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ABSTRACT 24 

Cyanobacterial blooms are a major water quality issue and potential public health risk in 25 

freshwater, marine and estuarine ecosystems globally, because of their potential to produce 26 

cyanotoxins. To date, a significant challenge in the effective management of cyanobacterial 27 

blooms has been an inability of classical microscopy-based approaches to consistently and 28 

reliably detect and differentiate toxic from non-toxic blooms. The potential of cyanobacteria to 29 

produce toxins has been linked to the presence of specific biosynthetic gene clusters. Here, we 30 

describe the applicatioon of a robotic PCR-based assay for the semi-automated and 31 

simultaneous detection of toxin biosynthesis genes of each of the toxin classes characterized to 32 

date for cyanobacteria [i.e., microcystins (MCYs), nodularins (NODs), cylindrospermopsins 33 

(CYNs) and paralytic shellfish toxins (PSTs)/saxitoxins (SXTs)]. We demonstrated high 34 

sensitivity and specificity for each assay using well-characterized, cultured isolates, and 35 

establish its utility as a quantitative PCR using DNA, clone and cell-based dilution series. In 36 

addition, we used 206 field-collected samples and 100 known negative controls to compare the 37 

performance of each assay with conventional PCR and direct toxin detection. We report a 38 

diagnostic specificity of 100% and a sensitivity of ≥ 97.7% for each assay. 39 

 40 
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1. Introduction 47 

Cyanobacteria ('blue-green algae') are amongst the oldest, most abundant and widely 48 

distributed forms of life on the planet. These bacteria provide a basis for many of the world's 49 

aquatic ecosystems [1], and are one of the world's major carbon-sinks and oxygen producers 50 

[2]. However, in drinking or recreational waters, particularly during warmer months of the 51 

year, high-density cyanobacterial populations (i.e., blooms) may represent a significant threat 52 

to water quality and/or environmental health [3], can illicit allergic dermatitis [4,5] and affect 53 

taste/palatability of the water [6]. Most significantly, many cyanobacteria species produce 54 

small molecules, including cyclic peptides [e.g., nodularins (NODs) and microcystins (MCYs)] 55 

and alkaloids [e.g., cylindrospermopsins (CYNs) and paralytic shellfish toxins (PSTs), such as, 56 

saxitoxin (SXTs)], that are potent neuro-, cyto- and/or hepatotoxins in vertebrates and represent 57 

a significant risk to animal and public health [3,7,8].  58 

 Currently, a range of methods exist for the detection of toxic cyanobacteria in water. 59 

These include immunological, microscopical and DNA-based approaches. Various 60 

immunoassays allow the direct detection of cyanotoxins in water samples [9]; however, 61 

although often easy to use, such methods have limitations, both with respect to sensitivity 62 

(false-negatives) and specificity (cross-reactivity and false-positives) [10]. Although more 63 

sensitive and specific chromatography and mass spectrometry approaches are available [9], 64 

they can be costly and time-consuming for routine use. The primary tool used to determine the 65 

level of risk for cyanotoxin production is routine water surveillance and the identification of 66 

potentially toxigenic cyanobacterial species by light microscopy [11]. Although this allows 67 

taxonomic identification, toxigenicity cannot be assessed based on morphological observation 68 

alone [12]. 69 

 The ability to produce cyanotoxins has been demonstrated to relate to specific 70 

biosynthetic pathways encoded by complex gene operons, which have been characterized for 71 
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the major toxins [13]. Various PCR assays have been developed to detect toxigenic 72 

cyanobacterial blooms [13,14]. The advantage of these approaches is that they are low-cost and 73 

highly sensitive, and when coupled to mutation scanning tools and/or direct DNA sequencing, 74 

can allow assessment of the toxigenic potential of a cyanobacterial bloom. A limitation is that 75 

numerous, highly distinct toxigenic species can occur in the same geographical region or 76 

bloom [15-17]. Therefore, samples must be assessed using multiple distinct PCR assays, often 77 

using different cycling conditions. Multiplexed PCR, wherein multiple primer pairs are used to 78 

target and amplify distinct loci simultaneously in a single reaction, has been pursued as a 79 

method to improve the efficiency of PCR-based detection of toxigenic cyanobacteria [18-20]. 80 

Although effective, competition among primer pairs in multiplexed reactions often presents a 81 

significant technical challenge and differentiation/quantification of each amplicon relies on the 82 

use of target-specific (e.g., Taqman) probes, each labeled with a distinct fluorochrome, and, 83 

thus, multi-channel thermocyclers increasing the costs of such methods. Furthermore, each of 84 

the multiplex-PCR assays currently available for toxigenic cyanobacteria target a subset of 85 

taxa/toxin producers [18-20], and each has distinct running conditions. Their combination into 86 

a single assay has not yet been achieved. 87 

 Multiplexed-tandem PCR (MT-PCR) overcomes many of the limitations associated 88 

with standard PCR diagnostic methods [21]. This approach uses a primary ‘target enrichment’ 89 

phase, consisting of a 10-20 PCR cycles conducted in multiplex, followed by a parallelized 90 

analytical amplification phase, with nested primer pairs specific to each assay run in tandem. 91 

