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

e Shotgun metagenomics

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




CyanoHABSs are an increasingly common
occurrence in many freshwater systems




Benthic & periphytic CyanoHABS

LSV

s

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

Bouma-Gregson et al., 2017. McAllister et al., 2016.
Harmful Algae 66:79-87 Harmful Algae 55:282-294.



Benthic cyanos in wadeable streams
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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



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
|deally collect samples at same time of
day for uniformity due to diel migration
patterns

Depth (m)

Phycocyanin (RFU)
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Diel migration - Copco Reservoir



Triggers for classifying cyanobacteria
Impaired waterbodies in California

Table 1. CyanoHAB Trigger Levels for Human Health

Caution Warning
Action Trigger TIER |

Total Microcystins b 0.8 pg/L 6 pe/L

Primary Triggers -

Anatoxin-a Detection © 20 pe/L

Cylindrospermopsin 1 pg/L 4 ug/L

Secondary Triggers

Cell Density (Toxin Producers) 4,000 cells/mL

Site Specific Indicators of Cyanobacteria | Blooms, scums,
mats, ect.

* The primary triggers are met when ANY toxin exceeds criteria. ) )
® Microcystins refers to the sum of all measured microcystin variants. (See Box 3) Saxitoxin should pro bab |y

® Must use an analytical method that detects < 1pg/L Anatoxin-a. also be included




Potential toxins produced by common
cyanobacterial genera

Cyanobacterial Genera Anatoxin-a Cylindrospermopsin  Microcystin  Nodularin Saxitoxin

Aphanizomenon X X
Anabaena/Dolichospermum X X X
Cylindrospermopsis X X
Fischerella

Gloeotrichia

Lyngbya

Microcystis

Nodularia

Nostoc

Oscillatoria

Phormidium

Planktothrix

Pseudanabaena

Raphidiopsis




Different CyanoHAB taxa present different
cyanotoxin risks
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How does one best quantify health risks
of transient blooms?

e Cells move vertically in water column and by wind/waves
e 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?




Biosynthetic assembly of microcystin
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Structural organization of microcystin
operon Iin diverse cyanobacteria

(a) MNodularin {nda) synthetase N. spumigena, 48 kb

(o < > ()

(b) Microcystin (mcy) synthetase M. aeruginosa, 55 kb

(D < (<o > non > [k

{c) Microcystin (mcy) synthetase P agardhii, 55.6 kb

(T TR W) ISR o > moe . >[mok {ie)

(d) Microcystin (mcy) synthetase Anabaena sp. 5

i ¢ — —( < —— > )

Current Cipdnion in Bictachnology

Pearson and Neilan, 2008



Why incorporate molecular tools into
CyanoHAB monitoring?

« Rapid results Nontoxic Toxic

e Scalability !
e High sensitivity

» High specificity
» Target toxic cells

« Reproducible

* Non-subjective
e Lower cost

e Adaptable

Nontoxic
2



QPCR “peers” into
a cell's genome

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

Cells with toxin genes tend to
[ Cylincrospermopsin use them (i.e., expression
B wicrocystin StayS turned On)

QPCR is used to quantify
cyanotoxin genes

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

The Abundance of Toxic Genotypes Is a Key
Contributor to Anatoxin Variability in
Phormidium-Dominated Benthic Mats

Susanna A. Wood -2 */ and Jonathan Puddick 1-*

Abstract: The prevalence of benthic proliferations of the anatoxin-producing cyanobacterium
Phormidium are increasing in cobble-bed rivers worldwide. Studies to date have shown high
spatial and temporal variability in anatoxin concentrations among mats. In this study we
determined anatoxin quotas (toxins per cell) in field samples and compared these results to the
conventionally-used concentrations (assessed per dry weight of mat). Three mats were selected at sites
in two rivers and were sampled every 2-3 h for 24-26 h. The samples were lyophilized and ground
to a fine homogenous powder. Two aliquots of known weights were analyzed for anatoxin congeners
using liquid chromatography-mass spectrometry, or digital droplet PCR with Phormidium-specific
anaC primers to measure absolute quantities of gene copies. Anatoxin concentrations in the mats
varied 59- and 303-fold in the two rivers over the study periods. A similar pattern was observed
among gene copies (53- and 2828-fold). When converted to anatoxin quotas there was markedly less
variability (42- and 16-fold), but significantly higher anatoxin quotas were observed in mats from

the second river (p < 0.001, Student’'s t-test). IThere were no obvious temporal patterns with high
and low anatoxin concentrations or quotas measured at each sampling time and across the study

period. These results demonstrate that variability in anatoxin concentrations among mats is primarily

due to the abundance of toxic genotypes. FNG consistent modulation in anatoxin production was
observed during the study, although significant differences in anatoxin quotas among rivers suggest

that site-specific physiochemical or biological factors may influence anatoxin production.

