  (Cooney at al., 2002; 

Frias-Lopez et al., 2002; Frias-Lopez et al., 2004; Sekar et al., 2006), and marine fungi 

(Ramos-Flores, 1983). 

The physiology of microbial mat and BBD microorganisms is complex and 

dynamic. Many mat cyanobacteria can switch between oxygenic and anoxygenic 

photosynthesis (Jörgensen et al., 1986) and between aerobic respiration and fermentation 

(Richardson and Castenholz, 1987). A study using oxygen and sulfide microelectrodes 
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revealed that the surface of the BBD mat is oxygenated while the base of the mat is 

anoxic and sulfide rich, with the presence of a vertically migrating oxygen/sulfide 

interface depending upon light intensity (Carlton and Richardson, 1995). The sulfide-rich 

condition within the band was shown to be a mechanism of BBD pathobiology 

(Richardson et al., 1997). Some cyanobacteria produce low molecular weight toxins that 

can kill fish and other animals during blooms (Codd et al., 1997). Recently, the 

Richardson/Gantar laboratory showed that cyanobacteria within BBD produce 

cyanotoxin, which along with anoxia and the sulfide-rich interior of black band 

contributes to the overall pathobiology of BBD (Richardson et al., 2007, 2009; Gantar et 

al., 2009).  

In the present study I investigated two recently isolated BBD cyanobacterial 

strains that belong to the genus Oscillatoria (strains 100-1 and 101-1). According to 

molecular studies of the microbial community of BBD, Oscillatoria has been identified 

as a consistent member in BBD samples from distant geographical regions (Frias-Lopez 

et al., 2003; Barneah et al. 2007; Myers et al. 2007).  

Materials and Methods 

 Experimental organisms 

My BBD samples were collected on reefs of St. Croix, US Virgin Islands, and of 

the Northern Florida Keys using sterile, needleless 10 ml syringes while SCUBA diving. 

Sample sites, host species, date of sampling, and sample designations referred to in this 

study are presented in Table 1. 

Cyanobacteria were isolated from BBD using the gliding method described by 

Castenholz (1988). The method involves point inoculation of ASNIII and/or BG11 
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(Rippka et al., 1979) agar plates with a BBD cyanobacterial sample. After 24 h a 

dissecting microscope (Motic SMZ-140, Grasonville, MD, USA) was used to locate 

cyanobacterial filaments that had glided out from the initial point of inoculation. 

Filaments were cut out of the agar using sterile watchmaker’s forceps and transferred to 

tubes containing 10 ml of liquid ASN III medium.  

 Laboratory cultures were maintained in ASNIII and marine BG11 liquid media at 

27°C and 30 μEm-2s-1 under 24 h of constant cool-white light regime (Philips, 

F34T12/CW/RS/EW). Cultures were transferred every three weeks to fresh culture 

media. 

Taxonomic identification of cyanobacterial isolates 

Taxonomic identification of BBD cyanobacterial isolates was based on PCR 

amplification and sequencing of the16S rRNA gene. The cyanobacteria specific primers 

CYA359F and CYA781R(b) (Nübel et al., 2007) were used for PCR amplification. 

Methods used for isolation of total genomic DNA, 16S rRNA gene amplification, and 

sequencing are detailed elsewhere (Myers et al., 2007). Sequences obtained in this study 

were manually edited using FinchTV version 1.4.0 (Geospiza, Seattle, WA, USA) and 

assembled using ContigExpress (Invitrogen, Carlsbad, CA, USA). For the identification 

of their closest relatives sequences were analyzed using the BLAST search 

(http://www.ncbi.nlm.nih.gov/BLAST/) (Altschul et al., 1990). 

Quantification of toxin production 

Toxins produced by each of the two cyanobacterial isolates were assayed using 

cell extracts and Enzyme Linked Immunosorbent Assay (ELISA) (Carmichael and An, 

1999). Microcystin-DM ELISA kits were purchased from Abraxis (Warminster, PA, 
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USA). The ELISA kit is a congener independent assay for microcystins and nodularins 

(Fisher et al., 2001) and cannot distinguish between these two toxins or between 

microcystin variants. Toxin concentrations were calculated as micrograms of 

microcystin-LR (MC-LR) equivalent in 1 g of dry cyanobacterial biomass. Purified MC-

LR was used as a standard. 