Because the multiplexed stage of the PCR is terminated prior to exponential amplification, 92 

competition among primer sets is minimized and quantitative capacity is maintained [21]. 93 

When coupled to a final melting-curve analysis, the entire process is conducted remotely using 94 

a liquid handling robot and real-time PCR thermocycler, allowing semi-automated processing 95 

and detection, identification and quantification in a single channel thermocycler using a 96 
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standard fluorogenic dye (e.g., SYTO-9) [21]. In the present study, we assessed an MT-PCR 97 

assay for the rapid, automated detection of toxigenic cyanobacteria from blooms able to 98 

produce each of the major known classes of cyanotoxins (MCYs, NODs, CYNs and/or PSTs), 99 

and established its diagnostic sensitivity and specificity relative to conventional PCR and direct 100 

toxin detection. 101 

 102 

2. Materials and methods 103 

 104 

2.1. Sample collection and preparation 105 

 106 

In total, 206 samples representing natural cyanobacterial bloom events and/or routine 107 

monitoring were collected as 1 l surface-water 'grabs' from fresh and/or estuarine waters 108 

representing recreational sources across Victoria (n = 185) and Queensland (n = 21), Australia, 109 

from September 2010 to August 2012. A 'bloom event' was defined as an occurrence where 110 

cyanobacterial volume exceeded an estimated 10 mm3/l (~1000 cells/ml) based on 111 

phycocyanin-specific fluorescence [23,24]. In addition, we tested 100 'cyanobacteria-free' 112 

samples represented by reverse osmosis purified, deionized water (H2O) (Millipore). 50 ml of 113 

each sample (bloom and/or water) was pelleted by centrifugation at 3,600×g for 10 min and its 114 

genomic DNA extracted by PowerBioFilm kit (MoBio Laboratories Inc., USA) according to 115 

the manufacturer's instructions using a Powerlyzer 24 tissue homogenizer (MoBio) shaking at 116 

5,000 rpm for 90 s; each genomic DNA sample was eluted into 100 ul H2O and frozen at -20 117 

°C until further use.  118 

 119 

2.2. Genomic DNA extraction 120 

 121 
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Genomic DNA was extracted from a range of single-strain toxic and non-toxic 122 

cyanobacterial cultures (Table 1), with toxicity (i.e., production of anatoxins, 123 

cylindrospermopsin/deoxycylindrospermopsin, microcystins, nodularin or saxitoxins) assessed 124 

as per [25]. Additional non-cyanobacterial heterologous controls representing common aquatic 125 

microorganisms were collected, and genomic controls were prepared from these using a 126 

standard commercial extraction kit (Wizard DNA Preps column, Promega). The amounts of 127 

genomic DNA were determined by spectrophotometric absorbance (230nm/260nm) using a 128 

NanoDropTM 1000 Spectrophotometer (Thermo Scientific). 129 

 130 

2.3. Target and primer selection, and assay design 131 

 132 

Published sequence data for the 16S rRNA, mcyE, ndaF, cyrC and sxtI genes of species 133 

of cyanobacteria were obtained from GenBank (accessible via www.ncbi.nlm.nih.gov). For 134 

each gene, multiple alignments of all available sequences for each targeted gene were 135 

conducted, conserved regions identified and several primer sites located using the program 136 

Primer3 [26]. Each candidate primer pair was assessed against each positive, negative (i.e. non-137 

toxigenic cyanobacteria) and heterologous control genomic DNA, and all amplicons were 138 

assessed by 2100 BioAnalzyer (Agilent), purified by exoSAP-IT® shrimp alkaline phosphatase 139 

(Affymetrix) digestion according to manufacturer’s protocol and analysed by single-strand 140 

conformation polymorphism (SSCP) coupled sequencing (Protocol B) [27]. Chromatograms 141 

representing each sequencing reaction were viewed and assessed for quality, and identified by 142 

BLASTn comparison with data in the non-redundant sequence database (NCBI). Based on this 143 

approach, assays were designed for (i) the mcyE gene, specific for microcystin-producing 144 

Microcystis species; (ii) the mcyE/ndaF gene, specific to microcystin-producing Anabaena or 145 

nodularin-producing in Nodularia; (iii) the pks domain of the cyrC gene, specific to 146 
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cylindrospermopsin-producing Cylindrospermopsis raciborskii and other CYN producers, and 147 

(iv) the sxtI gene, specific to producers of saxitoxin and other PSTs. Using a similar approach, 148 

we also designed a general cyanobacteria assay targeting the 16S rRNA gene. 149 

 150 

2.4. Assessment of specificity and sensitivity using well-characterized control samples 151 

 152 

The presence of genes involved in the synthesis of cyanotoxins was assessed using the 153 

