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Cross-reactivity testing (in progress)

* Denote published probe sequences

Twelve probes tested for crossTwelve probes tested for cross--reactivity reactivity 
(in progress)(in progress)

–– MicrocystisMicrocystis probes (3) probes (3) 
•• Tested against 18 cultures (in progress) Tested against 18 cultures (in progress) 
•• All designed (3) and published (2) probes exhibit crossAll designed (3) and published (2) probes exhibit cross--reactivity reactivity 

with with Oscillatoria; Oscillatoria; redesign in progressredesign in progress
–– CylindrospermopsisCylindrospermopsis probes (2)probes (2)

•• Tested against 18 culturesTested against 18 cultures
•• One probe transitioned to fiber optic microarray formatOne probe transitioned to fiber optic microarray format
•• Second probe exhibited crossSecond probe exhibited cross--reactivity with reactivity with AnabaenopsiAnabaenopsis; s; 

redesign in progressredesign in progress
–– AnabaenaAnabaena probes (5)probes (5)

•• All designed (3) and published (2) probes either exhibited crossAll designed (3) and published (2) probes either exhibited cross--
reactivity or failed to detect target speciesreactivity or failed to detect target species

•• Taxonomy of Taxonomy of AnabaenaAnabaena problematic (not monophyletic); redesign problematic (not monophyletic); redesign 
efforts needed  to develop probe for efforts needed  to develop probe for Anabaena/AphanizomenonAnabaena/Aphanizomenon or or 
“Nostoc group” “Nostoc group” 

Microarray testingMicroarray testing

•• Capture probe performance tested using Capture probe performance tested using 
CylindrospermopsisCylindrospermopsis probe #1 (CYL1) coupled to probe #1 (CYL1) coupled to 
activated microbeads and against a synthetic activated microbeads and against a synthetic 
targettarget
–– Single bead array exposed to Cy5Single bead array exposed to Cy5--labeled synthetic labeled synthetic 

targets with sequences complementary to the capture targets with sequences complementary to the capture 
probe probe 

–– Hybridization was performed at room temperature Hybridization was performed at room temperature 
using 100 using 100 μμll of synthetic target solution (100 of synthetic target solution (100 μμM) M) and a and a 
hybridization time of 10 minutes  hybridization time of 10 minutes  

Development of Microarray
Microarray Testing

Hybridization signal 
obtained with 
synthetic target 
hybridized to single 
bead array

Future directionsFuture directions
•• Probe redesign and testingProbe redesign and testing
•• Transition additional probes to microarray format (single Transition additional probes to microarray format (single 

bead arrays) and assess performance using synthetic targets bead arrays) and assess performance using synthetic targets 
and cell lysates (assess detection limits, specificity, and and cell lysates (assess detection limits, specificity, and 
dynamic range)dynamic range)

•• Assess performance of multiplexed array using single and Assess performance of multiplexed array using single and 
multiple speciesmultiple speciesmultiple speciesmultiple species
–– single species and mixed cultures single species and mixed cultures 
–– spiked/unspiked field samples (2009 field sample collections include spiked/unspiked field samples (2009 field sample collections include 

lakes in OR, MA, MD, CA, FL and Great Lakes)lakes in OR, MA, MD, CA, FL and Great Lakes)

•• Explore application of the microarray technique on Explore application of the microarray technique on 
a portable instrument a portable instrument 

•• Explore remote deployment of the microarray Explore remote deployment of the microarray 
technique on a robotic, in situ instrumenttechnique on a robotic, in situ instrument
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The Environmental Sample Processor (ESP)The Environmental Sample Processor (ESP)

Source:  C. Scholin, MBARI
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Development of high‐
throughput and real‐time 
methods for the 
detection of infectious 

Development of high‐
throughput and real‐time 
methods for the 
detection of infectious 
enteric virusesenteric viruses

JJL Cantera, H‐Y Yeh, A Mulchandani, W 
Chen & MV Yates
JJL Cantera, H‐Y Yeh, A Mulchandani, W 
Chen & MV Yates

Human Enteric VirusesHuman Enteric VirusesHuman Enteric VirusesHuman Enteric Viruses

Enterics: adenoviruses, enteroviruses, noroviruses, 
rotaviruses

Enteroviruses: coxsackievirus, hepatitis A virus, echovirus & poliovirus 

Can cause serious diseases when ingested 

Hepatitis A virus

Coxsackie B virus

e.g. gastroenteritis, meningitis, hepatitis, myocarditis, paralysis

Stable in aquatic environments

Transmitted by fecal‐oral route

Low infectious dose

Genus Popular name Disease caused

Enterovirus Poliovirus Paralysis, meningitis, fever

Coxsackievirus A, B Meningitis, fever, respiratory disease, hand‐foot‐and‐
mouth disease, myocarditis, heart anomalies, rush

Echovirus Meningitis, fever, respiratory disease, rush, gastroenteritis

Hepatovirus Hepatitis A Hepatitis

Reovirus Human reovirus Unknown

Rotavirus Human rotavirus Gastroenteritis

Human Enteric VirusesHuman Enteric VirusesHuman Enteric VirusesHuman Enteric Viruses

Mastadenovirus Human adenovirus Gastroenteritis, respiratory disease, conjunctivitis