Sufficient biomass of the cyanobacterial test strains required for toxin analysis 

was obtained by growing cultures in 4 L flasks in ASNIII medium, with aeration with 

sterile air and continuous illumination with cool-white fluorescent light at 30 μE m-2 s-1. 

The cultures were grown for four weeks after which the biomass was harvested by 

centrifugation and freeze-dried. Cell extracts were prepared by extracting 100 mg of dry 

biomass in 10 ml of distilled water overnight at 4°C. After centrifugation, the supernatant 

was filtered through a membrane filter (0.45 μm pore size) and used for ELISA. 

Standards and samples were run in triplicates. 

Effect of environmental factors on toxin production 

 The effect of different environmental factors relevant to coral reefs on toxin 

production was tested using Oscillatoria sp. strain 101-1. This particular strain was 

selected because it produced more toxin than the other strain tested (Table 2). To obtain 

sufficient biomass the culture was grown in triplicate in 4 L flasks of ASNIII medium 

(Rippka et al., 1979) with aeration under cool-white fluorescent light at 27°C. The 

biomass was harvested after four weeks as described above, resuspended in 600 ml of 

ASNIII medium, and homogenized using a hand-held homogenizer for 30 s to get a 

uniform suspension of filaments. Inocula (50 ml) provided a starting biomass of 

approximately 0.5 mg ml−1 of dry weight.  In order to determine the effect of different 
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environmental factors on toxin production Oscillatoria strain 101-1 was grown at: (1) 

two different temperatures, 27°C (control) and 30°C; (2) in the presence of glucose and 

fructose in the light; (3) in the presence of glucose and fructose in the dark; (4) in 

anaerobic conditions in dark in the presence of Na2S with the addition of glucose and 

fructose; and (5) at three pH values (pH 5.5, pH 7.0 and pH 9.0). Solutions of glucose and 

fructose were filter sterilized and added to ASN III medium for a final concentration of 

10 mM. Anaerobic conditions were obtained by flushing the initial culture with a stream 

of 100% reagent grade N2 gas for 30 min. Flasks were sealed and Na2S·9H20 was injected 

through the septum for a final concentration of 0.5 mM. Cultures were maintained, if not 

stated otherwise, at 27˚C and 30 μEm-2s-1 under 24 h of constant cool-white light and pH 

8. Every second day the pH was checked and, if needed, adjusted using 10% HCl. For 

cultures grown at 30°C (±0.3°C) flasks were partially submerged in a temperature-

controlled aquarium. Temperature was monitored using a calibrated laboratory 

thermometer. A double layer of aluminum foil was used to wrap the cultures grown in the 

dark. All cultures were hand-shaken twice a day. 

After one week the cultures were centrifuged, the biomass freeze-dried, and the 

dry weight recorded.  The extracts for ELISA were prepared in the same way as 

described above. This experiment was repeated three times, in triplicate, and the data 

presented as the means of the three experiments. 

Toxin identification 

For toxin identification the biomass of cyanobacteria was obtained in the same 

way as described above. Cell extracts were prepared by extracting 5 g of dry biomass in 

500 ml of distilled water for 24 h (4˚C). Extracts were then centrifuged and filtered 
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through GF/F filters (Whatman, Maidstone, UK). Solid phase extraction was performed 

on a C-18 column (Alltech Associates Inc, Deerfield, Ill, USA), eluted with 70% 

methanol. The elute was then evaporated to dryness.  

      Ultra Performance Liquid Chromatography (UPLC®) was performed with a Waters 

Acquity LC-MS/MS system (Waters Corporation, MA, USA). Using a previously 

described method (Oehrle et al., in press) the analysis provides for separation of the 10 

cyanotoxins: anatoxin-a, cylindrospermopsin, nodularin, and seven MC congeners (RR, 

YR, LR, LA, LY, LW and LF). The MS/MS, equipped with a Tandom Quadrupole (TQ) 

detector (Waters), analyzes the various toxins via Multiple Reaction Monitoring( MRM), 

which monitors specific precursor and fragment ions (product ions) for each analyte. The 

mass spectrometer was operated in electrospray positive mode.   