AusDiagnostics Cyanobacteria EasyPlex Kit (Cat. No. 3723 v.4) and the Gene-Plex robotic 154 

platform (a modified Qiagen liquid-handling robot). The EasyPlex kit uses primers for four 155 

cyanotoxin-genes (mcyE, mcyE/ndaF, cyrC and sxtI) and a ‘pan-cyanobacteria’ 16S rRNA 156 

gene. The multiplexed (15 cycles) and tandem (35 cycles) phases of PCR were conducted 157 

according to the manufacturer's instructions, using 5 µl each of genomic DNA, with each phase 158 

of PCR conducted in the Gene-Plex platform and a Rotor-Gene Q (Qiagen) real-time PCR 159 

thermocycler, respectively. To serve as an inhibition and quantification standard control [21] 160 

during the tandem PCR phase, 10,000 copies of a synthesized oligonucleotide template were 161 

added to each sample and amplified using 'spike-specific' PCR primers. High-resolution DNA 162 

melting-curve analysis [21] was performed upon completion of the PCR process. A sample was 163 

recorded as test-positive if the amplicon produced a single melting-curve consistent with the 164 

homologous (i.e., defined positive) controls for each assay. Starting template copy number (i.e., 165 

quantity) was estimated using the Rotor-Gene Q series software v.1.7, comparing the cycle 166 

threshold (Ct) values recorded for each test-positive sample with the Ct data determined for the 167 

10,000 copy spike-control for that sample [21]. Samples that showed signs of inhibition (i.e., 168 

having a Ct value > 25 for the spike control assay) or over-concentration (i.e., having a sample 169 

Ct value < 15) were diluted 50-fold in dH2O prior to re-testing. Following melting-curve 170 

analysis, to assess reaction specificity, each amplicon was unequivocally identified by SSCP 171 
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analysis, and DNA sequencing of selected amplicons via cloning, as described above. In 172 

addition, to assess detection sensitivity (i.e., the lowest DNA concentration at which a positive 173 

amplicon can be produced), we conducted serial (100-fold) dilutions of genomic DNAs (10 ng 174 

each) extracted from toxigenic Microcystis (microcystin), Anabaena (PSTs and microcystin), 175 

Nodularia (nodularin) and Cylindrospermopsis (cylindrospermopsin) until no amplicon was 176 

produced by MT-PCR.  177 

 178 

2.5. Assessing quantitative potential of each MT-PCR toxin-producing gene assay 179 

 180 

The quantitative capacity of each MT-PCR assay for each toxin-producing gene was 181 

assessed in triplicate using a series of dilution standard control experiments consisting of: (a) 182 

genomic DNA extracted from control cyanobacteria cultures of known toxigenicity diluted in 183 

H2O at 1:1 (~10 ng), 1:2 (~5 ng), 1:4 (~2.5 ng), 1:8 (~1 ng), 1:16 (~0.5 ng) and 1:32 (~0.25 184 

ng); cellular dilutions in (b) H2O and (c) an environmental (i.e. cyanobacterial bloom) sample 185 

determined previously to be cyanotoxin-gene negative by MT-PCR and conventional PCR, 186 

representing ~5×106, ~2.5×106, ~1.25×106, ~625,000, ~312,500 and ~156,250 cells of 187 

microcystin-producing Microcystis, cylindrospermopsin-producing Cylindrospermopsis, 188 

saxitoxin-producing Anabaena and nodularin-producing Nodularia; and (d) plasmid 189 

preparations representing 1×109, 1×108, 1×107 and 1×106 gene copies of cloned amplicon 190 

produced from characterized cultures of known toxigenicity.  191 

 For these experiments and in all instances where the extraction of genomic DNA was 192 

required, we used the PowerBioFilm kit (MoBio). To limit aggregation ('clumping') for each 193 

cellular dilution series, ~1×108 cells representing control cyanobacteria cultures, were re-194 

suspended in 25% v/v glycerol in sterile 0.5%w/v phosphate-buffered saline in a 5 ml glass 195 

cavity block, and the suspension gently agitated for 10 min. Following this process, the cell 196 
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density of each suspension was estimated in a haemocytometer using a compound light 197 

microscope. For the plasmid dilution series controls, amplicons from each target gene were 198 

produced using published protocols for mcyE [28,29], the pks domain of cyrC [18], the ndaF 199 

[30], sxtI [31] and the 16S rRNA gene for all cyanobacteria [32], then cloned into a plasmid 200 

vector (pGEM-T-Easy, Promega) and treated with exoSAP. Each plasmid preparation was 201 

assessed by spectrophotometry, and the number of plasmid copies per µl determined using a 202 

standard calculation, considering the size of the plasmid and the partial gene insert [number of 203 

copies = (mass (ng) × 6.022×1023)/(length × 1×109 × 650)]. Following preparation of these 204 

dilution control series, 2 µl of each dilution series were assessed by MT-PCR, and the resultant 205 

'gene-copy' estimates for each sample (in comparison with the internal spike control in MT-206 

PCR) were plotted; the concentration/plasmid copy/cell count data were correlated using 207 