Calicivirus Human calicivirus Gastroenteritis

Norwalk virus Gastroenteritis, fever

SRSV Gastroenteritis

Hepatitis E Hepatitis

Astrovirus Human astrovirus Gastroenteritis

Parvovirus Human parvovirus Gastroenteritis

Coronavirus Human coronavirus Gastroenteritis, respiratory disease

Torovirus Human torovirus Gastroenteritis

Source: Bosch, A. 1998. International Microbiology 1: 191‐196

Detection MethodsDetection MethodsDetection MethodsDetection Methods
Principle of the 

assay
Example

Infectivity 
test

Detection limit
(particles/ml)

Duration

Visualization of 
viral particles

EM No 105 to 106 < 24 hr

Detection of viral 
proteins or 

tib di
ELISA No 105 < 2 hr

antibodies

Detection of viral 
genome

Probe 
hybridization

No 104 < 2 hr

RT‐PCR No 101 to 103 < 8 hr

Detection of 
cytophatic effect

Plaque assay Yes 100 to 101
2 to 14 
days

Koopmans & Duizer (2004) Int J Food Microbiol 90: 23‐41

To develop methods for high‐throughput and real‐
time detection of infective enteric viruses

Part 1: Genetically engineered reporter cells 
Viral protease‐sensitive fluorescent substrate
D i l

Main AimMain AimMain AimMain Aim

Detects viral protease
Flow cytometry‐based assay for detection of PV in 
wastewater

Part 2: Nuclease‐resistant molecular beacons (MBs)
Detects viral genome
Modified MB for visualizing the dynamics of viral 
replication in living cells

Poliovirus: Poliovirus: Life CycleLife CyclePoliovirus: Poliovirus: Life CycleLife Cycle
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(+) RNA

genome

structure

A (n)
VPg

5’UTR 3’UTR
non‐structure

(‐) RNA
RNA‐dependent RNA pol.

3’ 5’

Poliovirus: Poliovirus: GenomeGenomePoliovirus: Poliovirus: GenomeGenome

2A 2B 2CVP4 VP2 VP3 VP1 3A 3C 3D

polypeptide

2Apro 3Cpro

CFP

STKDLTTY↓GFGHQNKA *

SphI SacIHindIII EcoRI

Reporter cells:Reporter cells: Construction & PrincipleConstruction & PrincipleReporter cells:Reporter cells: Construction & PrincipleConstruction & Principle

YFP

430 nm

530 nm
FRET

Cleavage site *

2Apro

430 nm 460 nm

480 nm

520 nm

Fluorescence Resonance Energy Transfer

0 hpi 3 hpi 8 hpi

436 ex

460 em

Reporter cells:Reporter cells: Microscopic examinationMicroscopic examinationReporter cells:Reporter cells: Microscopic examinationMicroscopic examination

436 ex

520 em

Image 
overlay

MOI = 2

BGM‐PV

Infection with PV1

Infected BGM‐PV

Uninfected

FACS dot plots

Reporter cells:Reporter cells:Reporter cells:Reporter cells: FFluorescence luorescence AActivated ctivated 
CCell ell SSorterorter
FFluorescence luorescence AActivated ctivated 
CCell ell SSorterorter

Infected BGM PV

FACS analysis PV‐infected

A B C

ns
ity

 fr
om

 C
FP

78% 31% 4%

0.4% 0.2% 0.06%

Reporter cells: Reporter cells: FACS resultsFACS resultsReporter cells: Reporter cells: FACS resultsFACS results

D E F

CFP intensity

YF
P 

in
te

Increase in CFP intensity in PV‐infected cells vs uninfected cells 

FACS can distinguish infected cells from non‐infected cells
FACS can detect quantitative differences in the number of infected cells in the sample
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Reporter cells: Reporter cells: FACS resultsFACS resultsReporter cells: Reporter cells: FACS resultsFACS results
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An increasing number of infected cells was detected as PV1 infection progressed

FACS assay is suitable for following the kinetics of poliovirus infection
FACS can detect infected cells as early as 5 hpi!
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Reporter cells: Reporter cells: FACS vs. plaque assayFACS vs. plaque assayReporter cells: Reporter cells: FACS vs. plaque assayFACS vs. plaque assay
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y = 0.1366x + 30.573
R2 = 0.9857

0
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# 
C
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FACS detected cells infected with 50 PFU of PV1 after 8 hpi… positive signals from 
cells infected with 1 PFU of PV1 were detected after 12 hpi!

FACS is a sensitive and rapid method for PV1 detection
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Reporter cells: Reporter cells: FACS vs. plaque assayFACS vs. plaque assayReporter cells: Reporter cells: FACS vs. plaque assayFACS vs. plaque assay

When tested in waste water spiked with PV1,

y = 0.9282x + 7.9698
R2 = 0.9962

0

10

20

0 10 20 30 40 50 60

PFU (Plaque assay)

PF
U

 (F
A

C

No significant difference between FACS and plaque assay results

FACS is a reliable method for PV1 detection in waste water

SummarySummarySummarySummary

Using FACS on fluorescent reporter cells:

distinguished infected from uninfected cells

detected PV‐infected cells as early as 5 hpi (at high 
i f ti d )infective dose)

detected 1 PFU of PV after 12 hpi

Good correlation between FACS‐based and plaque assays 
when tested on wastewater spiked with PV1

