
Presentation overview
• Overview of planktonic and benthic cyanobacteria and 

cyanotoxin biosynthesis  a strain level trait!
• Sample collection/processing for DNA based analyses
• Principles of commonly used molecular techniques

• Real-time quantitative polymerase chain reaction (QPCR)
• DNA barcoding/amplicon sequencing
• Shotgun metagenomics

• Examples of QPCR as part of a tiered monitoring framework
• Pros and cons of each approach



CyanoHABs are an increasingly common 
occurrence in many freshwater systems
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Benthic & periphytic CyanoHABs

Benthic Anabaena sp. – Eel River, CA        Benthic Phormidium sp. – New Zealand

McAllister et al., 2016.
Harmful Algae 55:282-294.

Bouma-Gregson et al., 2017.
Harmful Algae 66:79-87



Benthic cyanos in wadeable streams

Dominant taxa were Nostoc, 
Leptolyngbya, Anabaena and
Phormidium (2011-2013 yrs).

33% tested positive for MCs, 21%
for lyngbyatoxin, 7% STX, 3% ANTX

Definitive ID of toxin producers 
remains unresolved.

Authors suggest isolating and
culturing specimens to determine
their toxicity → instead, shotgun
metagenomics could be used

Fetscher et al. 2015

MCs (µg m-2)



Sample collection
• Collection approach varies by need
• Public health - collect scum from most 

impacted site
• Environmental - offshore, depth 

integrated (1-2 SD)
• Collect 0.5L in sterile glass or plastic 

bottles (PETG)
• Store on wet ice in the dark until 

processing
• Do not freeze liquid samples if microscopy 

or DNA analysis is desired
• Ideally collect samples at same time of 

day for uniformity due to diel migration 
patterns

Diel migration - Copco Reservoir



Triggers for classifying cyanobacteria 
impaired waterbodies in California

Saxitoxin should probably 
also be included



Potential toxins produced by common 
cyanobacterial genera

X



Different CyanoHAB taxa present different 
cyanotoxin risks



How does one best quantify health risks 
of transient blooms?

• Cells move vertically in water column and by wind/waves
• Population may be comprised of toxic and nontoxic strains
• Cells may produce varying amounts of toxin at different times

The key is to sample frequently and at many sites, 
but how can this be done cost effectively?



Dittmann et al., 2012

Biosynthetic assembly of microcystin



Structural organization of microcystin
operon in diverse cyanobacteria

Pearson and Neilan, 2008



Why incorporate molecular tools into 
CyanoHAB monitoring?

• Rapid results
• Scalability
• High sensitivity
• High specificity

• Target toxic cells
• Reproducible
• Non-subjective
• Lower cost
• Adaptable

Nontoxic 
1

Nontoxic 
2

Core
genome

Toxic 



• Toxicity is strain-specific! 
Only cells with toxin genes 
can produce toxin

• Cells with toxin genes tend to 
use them (i.e., expression 
stays turned on)

• QPCR is used to quantify 
cyanotoxin genes

• Because the majority of toxin 
occurs intracellularly, gene 
abundance correlates well 
with toxin concentration

QPCR “peers” into
a cell’s genome





Sample processing
• Concentrate water samples by vacuum filtration (< 8 psi) 

• record filtration volume → essential for accurate gene estimates
• Don’t freeze sample before filtering – it causes cell lysis

• Use sterile filtration rigs with glass fiber filters (0.7 or 1.2 um) or 
polyethersulfone (PES) membrane filters (0.2 or 0.45 um)

• Recommend 25 mm diameter instead of 47 mm filters
• Benthic scrapings can be centrifuged and decanted
• Store filters/pellets frozen (-20oC good, -80oC best)

• Frozen filters can be archived for years

Concentrate cells
Lyse cells Purify DNA



Design primers to match conserved regions of 
genes of interest, and if sequencing, choose 

sites that flank regions of heterogeneity

Source: http://www.naturemetrics.co.uk

C-phycocyanin gene sequences from Klamath River Microcystis sp. 

Otten et al., In prep

Forward primer

Reverse primer



Microcystis strain diversity Copco Reservoir

Otten & Dreher, In prep.



SF Delta – Mildred Island 2012



Phylogenetic Tree of SF Delta Microcystis sp.