Microsoft Excel 2007. 208 

 209 

2.6. Determination of diagnostic sensitivity and specificity 210 

 211 

To evaluate the diagnostic sensitivity and specificity of this method, we compared it 212 

performance (for 206 field-collected samples and 100 known negative dH2O controls) with 213 

conventional PCR and direct toxin (micocystin/nodularin dipstick, cylindrospermopsin and 214 

saxitoxin ELISA) detection. Conventional PCR was conducted using the same protocols for 215 

each toxin-gene as for the plasmid control series described [18,28-32]. Positive controls 216 

(genomic DNA representing cyanobacteria cultures of known toxigenicity) and negative (H2O) 217 

were included with each MT- and/or conventional PCR reaction. Following amplification, 5 µl 218 

of each amplicon were loaded on to 2% w/v agarose gels, alongside a 100 bp DNA ladder 219 

(Promega), submerged in 0.5× Tris-Borate-EDTA buffer, subjected to conventional 220 

electrophoresis at 100 V for 30 min, stained with ethidium bromide and documented on a Gel 221 
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DocTM XR+ system (BioRad). Five µl of each amplicon assessed to be represented by clearly 222 

defined bands of the estimated size for each target gene were purified by ExoSAP and assessed 223 

by SSCP-sequencing. In no instance did we observe a failure of amplification in the positive 224 

controls or any detectable amplification in any negative control. Detectable production of 225 

microcystins/nodularins was assessed for each sample using Abraxis kits (Abraxis, USA): 226 

micocystin/nodularin toxin test strips, saxitoxin (PSTs) and cylindrospermopsin ELISA 227 

microtitre plates according to the manufacturer’s protocol. ELISA results were assayed on a 228 

SynergyTM hybrid multi-mode microplate reader and evaluated using the program Gen5 2.0 229 

(BioTek, USA). 230 

 Although microscopic examination is the most commonly used method for the 231 

detection and identification of cyanobacteria blooms, it is not directly informative for the 232 

potential to produce cyanotoxins. Thus, DNA sequence corresponding to the diagnostic locus 233 

for each toxin-gene cluster was considered as the 'gold standard' for the assessment of false-234 

positive and false-negative results. Based on these criteria, diagnostic specificity (including 235 

false-positive rates) and sensitivity (including false-negative rates) were assessed as suitable for 236 

each MT-PCR assay as per [33]. Toxin detection assays were employed to estimate the 237 

frequency of false negative results in MT-PCR or conventional PCR results only.  238 

 239 

3. Results 240 

 241 

3.1. Assessment of MT-PCR specificity, sensitivity and quantitative potential  242 

 243 

During the initial assessment of each MT-PCR assay, we determined the detection 244 

sensitivity and specificity of each assay against characterized toxigenic and non-toxigenic 245 

cyanobacteria cultures (see Table 1). In addition, each assay was tested against a panel of 246 
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genomic DNAs representing common non-cyanobacterial microorganisms common to aquatic 247 

ecosystems (see Table 1). All positive controls were shown to amplify as expected, and the 248 

sequencing of each amplicon from each assay demonstrated 100% sequence identity with 249 

homologous reference sequences. There was no amplification from any of the toxin-gene 250 

assays for the non-toxigenic cyanobacteria cultures or heterologous controls. In the pan-251 

cyanobacterial 16S rRNA gene assay, amplification was associated with the Euglena 252 

heterologous control; the amplicon was sequenced and found to represent the 16S rRNA region 253 

of the Euglena chloroplast.  254 

 Following assessment of detection specificity, we determined the detection sensitivity 255 

and quantification potential for each assay for each toxin-gene. Because of the known, highly 256 

variable copy number of ribosomal subunits, we did not assess the quantitative capacity of the 257 

'pan-cyano' assay. Based on limiting dilution of control DNA in H2O (below detection 258 

threshold by MT-PCR) for each assay, we determined the lower 'non-quantitative' detection 259 

sensitivity for each assay at < 0.1 pg (equivalent to ~ 1 cell). The quantitative potential of each 260 

assay was assessed (in triplicate) against dilution standard control series, representing (a) 261 

diluted genomic DNA; (b) cellular dilutions in H2O; (c) cellular dilutions in a known toxigenic 262 

cyanobacteria-free environmental isolate, and (d) serial dilutions prepared for cloned plasmid 263 

preparations (see Table 2). The correlation coefficients, comparing the gene-copy estimates 264 

relative to the control series, ranged from 0.92 (cells in H2O) to 0.99 (plasmid series) for 265 

'Microcystis-like' mcyE, 0.91 (cells in H2O) to 1.00 (DNA series) for 'Anabaena-like' 266 

mcyE/ndaF, 0.84 (cells in H2O) to 1.00 (DNA series) for pks and 0.95 (cells in H2O) to 0.1.00 267 

(DNA and plasmid series) for sxtI. For quantitative purposes, using the genomic DNA dilution 268 

control series (i.e., series "a" above), the lowest threshold assessed was ~250 pg (equivalent ~ 269 