Molecular Beacons:Molecular Beacons: Structure and principleStructure and principleMolecular Beacons:Molecular Beacons: Structure and principleStructure and principle

Probe sequence

Stem

Spacer

FRETFRET

p

Fluorophore

Quencher

Excited at 400 nm

Structure

Tyagi et al, Nat. Biotechnol., 14, 303‐308 (1996) 

Principle

MBs: MBs: Design and ModificationsDesign and ModificationsMBs: MBs: Design and ModificationsDesign and Modifications

Yeh H. et.al. PNAS 2008;105:17522‐17525©2008 by National Academy of Sciences

MBs: MBs: Intracellular deliveryIntracellular deliveryMBs: MBs: Intracellular deliveryIntracellular delivery

©2008 by National Academy of Sciences Yeh H. et.al. PNAS 2008;105:17522‐17525

Intracellular delivery of MB CBV6‐Tat–target hybrids (A) or MB without Tat modification or without 
targets (B)
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MBs: MBs: In vivoIn vivo detection of CVB6detection of CVB6MBs: MBs: In vivoIn vivo detection of CVB6detection of CVB6

©2008 by National Academy of Sciences Yeh H. et.al. PNAS 2008;105:17522‐17525

MBs: MBs: Real time detection of viral spreadingReal time detection of viral spreadingMBs: MBs: Real time detection of viral spreadingReal time detection of viral spreading

©2008 by National Academy of Sciences Yeh H. et.al. PNAS 2008;105:17522‐17525

Modified molecular beacon

Nuclease‐resistant MB with TAT peptide was designed 

Detected as few as 1 PFU during the early stage of viral 
li i

SummarySummarySummarySummary

replication

Fluorescence assay was comparable with the plaque 
assay

Used to monitor the dynamics of viral replication during a 
12‐h infection period

Conclusion & Future PerspectivesConclusion & Future PerspectivesConclusion & Future PerspectivesConclusion & Future Perspectives

Developed methods for detecting infective viruses

Sensitivity could reach 1 PFU at shorter incubation time than 
conventional plaque assay

Reliable for viral quantitation

Detection of other epidemiologically important viruses 

e.g., hepatitis virus, adenovirus, norovirus

High throughput screening for viral protease inhibitors

Development of other FRET‐based sensors 

q
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Automated Methods for the 
Quantification and Infectivity of 
Human Noroviruses in Water
Timothy Straub, PI, timothy.straub@pnl.gov. 
Richard Ozanich, Co-PI, Richard.Ozanich@pnl.gov. 
Rachel Bartholomew, Co-PI, Rachel.Bartholomew@pnl.gov. 
Cindy Bruckner-Lea, Co-PI, Cindy.Bruckner-Lea@pnl.gov

Project Overall Aims

Methods for Capturing Pathogens from 
Large Volumes of Water – Aim 1

Need: Ability to efficiently capture and concentrate 
viruses, bacteria, and protozoa from large volumes of 
water

Pathogen concentrations in water are often very low (<1/100 mL 
for bacteria to <1/1,000 L for viruses)

Methods we are investigating are mostly off the shelfMethods we are investigating are mostly off the shelf 
technology

Hollow fiber filtration:  Large volumes require large columns, high 
flow rates can be problematic
Sodocalcic glass wool:  Very cheap, and may have great 
potential for viruses – investigating this summer DOE FaST team

Modified system (next slide) may allow flow rates up to 15 
L per minute

Large Scale System, Adapted from Vince Hill

Challenge: 
Automate to deliver 
concentrated 
samples for further 
processing

Secondary Concentration:
The Major Bottleneck – Aim 2

For water we get to a primary filtrate and then:
Centrifugation will concentrate bacteria and protozoa, but it is a 
manual process.
Viruses are left in the supernatant and still need to be 
concentrated.
Or we use single-plex immunomagnetic separation: e g theOr we use single-plex immunomagnetic separation: e.g. the 
“disease of the day” approach, and we lose  information about 
other pathogens.

5

BEADS: Bridging the Gap between
Large Volume Concentration and Detection
Sample:

Large volume, 
matrix high, 
pathogens 

low)

Detector:
Clean, 

tiny volume
(µL-mL)

BEADS = Biodetection enabling analyte 
delivery system

For secondary concentration and purification Biochip

6

For secondary concentration and purification Biochip

ImmunoDX

Culture
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Biodetection Enabling Analyte
Delivery System (BEADS)

Perfuse and capture

Guiding principles
1. Analytical separations can 

be performed on an 
interactive surface like a 
derivatized bead

7

Wash away matrix

derivatized bead

2. Analytes of interest (cells, 
DNA, proteins, etc) are 
perfused over a column of 
beads and captured

3. Matrix materials are 
washed away, leaving 
purified analytes

General Approach:  
Renewable Surfaces

Interactive surface on beads is 
delivered fresh for each sample
Compatible with users’ pathogen 
detection requirements

Nucleic acid techniques
Cell culture
Immunodiagnostic “sandwichImmunodiagnostic sandwich 
assays”

Operates within a scaleable fluidics 
architecture

From µL to 10 L volumes
Architecture allows us to handle 
samples that are high in 
particulate matter and/or soluble 
inhibitors

8

Beads are flushed to waste 
or sent downstream for further analysis

Renewable Separation
Columns (RSC) used in BEADS

9

off

Renewable separation columns are the defining feature of the BEADS platform.  
Depending on the user’s needs, any one of these columns, and any type of separation 
media  can be used.