Otten et al., 2017



Evidence for at least six microcystin-
producing strains in SF Delta

Otten et al., 2017

Amino acid translation of mcyB gene sequences



Overview of PCR-based tools
• Polymerase Chain Reaction (PCR) – the amplification of specific DNA sequences 

using complementary synthetic DNA molecules (primers)
• Sequence information is required in order to design assays
• Assays can be designed to be strain-specific or universal
• DNA barcodes (index sequence tags) can be added to primers enabling multiple 

samples to be sequenced simultaneously (high throughput)

• Real-Time Quantitative PCR (QPCR) – same concept as regular PCR, but includes a 
fluorescent dye or probe allowing for absolute quantification of gene copies when 
related to a standard curve

• Assumes gene copies/mL equivalent to cells/mL for single copy genes



QPCR as part of a tiered monitoring approach



Ploidy in cyanobacteria complicates the 
relationship between cells and gene copies

Griese et al., 2011



Molecular investigations of toxin-producing 
cyanobacteria in the Klamath River Estuary

Otten et al., 2015



Comparison of methods - Microcystins
vs QPCR (mcyE) estimates

Otten et al., 2015All samples were 0.5 m grab samples



Otten, in prep. 

Comparison of methods - Microcystis
cell counts vs QPCR estimates

Klamath River (2016)

DNA t1/2 in surface water is ~6 hours (Maruyama et al., 2014)





Long-term investigation of T&O issues in 
Cheney Reservoir (Kansas)

Christensen et al., 2006 Otten et al., 2016



Bioinformatic Workflow
1. Sequence DNA (Nextera XT kits + Illumina HiSeq 2000) = ~270 million reads/
2. Concatenate reads and assemble contigs (IDBA_UD)
3. Calculate contig coverage depths for each sample (BWA / SAMtools)
4. Taxonomically classify/bin contigs (BLAST, MEGAN, mmgenome, Phylopythia
5. Read data into R and analyze  



Identification of toxin and T&O producing 
bacteria by shotgun metagenomics

Otten et al., 2016



Development of a QPCR assay for geosmin

Otten et al., 2016



Comparison of QPCR & microscopy for 
estimating microcystin in Cheney Reservoir

Otten et al., 2016



DNA source-tracking enabled ID of and 
ATX-producing cyano in the Klamath River

• Screened for ATX genes in routine water column grab samples (n=128) in 2016
• 32% of samples contained ATX genes above the LOQ (100 gene copies/mL)
• Strongest hits were confirmed by Sanger Sequencing.
• From these results three samples were selected for shotgun sequencing.



Sequencing results
• Assembled ~18,000 bp of the ATX 

operon
• Nucleotide similarity was only ~90% 

with other published sequences
• Recovered a 16S rRNA sequence 

within the ATX genome bin
• The 16S rRNA sequence indicates 

that the ATX producer is most likely 
Phormidium sp. or Tychonema sp., 
and therefore of benthic origin



The Green Monster: China’s Lake Taihu

Lake Taihu, contains at least 4 morphospecies
of Microcystis sp.



Most systems contain multiple, co-occurring 
species/strains/morphotypes

However, there is evidence for at least 8 different strains of Microcystis sp., 
half of which are able to produce microcystin

Otten and Paerl, 2011



What conditions select for toxigenic strains over 
nontoxic ones?

Otten et al., 2012
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Clancy & Brown, 2008

Pros and cons of targeting each level
Pro: can determine presence or 
abundance of toxigenic cells
Con: polyploidy and variable 
gene expression at different 
times complicate relationship 
with toxins 

Pro: gene expression should better 
reflect toxin production
Cons: mRNA is less stable than 
DNA, different genes within operon 
exhibit different expression 
patterns

Pro: Toxins are ultimately what we
are concerned about
Cons: very challenging to 
accurately quantify due to large 
numbers of toxin variants

*Confirmation of both toxic 
cells & toxins will provide 
best estimate of risk

DNA

mRNA

Toxins



Pros & Cons of QPCR testing
• Pros

• Faster than cell counting (2-3 hours from start to finish)
• High throughput (40+ samples per analysis batch)
• High sensitivity and specificity
• DNA signal is amplified  good for early detection
• Genes are better correlates of toxins than cell density
• Cheaper than cell counting or toxin testing
• Amenable to other targets (e.g, fecal bacteria)
• Can be used for source-tracking or sample discovery

• Cons
• Not a true substitute for toxin testing  tiered strategy
• Cells must be intact to collect their DNA
• Not useful on finished drinking water
• Requires specialized equipment and training



Thanks for your attention!

Tim Otten, PhD, MPH 
Bend Genetics, LLC
T: 916-550-1048
ottentim@bendgenetics.com
www.bendgenetics.com

Please feel free to contact me with any questions.
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