      Analyte separation was achieved on an Acquity UPLC HSS T3 column (100 mm x 

2.1 mm, i.d., 1.8 µm particle size, 130 Å pore size, Waters Corporation) maintained at 

35ºC. A 12 min binary gradient was used employing a 0.1% formic acid (aqueous) and 

0.1% formic acid (acetonitrile) mobile phase at a flow rate of 0.45 ml/min. The acidified 

acetonitrile was initially run at 2% for 0.80 min and then increased to 70% over 9 min,  

washed with 80% acetonitrile for 1 min, and returned to 2% for 2 min prior to the next 

injection. Figure 1 shows the separation of a standard mix of all the compounds screened.  

The samples were prepared by taking approximately 0.02 g of material and dissolving it 

in 1 ml of methanol. This solution was than diluted 1:1 with high purity water, filtered 

and analyzed by UPLC/MS/MS. 

 

 

 63



Statistical analysis 

Statistical analyses were performed using the software SPSS version 11.0. The 

significance between different treatments (growth and MC production in different 

environmental conditions) was tested by one way ANOVA and Bonferroni multiple-

comparisons test. 

Results 

Experimental organisms 

  Cyanobacteria used in this study originated from samples of BBD collected at 

two different geographical regions in the wider Caribbean and from three different coral 

host species (Table 1). One of the Oscillatoria strains was the subject of previous 

research in related studies of BBD (see Table 1). The second Oscillatoria strain, 101-1, 

was newly isolated and identified based on morphological features, 16S rRNA gene 

sequencing, and a BLAST search within GenBank. 

Toxin production and identification 

 The results obtained by ELISA showed that cell extracts of both strains had 

measurable levels of toxicity (Table 2). The toxin content per cyanobacterial biomass 

varied between 0.17 and 0.27 μg MC g-1 and was found to be the highest for Oscillatoria 

strain 101-1. 

       Identification of MCs carried out by UPLC-MS/MS analysis showed that both 

cyanobacterial strains produced the MC-LR variant. A representative separation of a 

standard of all of the screened toxins is shown in Figure 1. In this figure, each individual 

trace was stacked to enable comparison of peaks. The separation and screening for all 10 

toxins was accomplished in a single 12 minute run. A representative MC-LR peak 
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separation, for Oscillatoria strain 101-1, is shown in Figure 2. The other cyanotoxins 

separated by the UPLC-MS/MS assay, specifically anatoxin-a, nodularin, 

cylindrospermopsin, and the MC congeners RR, LA, LY, LW and LF, were not detected. 

Growth and toxin production under different environmental conditions 

The effect of environmental factors on toxin production and growth was tested in 

Oscillatoria strain 101-1 (Figure 3). A significantly higher biomass yield was obtained in 

the presence of fructose and glucose under light conditions (P < 0.02), while cultivation 

in darkness, in media supplemented with either glucose or fructose undere both aerobic 

and anaerobic conditions caused bleaching and lysis of the culture. Microcystin 

production was not significantly affected by the different environmental conditions, 

except for those in darkness, which showed a lower level of MC per unit biomass.  

Discussion 

Previous work showed that cyanobacteria from BBD belonging to the genera 

Leptolyngbya, Geitlerinema, and Spirulina, are capable of producing cyanotoxins 

(Richardson et al., 2007; Gantar et al., 2009), and Richardson et al. (2007) have detected 

cyanotoxins in BBD field samples. Richardson et al. (2009) have also shown that 

exposure of healthy coral fragments to purified MC-LR results in tissue lysis and death.  

Here I add to the previous work on cyanotoxin production in BBD cyanobacteria by 

further investigation of two isolates of the apparently ubiquitous BBD cyanobacterium 

Oscillatoria sp. I believe that these isolates deserve special attention because (i) the 16S 

rRNA sequence corresponding to this Oscillatoria appears to be a consistent member of 

BBD consortia on reefs world-wide (Frias-Lopez et al., 2003; Barneah et al. 2007; Myers 

et al., 2007) and (ii) because I have shown that these isolates (Oscillatoria 100-1 and 

 65



101-1) are capable of initiating an infection in coral fragments in controlled laboratory 

conditions (Chapter IV).   