Parallel Research Tracks Include
Automation and Reagent Development

BEADS Scale up
Need to process large 
volumes (1 -10 L or greater) 
From a primary concentrate.
Baseline experiments need to 
h h d

Multi-agent capture
Default:  Use multiplexed 
preparations of commercially 
(and custom) available IMS 
antibodies 
N i h dshow that we can capture and 

release pathogens as 
efficiently as our small 
systems.
Possible secondary 
concentration issues to 
achieve overall 104-105

concentration factor.

New generation methods: 
broad spectrum capture 
reagents for protozoa, 
bacteria, and viruses.
How will either cell capture 
approach fare when 
challenged with low target 
organisms and high 
background flora?

10

Batch Trials with Lectins: Reagent
Development for BEADS

Combinations of biotin 
labeled lectins were first 
mixed with bacteria, and then 
captured on streptavidin 
magnetic beads (indirect 
capture)

L f CFU i di t b ttLoss of CFU indicates better 
capture results
Demonstrated capture of 
vegetative cells and spores.

Challenge: direct capture.
Lectins conjugated to the beads 
do not work as well.

Viral capture has not shown 
as much promise

11

Reverse transcription real-time PCR – Aim 3

For human noroviruses, there is not much choice for the 
development of better primers and probes

Variations within the ORF1-ORF2 junction – most conserved to 
detect the most known strains.

“Fast” vs. Slow real-time PCR
Newer real time platforms allow PCR to be completed within 40Newer real-time platforms allow PCR to be completed within 40 
minutes.  HOWEVER
Still need to perform reverse transcription, and that is still 
relatively slow
Your assay must be optimized for this platform…ORF1-ORF2 is 
not a good place to do this (secondary structure).

For the purposes of this project, we are using the 
standard thermal cycling conditions.
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Infectivity Assays for Human Noroviruses –
Aim 4

Our original work investigated the INT407 cell line grown as 3-D cell cultures.  
While we see evidence of infectivity, we are not observing significant viral 
replication.  Investigations with 3-D Caco-2 cells has revealed interesting 
results

Observational differences between Uninfected 
and hNoV Infected 3-D Caco-2 cells

MV

Tight 
junctions

Glycogen
granules?

Cells challenged 
with hNoV 
negative stool 
samples (4-1 
patient sample)

Phase 
contrast 
4-1

Cells challenged 
with hNoV 
positive stool 
samples (4-3 
patient sample)

Only by TEM were differences between uninfected 
and infected cells easier to visualize

MV
(stunted)

Phase 
contrast 
4-3

Vacuoles

Real-time PCR observations indicate viral 
RNA replication in Caco-2 and INT407 Cells

Cell line Virus 
sample

Predicted 
copies
applied to 
cells

Observed 
copies in 
cells 1 hr 
pi

Observed
copies in 
cells 48 
hrs pi

Observed
copies in 
cells 72 
hrs pi

Observed 
copies in 
cells 1
week pi

Caco-2 1G (GII) 529 + 59 29 + 17 11 (No sd) 2,324 +
180

1563 +
329

386 (GII) 41 + 7 Not 
detected

Not 
detected

9,375 +
1048

Not 
detecteddetected detected 1048 detected

4-3 (GI) 6,390 +
681

171 + 85 36,206 +
6,244 

132,919 +
37,863 

Not done

INT407 1G (GII) 529 + 59 493 + 28 Not done 5,370 +
992

4,800 +
316

386 (GII) 41 + 7 30 + 51 
(1/3 
detect)

88 + 77 
(2/3 
detect)

74 + 126 
(1/3 
detect)

429 + 363 
(3/3 
detect)

Possible investigation of the role of STAT-1 
in controlling viral replication

STAT-1 Expression in hNoV Infected 3-D 
INT 407 cells

STAT-1 Expression in hNoV Infected 3-D 
Caco-2 cells

RNAi experiments targeting suppression of STAT-1 may help us 
understand its role in hNoV replication in human cells and may confirm 
findings about its role in limiting disease in the murine NoV model.

Research Summary

Fluidic architecture is currently being constructed to 
process large volumes of water.
Secondary capture reagents being investigated at the 
bench

Testing this summer: DOE Faculty and Student Team (FaST)  will 
ll t t b th th l l t d f b t hallow us test both the large volume systems and perform batch 

capture experiments for secondary concentration – No charge to 
EPA STAR

Further investigation of Caco-2 cell line for hNoV 
infectivity.

Results have been very promising, and if there is an underlying 
genetic mechanism inhibiting viral replication, this could provide 
new insights to develop better infectivity assays.
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Amoebae Harbor Novel Pathogens That Slip Amoebae Harbor Novel Pathogens That Slip 
"Under the Radar Screen""Under the Radar Screen"

Modified from T. Rowbotham, 1986.

Recent EPA StudyRecent EPA Study

Examined 40 natural water samples:Examined 40 natural water samples:
(lakes, rivers, ponds, wetlands, etc.)(lakes, rivers, ponds, wetlands, etc.)