Keywords: benthic cyanobacteria; cobble-bed rivers; cyanotoxins; digital droplet PCR; liquid
chromatography-mass spectrometry



Sample processing

e 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 (-20°C good, -80°C 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

ldentity

Fu-1, OTU1
FUR 2, OTUZ
FUD 3, OTU3
Il 4, OTU4

Identity

FIIL* 1. OTU1
FIl 2, OTUZ2
FIl: 3, OTU3
FIl 4, OTU4

ldentity

FIID 1, OTU1
FID 2, OTU2
FIb 3, OTU3
FIID 4, OTUA4

ldentity

FID 1. OTU1
FIlD 2, OTU2
FI 3, OTU3
FID 4. OTU4

sites that flank reglons of heterogenelty

) SAGRETAGTAACCGATGTCACGAGCGCATTTGTCTTTACCGCGT TGGTCCGCCGCAAAGT TAGCCCCTTGCATTTGGGTGGTGTAGGGG

( CATGCGGAGETAGTAACCGATGTCACGAGCGCATTTMTCT T TACCGCGTTOGTCCGCCGUAAAGTTAGCCCCTTGCATTTGGLTGGTGTAGGGG

GCAGTAGGTCACCAT GCGGAGETAGTAACCGATGTCACGAGCGCATTTITCTTTACCGCGT TGGTCCGCCGCAAAGT TAGCCCCTTGCATTTGGGTGETGTAGGGG

GCAGTAGGTCACCATGCGGAGRTAGTAACCGATGTCACGAGCGCATTTGTCTTTACCGCGT TGGTCCGCCGCAAAGT TAGCCCCTTGCATT TGGGTGETGTAGGGG
110 12':] 1_%0 14U 153 150 1?0- 1BU 190 2[}0 210-

r 1T JTisirsses s 1N F F T

TABTTGTTGTACAEGCT TGAGCGGCACCGGAGATRAAAGAATTRGCTTTTTCGGTHAACGCTTTAGC GGCGETGAGGONGGCAGEAGCTTGACGAAAACGACCGA

TAETTGTTGTACACEGC T TGAGUAGCGCORGAGATEAAAGAATTEGCTTTTTCGGTEAACECT T TAGC GGCGRTGAGGUEEGCCAJEAGCT TGACGAAAACGACCGA

TATTGTTGTACACCGCTTGAGCTGCGCCGLAGATRAAAGAABTEGCTTTTTCHCTEAABECT TTAGC GGCGEEGAGCOEGGCAEAGCTTGACGAAAACGACCGA

TABRTTGTTGTACACCGCT TGAGCTGCGCOENGGE T A AN BAGCETTTTCGGTHAACGCT TTAGCGGCGETGAGGOMIGGCATEMAGCT TGACGAAAACGACCG
220 230 240 250 260 270 ZIBI'.'I 2'&:!0 3EI:'D 3 II 0

AAGCABRET TGGATTTCGGTGC TG TTAAGAAACACCT TGAGAAT CAGCGGCTGLTACGGC TTCGGTAAGGGGGGT T TTCATTGT T TGGTATCTCCCAATAATCTT
AAGCACHIT TGGAT TTCGGTGCTGCTTAAGAAACGACCT TGAGAAT CAGCGGCTGCTACGGC TTCGGTAAGGGGGGTTTTCATTIT TTGGTATCTCCCAATAATCT
AAGCAGEIT TGGATTTCGGTGCTGCTTAAGAAACGACCT TGAGAAT CAGCOGCTGCTACGGCTTCGGTAAGGGGGGTTTTCATTGT TTGETATCTCCCAATAATCT
AAGCABET TGGATTTCGGTGCTGCTTAAGAAACGECCTTGAGAAT CAGCGGCTGCTACGGC TTCGGTAAGAGGGGTTTTCATTGT T TGGTATCTCCCAATAATCTT
3?7[} 3?0 311-‘.] _:'>‘__|3C' 3?[} E?D 3&}0 _:'>‘I:r0 4[|}E} 4'! 0 4-|2 1