100 cells).  270 

 271 
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3.2. Evaluation diagnostic specificity and sensitivity in field samples 272 

 273 

Following the assessment of each MT-PCR assay using characterized cyanobacteria 274 

controls and/or common heterologous aquatic micro-organisms, we evaluated the performance 275 

of this method using 206 naturally-occurring bloom samples (with a cyanobacteria cellular 276 

biomass of > 1000 cells/ml), as well as 100 'cyanobacteria-free' H2O samples. Of the 206 277 

bloom samples, 144 (70%) were positive for the 'Microcystis-like' mcyE gene, 105 (51%) for 278 

mcyE/ndaF genes specific to Anabaena/Nodularia, 94 (46%) for the pks domain of the cyrC 279 

gene and 133 (65%) for the sxtI gene (see Table 3). For 15 samples (7%), there was no 280 

evidence for any of the toxigenic gene clusters targeted. Based on comparisons of the Ct values 281 

for the internal quantitative spike-control, the gene-copy estimates/ml (original sample) for the 282 

environmental samples ranged from 2 to 2.84×106 (median: 1,131), 1 to 2.18×105 (median: 283 

119), 1 to 4.7×105 (median: 136) and 1 to 5.0×105 (median: 59) for the Microcystis-like mcyE, 284 

mcyE/ndaF, pks and sxtI assays respectively. Gene-copy number per ml estimates ranging from 285 

9 to 1.1×107 (median: 88,667) were also calculated for the 'pan-cyano' assay. However, as 286 

mentioned, given the highly variable copy number of the 16S rRNA gene, this assay should be 287 

considered semi-quantitative only and may not have a direct 1:1 relationship with gene copy 288 

estimates for the toxin-gene assays. All amplicons were analysed by SSCP, producing 5, 1, 1 289 

and 2 distinct conformer profiles of the Microcystis-like mcyE, Anabaena-like mcyE/ndaF, pks 290 

and sxtI assays respectively (Fig. 1). Amplicons (n = 3) representative of each distinct SSCP 291 

profile for each MT-PCR assay were selected, cloned and sequenced (see Fig. 1). All 292 

sequences for representative amplicons selected following SSCP analysis were identified by 293 

comparative alignment to reference sequences for Microcystis sp. mcyE (GenBank accession 294 

number FJ393328; 96-100% identity), N. spumigena ndaF (AY817170; 100%), C. raciborskii 295 
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cyrC (AF170845; 100%) and A. circinalis sxtI (EU439565; 100%). There was no amplification 296 

in any of the MT-PCR assays for any of the 100 'known-negative' water control samples. 297 

 To assess the diagnostic sensitivity and specificity of these assays [33], we evaluated 298 

the performance of each assay relative to conventional, published PCR protocols and the direct 299 

detection of toxins in each sample based on commercially available immunodiagnostic assays. 300 

By conventional PCR, 85 (36%), 2 (1%), 26 (11%) and 19 (8%) samples were determined to be 301 

test-positive for the mcyE, ndaF, pks and sxtI respectively. By MT-PCR, these conventional 302 

test-positive samples related to toxic cyanobacteria genes present at a median copy number/ml 303 

of 7,059, 56,531, 11,370 and 304,709, respectively. All samples shown to be test-positive by 304 

conventional PCR were also test-positive by MT-PCR for the same toxin-gene type. Using 305 

immunodiagnostic approaches, we detected MCYs/NODs in 26, SXTs in 57, and CYNs in 40 306 

of the 206 field samples tested. For MCY/NOD test-positive samples, all but one were test-307 

positive by MT-PCR and all but five by conventional PCR. The lowest gene copy number 308 

corresponding to a sample containing detectable levels of MCY/NOD was estimated at 59, and 309 

the highest was 2.84×106 copies/ml. For SXT test-positive samples, all but four were test-310 

positive by MT-PCR, whereas only 3 (54 false-negatives) were positive by conventional PCR, 311 

with the lowest gene-copy number for sxtI estimated at 1 and the highest at 5.01×105 copies/ml. 312 

For CYN test-positive samples, all but one were test-positive by MT-PCR, whereas 31 of these 313 

samples yielded no amplicons by conventional PCR, and the lowest and highest gene copy 314 

estimates for pks for these samples was 4 and 4.70×105 copies/ml, respectively. Diagnostic 315 

specificity for each MT-PCR toxin-gene assay was determined based on DNA sequencing (of 316 

amplicons produced either by MT-PCR or conventional PCR) and sensitivity was determined 317 

based on failure to produce a positive MT-PCR for samples relating to a positive conventional 318 