Examined 40 cooling tower samplesExamined 40 cooling tower samples

Designed a protocol to screen for infected amoebaeDesigned a protocol to screen for infected amoebae

Also examined 20 other industrial: chillers, hot tubs,Also examined 20 other industrial: chillers, hot tubs,
hot water taps/tanks, etc.hot water taps/tanks, etc.

Environmental ParametersEnvironmental Parameters

Temperature, pH, dissolved organic carbon (DOC),Temperature, pH, dissolved organic carbon (DOC),
total nitrogen (N) and total bacteria per mltotal nitrogen (N) and total bacteria per ml

Logistic regression analyses were performed to find anyLogistic regression analyses were performed to find any
parameter or set of parameters that were good predictorsparameter or set of parameters that were good predictors
of the occurrence of infected amoebae of the occurrence of infected amoebae 
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Coccoid Cooling Tower IsolateCoccoid Cooling Tower Isolate
In HeLa Cell Nuclei (48h)In HeLa Cell Nuclei (48h)

Coccoid Cooling Tower IsolateCoccoid Cooling Tower Isolate
in U937Cell Nuclei (48 h)in U937Cell Nuclei (48 h)

Hot Tub Amoeba Pathogen in Hot Tub Amoeba Pathogen in A. polyphagaA. polyphaga
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“Hot tub” infection of A. polyphaga 18 h“Hot tub” infection of A. polyphaga 18 h
“Hot tub”  infection of A. polyphaga 24 h“Hot tub”  infection of A. polyphaga 24 h

“Hot tub” infection of A. polyphaga 48 h“Hot tub” infection of A. polyphaga 48 h

Phylogenetic TreePhylogenetic Tree
with Novel LLAPswith Novel LLAPs

Phylogenetic treePhylogenetic tree
with “Hot tub”with “Hot tub”

Percent Identity
1 2 3 4

1 94.4 86.6 89.5 1 CC99
2 5.8 86.3 90.2 2 HT99
3 13.8 14.2 85.9 3 L. pneumophila X73402

b4 11.1 10.5 14.3 4 C. burnetii AY342037
1 2 3 4

Percent Divergence
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ResultsResults

22 of 40 cooling tower samples were positive22 of 40 cooling tower samples were positive

3 of 40 natural samples were positive3 of 40 natural samples were positive

2 of 20 other industrial samples were positive2 of 20 other industrial samples were positive2 of 20 other industrial samples were positive2 of 20 other industrial samples were positive
(hot tubs)(hot tubs)

Odds ratio of finding infected amoebae in coolingOdds ratio of finding infected amoebae in cooling
towers vs natural environments is 16, towers vs natural environments is 16, 
i.e., 16 times more likely to find them in CTsi.e., 16 times more likely to find them in CTs
(based on the way we look for them)(based on the way we look for them)

5 novel strains were identified, related to 5 novel strains were identified, related to LegionellaLegionella

Only 2 of the 22 infections were from Only 2 of the 22 infections were from L. pneumophilaL. pneumophila
And 1 of the hot tub infections was from And 1 of the hot tub infections was from L. pneumophilaL. pneumophila

Several have not yet been isolated or identifiedSeveral have not yet been isolated or identified

Of those that are culturable, at least 3 tested so far Of those that are culturable, at least 3 tested so far 
appear to infect human macrophagesappear to infect human macrophages
Two nonTwo non--culturable strains also infect macrophagesculturable strains also infect macrophages

No environmental parameter was a significantNo environmental parameter was a significant
predictor of occurrence of infected amoebaepredictor of occurrence of infected amoebae
when cooling tower data were used alonewhen cooling tower data were used alone

When data from 90 combined samples were used,When data from 90 combined samples were used,
pH and DOC were significant predictorspH and DOC were significant predictors

BUT cooling towers have higher pH values than BUT cooling towers have higher pH values than 
almost all natural samples, and also have a higher almost all natural samples, and also have a higher 
range of DOCrange of DOC

Therefore it appears to be pH and DOC, butTherefore it appears to be pH and DOC, but
it may be something else specific to CTsit may be something else specific to CTs
that were not measured in this studythat were not measured in this study

Summary/ConclusionSummary/Conclusion

Occurrence of infected amoebae was significantly higher Occurrence of infected amoebae was significantly higher 
in cooling towers than in nature (16:1 odds ratio)in cooling towers than in nature (16:1 odds ratio)

NonNon--Legionella were more common than Legionella,Legionella were more common than Legionella,NoNo eg o e a we e o e co o t a eg o e a,eg o e a we e o e co o t a eg o e a,
and half or more of these were not culturableand half or more of these were not culturable

7 novel sequences were found, 7 novel sequences were found, 
with several yet to be sequencedwith several yet to be sequenced

Environmental parameters?? Possibly pH and DOCEnvironmental parameters?? Possibly pH and DOC

UpdateUpdate

Several other infected amoeba specimens have Several other infected amoeba specimens have 
been observed in the past yearbeen observed in the past year——

Meat industry (3)Meat industry (3)

Distribution pipes (MTSU)Distribution pipes (MTSU)

Eyewash station (TTU)Eyewash station (TTU)

Fish tank in public pet storeFish tank in public pet store
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Pipes 1 Video ClipPipes 1 Video Clip

Pipes 2 Video ClipPipes 2 Video ClipPipes 2 Video ClipPipes 2 Video Clip

ResultsResults
Table 1. Comparison of infectivity durations of LLAPs in buffered saline vs. LLAPs in a desiccated state

7889meat industryFS06*

--130water pipeDSPB

1686TN cooling towerMTM2

in desiccated state (days)in aqueous state (days)

Duration of InfectivityDuration of Infectivity
OriginOrganism/Sample

*These organisms still under study.