TAAMGCACT
TAAAGCACTG

GCAATAAGTTTCCTACGGT THAAT TGAGACTAGCCCCAGGGAC TAGGCGACAGCAGLGGCGGLGCGGETCG
GCAATAAGTTTCCTACGGT TTAATTGAGACTAGCCCCAGLOACTAGGLCGACAGCAGUGGCGLGLG
GCAATAAGTTTCCTACGGTTTAAT TGAGACT AGCCCCAGGLACTAGGCCACAGCAGCGLECGLELGCGETCG
GCAATAAGTTTCCTACGGTTTAATTGAGACTAGCCCCAGGGACTAGGCGACAGCAGCGLCGLIGCGET CGRAL

C-phycocyanin gene sequences from Klamath River Microcystis sp.

Otten et al.,

In prep



Microcystis strain diversity Copco Reservoir

Prapartion cpcBA reads
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Phylogenetic Tree of SF Delta Microcystis sp.
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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

Amplification Chart : 2 titoxin.opd

- - & Standard # Unknown

Threshold Cycle

Log Starting Quantity, copy number

E= 94.3% RA2=1.000 slope=-3.467 y-int=41.417

PCR Standard Curve : 20170622_multitoxin.opd



QPCR as part of a tiered monitoring approach

Is the water visibly green or is a scum present?

No. /\ Yes.

Sample Is§ue
bi-weekly advisory

<OR> Conduct cell counts / \ <OR> Perform Quantitative PCR

Potentially toxigenic cyanobacteria Do any toxin genes exceed
exceed 4,000 cells/mL? 4.000 copies/mL?

No. A Yes. Yes. A No.

Sample Is§ue Is§11e Sample
weekly advisory advisory weekly

<OR> Conduct <OR> Conduct
toxin analysis v toxin analysis
<OR> Conduct toxin analysis

Genera relevant toxins exceed:
20 ppb ATX, 4 ppb CYN, 6 ppb MC, or 10 ppb STX?

No. /\ Yes.

Sample Issue
weekly advisory




Ploidy In cyanobacteria complicates the
relationship between ceIIs and gene copies

v of cyanobacterial species with experimentally de ed ploidy levels and selected parameters
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_OR

Molecular investigations of toxin-producing

cyanobacteria in the Klamath River Estuary

Paeitie Ocean
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Comparison of methods - Microcystins
vs QPCR (mcyE) estimates

O Microscope counts [y = 10%(0.793 * log(x)) - 2.74)]; R®= 0.81]
A mcyE Assay [y = 104(0.755 * log(x)) - 2.93)]; R%= 0.76]

[l IIIIIIII

MC/mcyE interpolation (+/- 20.7%)
0.8 pg/L per 5,660 mcyE+ cells/mL

4 ug/L per 47,760 mcyE+ cells/mL
10 pg/L per 160,800 meyE+ cells/mL
20 pg/L per 402 800 mecyE+ cells/mL

=
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Microcystis cells/mL or QPCR gene equivalents/mL

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



Comparison of methods - Microcystis
cell counts vs QPCR estimates

10°4 Klamath River (2016)

2
10 3 Not detected by
i microscopy (17=57)
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ULALLL BRI B Bl BN B L B B
10 10° 10 10° 10° 10" 10°

Microcystis counts (cells/mL)

DNA't,, in surface water is ~6 hours (Maruyama et al., 2014) Otten, in prep.