PCR assay or direct toxin detection (Table 4). Based on these metrics, diagnostic specificity for 319 
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each toxin-gene assay was 100% and diagnostic sensitivity was 99.3% for Microcystin-like 320 

mcyE, 99.5% for Anabaena-like mcyE/ndaF, and 100% each for pks and sxtI. 321 

 322 

4. Discussion 323 

 324 

In the present study, we developed an MT-PCR based assay for the rapid, semi-325 

automated and simultaneous detection of toxigenic cyanobacteria blooms associated with the 326 

potential to produce MCYs, NODs, PST/SXTs and CYNs and critically evaluated this platform 327 

against existing conventional PCR protocols and direct detection of these toxins in water 328 

samples using commercially available immunodiagnostic methods. Evaluation of these assays 329 

against characterized control material representing known toxigenic and non-toxigenic 330 

cyanobacterial blooms as well as heterologous controls revealed no evidence for false-positive 331 

or false-negative test results. All amplicons were determined, by SSCP-mediated sequencing, 332 

to be consistent with the region of the gene targeted by each assay. By testing the assay against 333 

a range of dilution control standards, including genomic DNA in H2O and non-toxigenic field 334 

samples, cloned plasmids of known copy number, and cellular dilutions, we determined the 335 

sensitivity of the each MT-PCR assay to be < 0.1 pg of DNA (equivalent to ~ 1 cell). In 336 

addition, we demonstrated a correlation score of 0.84 to 1.00 (median 0.95)between the gene 337 

copy numbers estimated by the MT-PCR and a range of quantitative dilution series , providing 338 

support for the methods ability to quantify toxin-genes in a bloom sample. 339 

 The assessment of 206 field samples and 100 'negative' water samples by MT-PCR and 340 

the genetic identification of each amplicon produced by each assay found no evidence of false-341 

positive test results, indicating a diagnostic specificity for each assay of 100%. By comparison 342 

of these test results with the combined performance of conventional PCR protocols as well as 343 

direct toxin detection using commercially available immunodiagnostic techniques, we 344 
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established an estimated diagnostic sensitivity for these assays of at least 97.7%. This relates to 345 

an apparent false-negative MT-PCR result for one MCY/NOD producer, CYN producer, and 346 

four false-negative SXT producers.  347 

 There are four plausible explanations for the discrepancy between MT-PCR and direct 348 

toxin detection. First, it is possible that the immunodiagnostic results are false-positives, rather 349 

than the MT-PCR results being false-negatives. A recent detailed study of the Abraxis 350 

MCY/NOD dipstick assay used for the present study has suggested a false-positive rate of 6 out 351 

of 16 known negative samples (~40%) [10]. However, in the current study, each sample 352 

corresponding to a 'false-negative' MT-PCR result was retested both by MT-PCR and by 353 

immunodiagnostic methods and yielded a consistent result. We note that three and eight such 354 

'false-positive' results using the ELISA assays for SXT and CYN respectively, did not 355 

correspond to a positive MT-PCR test and did not yield a positive immunodiagnostic result 356 

upon subsequent retesting of each sample (data not shown). A second possible explanation is 357 

simply that the immunodiagnostic methods used had greater detection sensitivity than the MT-358 

PCR method. This is possible, however, given that we have shown here an ability to detect 359 

DNA from a single-cell equivalent of DNA, this seems unlikely. A third explanation is the 360 

presence in these samples of toxigenic bloom variants with gene sequences that are not 361 

compatible with the PCR primers designed for the current assays. Finally, a fourth explanation 362 

is that our PCR method failed to detect these samples simply because the cells relating to the 363 

toxin production had lysed prior to our receipt of the material and while residual levels of toxin 364 

were still detectable, the DNA corresponding to the toxigenic gene cluster was not. In the 365 

authors' opinion, these latter two explanations are the most likely. We note that all of the false-366 

negative results related to very faint positives based on immunodiagnosis and none of these 367 

samples were determined to contain known 'toxic' cyanobacteria based on subsequent 368 

microscopic examination (data not shown), suggesting the cells, if present, were at low levels 369 
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or have ruptured and their DNA degraded prior to testing. Given that cyanotoxins tend to be 370 

released in highest quantities upon cell lysis [34], this is certainly a possibility. 371 

 Based on the characterization of 206 field samples representing cyanobacteria blooms 372 

of at least 1000 cells/ml, we see that the most commonly encountered toxigenic blooms in 373 

Victoria, Australia over the two year sampling period were Microcystis-like MCY producers 374 

(70% of samples tested), followed by SXT producers (65%), NOD producers (51%) and CYN 375 

producers (46%) (Fig. 2A). Interestingly, although we tested 21 samples from Queensland, 94 376 

of the samples tested positive for toxigenic C. raciborskii, with 31 of the 40 samples positive 377 

for cylindrospermopsin based on ELISA coming from the Quiet Lakes region of Victoria, 378 