0.1--stock cultureLegionella

0.143TX cooling towerNAS03*

3750outdoor lakeLLK07*

23130hot tubHT7*

7821meat industryCSS06*

IF YOU LOOK, YOU WILL FINDIF YOU LOOK, YOU WILL FIND

R82711101 and

R82535201
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AbstractAbstract

� Liquid Chromatography/Tandem-Mass Spectrometry (LC/MS/MS) is a
powerful tool for the analysis of various analytes in a wide variety of
matrices. What is especially attractive about LC/MS/MS is its sensitivity
and selectivity. Microcystins, in particular, represent an emerging class of
algal toxins of concern to the drinking water industry. Recognizing the
potential health risk the World Health Organization Australia and Brazilpotential health risk, the World Health Organization, Australia, and Brazil
have established guidelines for the amount of microcystins permissible in
drinking water (specifically microcystin LR). Recently, the United States
has begun to evaluate the occurrence, health effects, and susceptibility of
water treatment of algal toxins. The Environmental Protection Agencyg g y
(EPA) named freshwater algal toxins to its Contaminant Candidate List
(CCL).

� In this paper we investigate the use of newer technologies in smaller
column packings (sub 2�m particles) to both improve the selectivity,

d iti it d l ti t f f th t ispeed, sensitivity and resolution to screen for many of these toxins
(microcystins, anatoxin-a, and cylindrospermopsin) using Ultra-
Performance Liquid Chromatography (UPLC®) combined with tandem mass
spectrometry. Specific examples, including data from the recent Ohio river
algae bloom in August, will be presented.
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algae bloom in August, will be presented.

SourcesSources
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MicrocystisMicrocystisyy

Microcystin 
LRLR

©2008 Waters Corporation    5

Various MicrocystinsVarious Microcystinsyy

LF LWLF LW

MW=986.2 MW=1025.2

RR YR

MW=1038 2 MW=1045.2
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MW=1038.2



Various Microcystins and othersVarious Microcystins and othersyy

LR NodularinLR Nodularin

MW=995.2
MW=825

OH
Cylindrospermopsin

Anatoxin

N NH HN NH
CH3

OSO3-
H H

OH

O

+

H
N O
H
N O2

+
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NH
3

O
+

MW=415.4
MW=165

Factors affecting cyanobacterial Factors affecting cyanobacterial 
bloom formation:bloom formation:

� Moderate to high levels of essential inorganic nutrientsModerate to high levels of essential inorganic nutrients 
(nitrogen and phosphorus)

� some are nitrogen-fixing

t t t 10o t 30oC� water temperature 10o to 30oC

� pH levels between 6 and 9

� low flow and low turbidityy

� light is not a large factor - phycobilin
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Pathway/Route of ExposurePathway/Route of Exposurey/ py/ p

� Recreational waters - dermal, inhalation, and ingestionRecreational waters dermal, inhalation, and ingestion

� Drinking water - ingestion, dermal, ingestion. 

� Dietary Supplements - ingestion

� Vegetables and Fruits  - ingestion

This is a “Global Challenge”

©2008 Waters Corporation    9

Microcystin Detection AssayMicrocystin Detection Assayy yy y

� Enzyme-linked Immunosorbent Assay (ELISA)Enzyme linked Immunosorbent Assay (ELISA) 
— Uses polyclonal antibodies against different microcystin variants.

— Samples are read spectrophotometrically to determine microcystin 
concentration.

— Detection limit in low ppb

— Cloudy or Murky samples pose a challenge

� High-Performance LCg
— Powerful separation capability

— UV detection (not sensitive w/o SPE)

� LC and Mass Spectrometryp y
— Offers specificity and sensitivity
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Microcystin LR  Mass SpectrumMicrocystin LR  Mass Spectrumy py p

20uL 16ppm LR-2.1X150 Atlantis (3.5um)@30C-0.29mL/min-0.04% TFA Toxin Mth02-ESI+ Scan
M+H+

pp ( )@ %

100
LR_8201b 1567 (23.697) Cm (1561:1574-1598:1632) 2: Scan ES+ 

2.49e6995.50

996.47

Higher V

%

0

126.98
861.44213.13

997.54

%

100
LR_8201b 1567 (23.689) Cm (1565:1571-1585:1610) 1: Scan ES+ 

2.50e6482.43

135.06
995.53

Low V

m/z
200 300 400 500 600 700 800 900 1000 1100

%

0

265.15

861.45
498.47

862.37

996.45

©2008 Waters Corporation    11

Final Separation using Traditional Final Separation using Traditional 
HPLC/MS/MSHPLC/MS/MS

5

9

1

2

5

7 1211

100

6

7

8

%

1=Cylindrospermopsin, 2=Anatoxin-a, 5= Microcystin RR, 6=Nodularin, 7=Microcystin

Time
5.00 7.50 10.00 12.50 15.00 17.50 20.00 22.50 25.00 27.50 30.00

0
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YR, 8=Microcystin LR, 9=Microcystin LA, 11=Microcystin LW, and 12=Microcystin LF 