This study showed that the two strains of Oscillatoria produce MC-LR. These 

findings are in agreement with earlier work in which it was found, using HPLC/MS, that 

cultures of the BBD Geitlerinema 1991 strain and another strain, BBD Leptolyngbya, 

produced MC-LR (Richardson et al., 2007).  In this study field samples of BBD collected 

from reefs of the Northern Florida Keys and Lee Stocking Island, Bahamas, were also 

assayed using HPLC/MS. Microcystins was present in 22 field samples from nine reefs in 

these two regions, with different variants detected - specifically, -LA, -LF, -LY, -LW, -

RR and -LR in the Bahamas samples and -LY in the Florida samples (Richardson et al., 

2007).  In the Bahamas samples, in addition to the three host coral species associated 

with the present study (Siderastrea siderea, Montastraea annularis and Diploria 

strigosa) BBD from Colphophyllia natans was assayed. In contrast to the present study, 

in which the two isolates from the Florida Keys were from BBD on the coral hosts 

Siderastrea siderea and Diploria strigosa, the previous study utilized BBD from a 

different host, Meandrina meandrites. Therefore the detection of more variants in the 

previous study could be influenced in part by different coral host species. It is known that 

individual strains of cyanobacteria can synthesize different variants of microcystin, and 

that the environment can determine which variants are expressed (see, for example, Lee 

et al., 2000).  Therefore, even though to date only two variants have been detected (MC-

LR and MC-LY) in five laboratory cultures of BBD cyanobacteria (Geitlerinema, 

Leptolyngbya and Oscillatoria) there very well may be an environmental signal within 
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the BBD microenvironment that induces BBD cyanobacteria to synthesize additional 

variants. 

Microcystins are the most common type of toxin produced by cyanobacteria 

(Chorus and Bartram, 1999). Microcystins comprise a group of over 80 structural variants 

of cyclic heptapeptides (Dietrich and Hoeger, 2005). The most toxic and most studied 

microcystin variant is MC-LR. This is a known hepatotoxin that in vertebrates 

specifically affects liver cells. The most apparent effect in hepatocytes is morphological 

transformation of microtubules (Falconer and Yeung, 1992.), a process that is initiated 

through inhibition of the protein phosphatases PP1 and PP2A (Lankoff et al., 2003). 

Oxidative stress has also been shown to play role in MC induced cytotoxicity (Moreno et 

al., 2005). It has been observed that MC induces DNA oxidative damage (Žegura et al., 

2003) and that sublethal doses of MC-LR can result in hepatocellular apoptosis (Guzman 

and Solter, 2002). A considerable amount of information is available on the effects of 

microcystin on human and vertebrate hepatocytes, however little is known about its effect 

on invertebrate organisms.  

Recently, Richardson et al. (2009) demonstrated that when apparently healthy 

coral fragments were exposed to purified MC-LR there was a degradation of the 

structural integrity of the coral epidermis and gastrodermis together with extrusion of 

zooxanthellae from their normal location in the gastrodermis (Richardson et al., 2009).  

These effects were enhanced during co-exposure of coral fragments to both MC-LR and 

sulfide. These experiments confirmed earlier hypothesis that cyanotoxins produced by 

cyanobacteria within BBD, along with the anoxic and sulfide-rich BBD 

microenvironment, contribute to BBD pathobiology (Richardson et al., 2009).  

 67

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yeung%20DS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract


Microcystin may play an additional role in BBD etiology. Purified MC-LR not only 

affects coral tissue, but the growth of heterotrophic bacteria isolated from BBD was 

relatively more stimulated by MC-LR than growth of bacteria that were isolated from the 

surface mucopolysacchride layer of healthy corals (Richardson et al., 2009). Thus 

microcystin may play a role in structuring the complex polymicrobial composition of 

BBD. 