Australia. Historically, C. raciborskii has been considered a common water quality problem in 379 

sub-tropical regions of the world, including northern Queensland [15]. However, there is 380 

concern that this toxigen is expanding into southern regions of the country, mirroring the global 381 

situation for the expanding distribution of this species [35]. The finding of C. raciborskii as a 382 

relatively common member of the cyanobacterial bloom community in Victoria is a notable 383 

change in its distribution and worthy of further attention. It is likely that this southern shift 384 

reflects a high rainfall trend in much of Australia over the past three years. Prevalence data for 385 

these bacteria during drought periods may provide an interesting contrast. 386 

 Although the prevalence data suggest a fairly diverse bloom community in the samples 387 

tested, these numbers differ markedly from the abundance data based on gene copies/ml 388 

estimates from the MT-PCR assays (Fig. 2B). By abundance, the median gene copies/ml 389 

estimated for samples positive for each toxin-gene was nearly an order of magnitude higher for 390 

mcyE than for any of the other toxin-genes detected. Genomic data for each of these bacteria 391 

indicated that the toxin-gene clusters exist as single copies within the genome [36-38], however 392 

chromosome copy number may vary substantially during development and cell division in 393 

some cyanobacteria [39]. If one assumes the 'worst-case' scenario in terms of cell density 394 
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numbers and presumes one toxin-gene per cell, then only for 'Microcystis-like' mcyE do the 395 

majority of positive assay results approach a level recognized as a 'risk' category based on cell 396 

densities (i.e., 1,000 cells/ml). However, it should be noted that the 'safe' threshold for toxin-397 

gene copy numbers has not been assessed here or demonstrated elsewhere. As a rough 398 

estimation of the relative biomass represented by these bacteria based on the assumption of one 399 

toxin-gene per cell, 84% of all toxigenic cells (84% of all toxin-gene copies detected) would be 400 

attributed to 'Microcystis-like' MCY producers, and 4, 9 and 1% each to CYN, SXT and NOD 401 

producers, respectively. Although this estimation is only indicative, it does highlight the major 402 

importance of 'Microcystis-like' MCY producers in the waters sampled, and the importance of 403 

considering both the quantitative (i.e., gene copy number) as well as qualitative (i.e., presence 404 

vs absence) information provided by the MT-PCR. Of the 206 field samples tested, all were of 405 

a biomass level consistent with or exceeding a 'low-risk' (1000 cells/ml) for drinking water 406 

[24]. Based on MT-PCR testing, ~7% of these samples yielded no evidence of a cyanotoxin-407 

producing gene. In addition, assuming one toxin-gene copy per cell, 56% of samples tested 408 

were estimated to contain < 1000 toxigenic cells/ml, and 70% < 5,000 cells/ml, the 'low-risk' 409 

cell density threshold for recreational water [24]. These findings clearly demonstrate the utility 410 

that quantitative PCR-based approaches, such as that developed here, provide in supplementing 411 

existing bloom-monitoring strategies.  412 

 A logical extrapolation of these findings would be to establish a 'safe detection 413 

threshold' for gene numbers in water samples thus replacing the need for monitoring by 414 

classical (i.e., microscopy or chemical) methods. At this stage, we suggest that such an 415 

approach is premature and should be considered with caution. Firstly, the variation in toxin-416 

gene copy number between and among bloom/culture isolates has not been extensively 417 

assessed and thus cannot at present be equated to cell numbers directly. Indeed the current 418 

assay could assist in establishing the extent of this variation, through, for example, the 419 
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assessment of known cell numbers representing large numbers of characterized mono-culture 420 

bloom isolates of known toxigenicity. Secondly, there is no systematic study in the literature 421 

correlating gene copy number and toxin production and it cannot be assumed that there is a 422 

direct proportionate relationship between toxin-gene copy and the amount of toxin produced. It 423 

should be noted that the '1000 cell/ml' threshold for cyanobacterial blooms in drinking water is 424 

based on symptomatic information related to cell densities established by microscopy only 425 

[24]. It is not known what proportion of the cells comprising the blooms these thresholds are 426 

based on contained the toxin-gene clusters and there is no compelling reason to assume this 427 

would be 100%. For these reasons, we recommend a more circumspect approach wherein a 428 

bloom is assessed by conventional approaches to establish biomass density metrics and 429 

characterize the most abundant taxa and then tested by specific MT-PCR for the presence of 430 

toxin-genes. Such an approach would allow the results of both microscopy/chemical and MT-431 

PCR to be interpreted 'in context' until a more direct link between toxin-production, health risk 432 

and toxigenic gene copy numbers is established. 433 

 We note here, also, that in the present study the threshold for sample inclusion (i.e., 434 

exceeding cell densities of 1000 cells/ml) has limited our observations to highly abundant 435 

bloom samples. A future application would be to conduct routine monitoring of multiple water 436 

bodies in conjunction with microscopic observation and direct toxin detection using more 437 

sensitive and accurate approaches (chromatography and mass spectrometry). This approach 438 

would allow the monitoring of toxin-gene numbers and toxin levels even in 'low abundance' 439 

samples and may provide a much better dataset through which to establish a 'safe lower-level' 440 

for toxin-gene densities. Conducting such a temporal monitoring program in conjunction with 441 

the collection of extensive environmental/water quality information (temperature, pH, dO2, N, 442 

P) might also provide further insight into the factors which trigger bloom expansion and/or 443 

toxin production. Although such questions have long been a topic of research [40,41], the 444 
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application of sensitive and accurate detection methods specifically targeting toxigenic cells 445 

may provide a means of addressing this intractable problem. 446 

 447 
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Figure Legends and Tables: 571 