2.1X150mm Atlantis dC18 (3.5�m)@30°C-0.29mL/min



Going the Next Going the Next 
Step…UltraPerfomance LC/MS/MSStep…UltraPerfomance LC/MS/MSp / /p / /

� Small Particle (sub 2�m)

� Higher separation power

� Higher tensile strength
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UPLC™/MS/MS SeparationUPLC™/MS/MS Separation
8.5 minutes8.5 minutes

8.52

2 3 4 5 6

121110987

100
2 3

% 1

Time
2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50

0

1=Cylindrospermopsin, 2=Anatoxin-a, 3=Cyclo (Arg-Ala-Asp-D-Phe-Val) (IStd), 4=[Leu5]-
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Enkephalin (IStd), 5= Microcystin RR, 6=Nodularin, 7=Microcystin YR, 8=Microcystin LR, 
9=Microcystin LA, 10=Microcystin LY, 11=Microcystin LW, and 12=Microcystin LF 

Possible Internal StandardsPossible Internal Standards

CYCLO(RADfV)

Molecular Formula: C H N O

Peak #4Peak #3

ARG

Molecular Formula:  C28H37N5O7

Molecular Weight:   555.62

NH2

NHO

NH
ALA

ARG

O

O
NH

HN

O

HO C

NH

NH
NH

VAL

NH
O

HO2C
D-PHE

ASP
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HPLC vs UPLC™HPLC vs UPLC™

100

UPLC™

%

100

Time2 00 2 50 3 00 3 50 4 00 4 50 5 00 5 50 6 00 6 50 7 00 7 50 8 00 8 50
0

%

Time2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50
0

2.04

HPLC
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Time
5.00 10.00 15.00 20.00 25.00 30.00

8

0.13

Detection LimitsDetection Limits

100

416.2 > 194.25
0.5ppb CYN

3.400e+002
100

F2:MRM of 3 channels,ES+
166.13 > 43.03

0.5ppb 

4.633e+003Anatoxin (Q) 100

F5:MRM of 3 channels,ES+
519.995 > 135.097

0.5ppb 

3.400e+002RR (Q)

min
1.50 2.00

%

0 min
2 250 2 500 2 750

%

0 min
5 600 5 800

%

0
1.50 2.00

Compound name: Anatoxin (Q)
Correlation coefficient: r = 0.998950, r^2 = 0.997902
Calibration curve: 239.95 * x + -96.9549

100

F7:MRM of 2 channels,ES+
995.665 > 135.11

0.5ppb 

3.754e+002LR (Q)

2.250 2.500 2.750 5.600 5.800

Response type: External Std, Area
Curve type: Linear, Origin: Include, Weighting: Null, Axis trans: None

20000
min

6.200 6.400

%

0

R
es

po
ns

e

5000

10000

15000

100

F11:MRM of 2 channels,ES+
986.629 > 135.046

1ppb 

2.799e+002LF (Q)
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ng/mL
0 10 20 30 40 50 60 70 80 90 100

0

5000

min
8.500 8.600

%

0

Water SamplesWater Samples——Filter Only Filter Only 
(spiked at 4ppb)(spiked at 4ppb)( p pp )( p pp )

F2:MRM of 2 channels,ES+
166.13 > 43.03

C_9401a Smooth(Mn,2x3)
Beaver Lake Sawyer Pier 

2 311e+0032 68
F1:MRM of 2 channels,ES+

416 2 > 194 25
C_9401a Smooth(Mn,2x3)
Beaver Lake Sawyer Pier

Anatoxin-a Cylindrospermopsin

%

100
2.311e+0032.682.44

2.342.28 2.602.53
2.862.76 2.97

100

416.2 > 194.25Beaver Lake Sawyer Pier
2.392e+0021.00 1.12 1.681.33 1.47

1.83 2.091.98 2.14

min

%

0 min
1 20 1 40 1 60 1 80 2 00 2 20

%

0

2.400 2.600 2.800

100

F2:MRM of 2 channels,ES+
166.13 > 43.03

D_9401a Smooth(Mn,2x3)
Beaver Lake Sawyer Pier-spiked 4ppb 

2.293e+004Anatoxin (Q)

1.20 1.40 1.60 1.80 2.00 2.20

100

F1:MRM of 2 channels,ES+
416.2 > 194.25

D_9401a Smooth(Mn,2x3)
Beaver Lake Sawyer Pier-spiked 4ppb 

9.479e+002Cylindro (Q)

%

Recovered 3.82 ppb

%

1.04

Recovered 3.60 ppb
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min

2.400 2.600 2.800
0

min
1.20 1.40 1.60 1.80 2.00 2.20

0



Water SamplesWater Samples——Filter Only Filter Only 
(spiked at 4ppb)(spiked at 4ppb)( p pp )( p pp )

LR LR-Confirmatory ion 

F7:MRM of 2 channels,ES+
995 665 > 135 11

A_9401 Smooth(Mn,2x3)
Beaver Lake Meyers Swim area

F7:MRM of 2 channels,ES+
995 665 995 665

A_9401 Smooth(Mn,2x3)
B L k M S i

100

995.665 > 135.11Beaver Lake Meyers Swim area
3.321e+002LR (Q)