Cyanobacteria, together with the other members of the BBD microbial 

community, are subjected to widely varying environmental conditions within the BBD 

microbial mat (Carlton and Richardson 1995). Since it is known that cyanotoxin 

production can be affected by various environmental factors such as light (Wiedner et al., 

2003), temperature (Van der Westhuizen and Eloff, 1985), and nutrients (Lee et al., 

2000), I assessed the effect of some environmental conditions that can be associated with 

the BBD environment on toxin production. These experiments revealed that the growth 

of Oscillatoria strain 101-1 was significantly higher in light conditions when the medium 

was supplemented with glucose and fructose, which agrees with our previous findings for 

BBD strains belonging to the genera Leptolyngbya and Geitlerinema (Gantar et al., 

2009). However, there was no growth in darkness, and bleaching and lysis of the culture 

was observed under these conditions. This is contrary to what was found for Geitlerinema 

and Leptolyngbya in a previous study (Gantar et al., 2009) in which these two strains 

showed the ability to grow both mixotrophycally and heterotrophically. Therefore, BBD 

Oscillatoria may not be able to take advantage of the organic carbon liberated during 

coral tissue lysis associated with BBD.  
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Table 1. BBD cyanobacterial isolates investigated in this study. Taxonomic identification 

was based on 16S rRNA gene sequencing.  

Strain 
designation 

Source (host coral, 
reef, region and 
sample date) 

GenBank accession no. 
with reference 

Closest relative in 
GenBank (GenBank accession 
no) 

100-1 BBD on Siderastrea 
siderea,  
St. Croix, U.S. 
Virgin Islands, 
6/2007 

HM048872 
(This work) 

Oscillatoria sp.1 

Pseudoscillatoria coralii 2 

BgP10_4S (FJ210722.2) 

101-1 BBD on  
Diploria strigosa, 
St. Croix, U.S. 
Virgin Islands, 
6/2007 

EU743965.1 
(Myers and Richardson, 
2009) 

Oscillatoria sp.1 

Pseudoscillatoria coralii 2 

BgP10_4S (FJ210722.2) 

 

1 Strains 100-1 and 101-1 were close matches (97-100% sequence homology) to multiple 

black band disease cyanobacterial strains deposited as “uncultured cyanobacteria” in 

GenBank and identified as most closely related to Oscillatoria by phylogenetic analysis 

(Sekar et al., 2009). References to studies that detected this sequence include Frias- 

Lopez et al., 2003; Sussman et al., 2006; Barneah et al., 2007; Myers et al., 2007 and 

Sekar et al., 2008, 2009. 

 
2 This newly proposed cyanobacterial species was isolated from black band disease in the 

Red Sea (Rasoulouniriana et al., 2009). The 16S rRNA gene sequence is, by GenBank 

BLAST, 99% similar to four strains deposited as “uncultured cyanobacteria” and shown 

to be most closely related to Oscillatoria by phylogenetic analysis (GenBank accession 

numbers referenced to Sekar et al. 2008, 2009)
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Table 2. Mean microcystin-LR equivalents produced in BBD cyanobacterial cultures 

based on cell extracts and ELISA. Experiments were run in triplicate and repeated three 

times.   

Isolate ELISA 
(μg MC-equivalent g-1) 

References 

Oscillatoria 100-1 0.17 ± 0.009 This work 

Oscillatoria 101-1 0.27 ± 0.009 This work 
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Figure 1. UPLC-MS/MS separation of a standard mix of cyanotoxins of interest. Peak 

identifications: (1) cylindrospermopsin, (2) anatoxin-a, (3) MC-RR, (4) nodularin, (5) 

MC-YR, (6) MC-LR, (7) MC-LA, (8) MC-LY, (9) MC-LW, and (10) MC-LF. 
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Figure 2. UPLC-MS/MS trace analysis of a cell extract of Oscillatoria strain 101-1 (B) 

showing a positive identification of MC-LR as compared to a standard (A) of purified 

MC-LR. 995>135 is the mass transition for MC-LR. 
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Figure 3. Effect of environmental factors on growth (bars) and production of MC- 

equivalent (filled circles) by Oscillatoria strain 101-1. Statistical significance is indicated 

by * (biomass). Microcystin production was not significantly different for any culture 

condition. 
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