Fig. 1. Summary of each unique genetic profile generated for each toxin-gene assay by Single 572 

Strand Conformational Polymorphism based gel electrophoresis, including, from left to right, 573 

(lanes 1-5) Microcystis-like microcystin producers (mcyE), (lanes 7 and 8) saxitoxin producers 574 

(sxtI), (lane 10) cylindrospermopsin producers (pks) and (lane 12) nodularin producers (ndaF). 575 

 576 

Fig. 2. Relative diversity of toxigenic cyanobacteria in 206 field collected bloom samples (> 577 

1000 cells/ml) collected in Victoria and Queensland, Australia from September 2010 to August 578 

2012 based on a) prevalence by MT-PCR detection and b) toxigenic gene copy number by MT-579 

PCR estimation (i.e., abundance). 580 
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Table 1. Positive (toxigenic) and negative (non-toxigenic) cyanobacterial and heterologous 581 

(non-cyanobacterial) controls used to design eachMT-PCR assay for individual cyanotoxin-582 

gene detection 583 

Species ANA a CYNb MCYc NODd PSTse 

Cyanobacteria      
Anabaena circinalis CS-537 - - - - Y 
Anabaena circinalis FSS-160 - - - - - 
Anabaena circinalis FSS-124 - - - - Y 
Anabaena lemermannii - - - - - 
Anabaena planktonica - - - - - 
Anabaena sp. RMIT - - - - Y 
Aphanizomenon issatschenkoi Y - - - - 
Aphanizomenon ovalisporum FSS-103 - Y - - - 
Cylindrospermopsis raciborskii CS-510 - - - - - 
Cylindrospermopsis raciborskii FSS-127 - Y - - - 
Microcystis aeruginosa FSS-138 - - - - - 
Microcystis aeruginosa FSS-139 - - Y - - 
Microcystis aeruginosa RMIT - Y - - - 
Microcystis sp. - - Y - - 
Microcystis sp. - - Y - - 
Nostoc sp. - - - - - 
Nodularia spumigena - - - Y - 
Planktothrix sp. - - Y - - 
Phormidium autumnale Y - - - - 

Other organisms      
Ankistrodesmus sp. RMIT - - - - - 
Chlorella sp. RMIT - - - - - 
Euglena gracilis RMIT - - - - - 
Scenedesmus sp. RMIT - - - - - 

Y = cyanotoxin producer; "-" = non-cyanotoxin producer; aANA = anatoxin-a; bCYN = 584 
cylindrospermopsin/deoxy-cylindrospermopsin; cMCY = microcystins; dNOD = nodularin; ePSTs = paralytic 585 
shellfish toxins, including saxitoxin (STX), decarbamoylgonyautoxin 2,3 (GTX 2,3), gonyautoxin 5 (GTX5), 586 
decarbamoylsaxitoxin (DCSTX) 587 

 588 
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Table 2. Summary of the linear correlation coefficients (r2) calculated for each dilution series 589 

(extracted DNA in H2O, known cell quantities in H2O, known cell quantities in a known non-590 

toxigenic bloom sample and toxin-genes cloned into bacterial plasmids), with 1.00 representing 591 

perfect correlation. 592 

Assay DNA Cells in H2O 
Cells in 
bloom Plasmids 

mcyE 0.96 0.92a 0.94 a 0.99 
pks 1.00 0.84a 0.90 a 0.90 
sxtI 1.00 0.95a 0.97 a 1.00 
ndaF 1.00 0.91a 0.94 a 0.94 

aLog-linear correlation. 593 
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Table 3. A summary of the number of field blooms returning positive MT-PCR assay results 594 

for toxin-genes associated with Microcystis-like microcystin producers (mcyE), Anabaena-like 595 

microcystin producers or nodularin producers (mcyE/ndaF), cylindrospermopsin producers 596 

(pks) or saxitoxin producers (sxtI) and their abundance based on gene copy number estimates. 597 

Assay Positive Negative Prevalence 
Abundance (gene copies per 
ml): range (mean: median) 

mcyE 144 62 69.9 2-9.01×106 (1.28x105: 1,203) 
mcyE/ndaF 105 101 51.0 1-5.01×105 (16,280: 87) 
pks 94 112 45.6 1-9.53×105 (21,830: 159) 
sxtI 133 73 64.6 5-2.18×105 (2812: 128) 
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Table 4. Diagnostics sensitivity and specificity of each MT-PCR toxin-gene assay. 598 

  TRUE FALSE       

mcyE      
Positive 144 0  spec% 100 
Negative 162 1  sens% 99.3 

      
mcyE/ndaF     

Positive 105 0  spec% 100 
Negative 201 1  sens% 99.5 

      
pks      

Positive 94 0  spec% 100 
Negative 212 1  sens% 99.5 

      
sxtI      

Positive 133 0  spec% 100 
Negative 173 4   sens% 97.7 

  599 
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