6.16
6.42 6.46

6.53

100

995.665 > 995.665Beaver Lake Meyers Swim area 
1.061e+004

6.456.41
LR (C1)

6.25

6.47

0.62 ppb Present (unspiked)
min

6 200 6 300 6 400 6 500

%

0 min
6 200 6 300 6 400 6 00

%

0

Unspiked

100

F7:MRM of 2 channels,ES+
995.665 > 135.11

B_9401 Smooth(Mn,2x3)
Beaver Lake Meyers Swim area-Spiked 4ppb 

9.192e+002LR (Q)

6.200 6.300 6.400 6.500 6.200 6.300 6.400 6.500

100

F7:MRM of 2 channels,ES+
995.665 > 995.665

B_9401 Smooth(Mn,2x3)
Beaver Lake Meyers Swim area-Spiked 4ppb 

8.362e+003LR (C1)

%

Recovered 4.72 ppb %
6.27

6.20

6.48

6.45
6.42 6.52
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min
6.200 6.300 6.400 6.500

0
min

6.200 6.300 6.400 6.500
0

Spiked

Interesting Peak in Some Water Interesting Peak in Some Water 
Samples at mass of Samples at mass of anatoxinanatoxin--aapp

Anatoxin a (10ppb)Anatoxin a (10ppb Spike) Anatoxin-a (10ppb)
Spiked with Phe-Ala

Anatoxin-a (10ppb Spike)
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Why MS/MS is usefulWhy MS/MS is usefuly /y /

Ohio River Sample Ohio River Sample (CYN Spiked)
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Extreme Water SampleExtreme Water Samplepp

7 8
9 10 11

12

1.38

2

2

5 7 8

%

1.47

1.52

2a

Time
1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50

5

1.04
2.07

1.911.75 2.11

2=Anatoxin-a, 2a=Phe-Ala, 5= Microcystin RR, 7=Microcystin YR, 8=Microcystin LR, 
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9=Microcystin LA, 10=Microcystin LY, 11=Microcystin LW, and 12=Microcystin LF 

Solid Phase Extraction (SPE) for Solid Phase Extraction (SPE) for 
Water SamplesWater Samplespp

� Current methodology exist for common microcystinsCurrent methodology exist for common microcystins 
using C18 based SPE

� Anatoxin and cylindrospermopsin add challenges to 
existing SPE protocolsexisting SPE protocols

� VERY Preliminary work has begun on using a 
multimodal SPE protocol* (2 multimodal cartridges for 
different analytes from a single water sample)
— Load water onto 2 cartridges in series, than separate and 

process each separately for the different analyte sets

— Run 2 injections per sample (one for Cylindro, the other 
for anatoxin and microcystins)
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*Patent applied for

Preliminary DataPreliminary Data
Lake WaterLake Water--SPE (Cylindrospermopsin)SPE (Cylindrospermopsin)Lake WaterLake Water SPE   (Cylindrospermopsin)SPE   (Cylindrospermopsin)

1 Cartridge (CYN only)

Standard

%

Std2_t72801b 1: MRM of 3 Channels ES+ 
416.2 > 194.25

2.98e4
2.01

1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20

%

0

LW_sSPE01b 1: MRM of 3 Channels ES+ 
416.2 > 194.25

4 36 3
2.00

Lake Water Spiked (approx 0.8ppb)-SPE

1 10 1 20 1 30 1 40 1 50 1 60 1 70 1 80 1 90 2 00 2 10 2 20

%

1

4.36e3

1.801.491.04 1.431.35 1.66

Lake Water  (SPE)

%

1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20
LW_SPE01b 1: MRM of 3 Channels ES+ 

416.2 > 194.25
357

1.291.23

1.11
1.05

1.16

1.30
2.161.891.31

1.74
1.67 1.76

2.13
1.98

2.07
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Time
1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20

10
1.37 1.54 1.80



Lake WaterLake Water--SPE   (AnatoxinSPE   (Anatoxin--a)a)(( ))

2 Cartridge (Anatoxin and Microcystins)

Std2 t72801b 2 MRM f 3 Ch l ES+

%

Std2_t72801b 2: MRM of 3 Channels ES+
166.13 > 43.03

1.69e5
2.38

Standard

%

2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90
0

LW_sSPE02b 2: MRM of 3 Channels ES+ 
166.13 > 43.03

1.32e5
2.38

Lake Water Spiked (approx 0 1ppb Anatoxin a) SPE

2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90

%

1

LW_SPE02b 2: MRM of 3 Channels ES+ 
166.13 > 43.03

5 09 3
2.69

Lake Water Spiked (approx 0.1ppb Anatoxin-a)-SPE

Time

%

10

5.09e3

2.622.462.392.342.29 2.43 2.53 2.862.802.76 2.92

Lake Water-SPE
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2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90

ConclusionsConclusions

� Separation of all main Microcystins, Anatoxin-a, andSeparation of all main Microcystins, Anatoxin a, and 
cylindrospermopsin is possible in under 10 minutes using 
UPLC as the separation device (versus 40 Minutes by HPLC)

� MS/MS offers enhanced selectivity and sensitivity

� Combined with new SPE method, one can easily go to sub 
ppb levels 
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Thank You for AttendingThank You for Attendinggg

Q ti ?Questions?
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