QPCR (mcyFE copies/ml)

QPCR (anaC copies/mL)
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Long-term investigation of T&O Issues In
Cheney Reservoir (Kansas)

Prepared in cooperation with the
City of Wichita, Kansas

Water Quality and Relation to Taste-and-Odor Compounds
in the North Fork Ninnescah River and Cheney Reservoir,
South-Central Kansas, 19972003
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Anabaena biovolume, in cubic micrometers per milliliter

U.S. Department of the Interior
U.S. Geological Survey

Christensen et al., 2006
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Bioinformatic Workflow

Sequence DNA (Nextera XT kits + lllumina HiSeq 2000) = ~270 million reads/
Concatenate reads and assemble contigs (IDBA_UD)

Calculate contig coverage depths for each sample (BWA / SAMtools)
Taxonomically classify/bin contigs (BLAST, MEGAN, mmgenome, Phylopythia
Read data into R and analyze

Consensus

Coverage

'1_I-I'Il 11 I-'-.K!. 11 - 1 I:-l.i '1_I¢!:'l '1_:JEEII - 11 - "IL!:Zi '1_I-ZZ'I '1_5.-'Il 11 E...-':. 1'I!:'-ZZ 1 ::4:: '1_I-!:'.I
agruqin/_}sin ETARTCTTECCER 7 ARATT ARAARTE TAARRE O ARCATET £ A TTT TATE AA AR AT TR ARTTTCARCERACTTRACAAE O TTTAE ARRRATATE TTTTACECATT TT TETTECT ARCTT ACE €A £ ATATI A
?EUDB?TEPTE&E;D‘]TDY“_ T .t ARA 2 ARCH A 2 UG WG A TG TEGA. RRCAACTTRACAAS CEGETTT MEAFATR rTTTACECRETG T
FILOB77TEP1-245:01TDY... T .2 ARA AU Lt ARCH i 2 . RRCAACT TRACAAS CEGETTT AT I'TTTA F 3T
:WDDETT5P1-E45;D1TDY___ T Lt ARA AJLA LU ARCh A 2 LAG AAG ATG TG TTACAMS OSGETTT AU AT T A rTTTACC BTG T
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ldentification of toxin and T&O producing
bacteria by shotgun metagenomics
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Otten et al., 2016



Development of a QPCR assay for geosmin
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Comparison of QPCR & microscopy for

estimating microcystin in Cheney Reservoir
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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.
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Seqguencing 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
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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

—— M. ichthyoblabe
— M. ichthyoblabe =

M. aeruginosa

— M. flos-aquae

— M. flos-aguae

— M. flos-aquae

— M. ichthyoblabe

— M. ichthyoblabe

— (CPCC 299) M. aeruginosa

— M. flos-aquae

(UTEX 2386) M. aeruginosa
0.52 — M. aeruginosa

(UTEX 2667) M. aeruginosa
— (UTEX 2385) M. aeruginosa
— (PCC 7806) M. aeruginosa
M. aeruginosa
— (PCC 7005) M. aeruginosa

s (CPCC 124 ) M. aeruginosa

' 1.00 (CPCC 461) M. flos-aguae
1.00 [— M. aeruginosa
0.91 — M. flos-aguae

0.70 M. aeruginosa
_M‘_ M. flos-aquae

M. aeruginosa

—— M. wesenbergii
— M. wesenbergii
M. wesenbergii
— M. wesenbergii
— M. wesenbergii
0.99 —— M. aeruginosa

— M. flos-aquae

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?
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(1) Morthwest (n= 12) 264 + 3.1 17:1 29:1 1624+ 091 012+ 010 1921 + 3595 287 + 6.6 416 54 + 96
(2) West (n = 12) 268 + 3.0 14:1 40:1 162+ 086 009 + 003 o7.1 + 923 82 + 08 446 476 + 233
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Pros and cons of targeting each level

DNA

| ﬂ Pro: can determine presence or
BI\\V\\ abundance of toxigenic cells

f Pij y — Con: polyploidy and variable

\\“ RNA Jranscription gene expression at different
times complicate relationship
with toxins

pre-mBMNA -
polymerase

MRNA Pro: gene expression should better
reflect toxin production

NIRAVAM Cons: mRNA is less stable than
DNA, different genes within operon
exhibit different expression
patterns

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

polypeptide TOXi ns

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

Clancy & Brown, 2008



Pros & Cons of QPCR testing

 Pros
» Faster than cell counting (2-3 hours from start to finish)
* High throughput (40+ samples per analysis batch)
e High sensitivity and specificity
 DNA signal is amplified = good for early detection
« (Genes are better correlates of toxins than cell density
e Cheaper than cell counting or toxin testing
 Amenable to other targets (e.qg, fecal bacteria)
e 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
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