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Executive Summary

Thel nt er nati onal HealthPrdfessiboam Advisosy iBaard bas
undertaken a science and monitoring assessment for the cyanobacteria and associated toxins
common to the North American (Laurentian) Great Lakes basin, and the human health impacts
ansing from those toxins. This report, developed with the assistance of a contractor that surveyed
available literature, describes challenges for the region in maintaining safe aquatic environments
for recreatiorand the production of potable drinking watkere cyanobacterial harmful algal
blooms This report builds upon the boarddéds prev
and updates previously presented topics of interest to health professiotiasoccurrence of
cyanobacterial harmful algal blooms (cyanoHABS) in the Great Lakes, the prevalence and
emergence of different cyanobacteria and associated cyanotoxins, and the human health effects
of cyanotoxingHPAB, 2013) This work expands the riew toalsoconsidertopics of interest
to water treatment plant managecarrent methods for cyanotoxin detection, challenges to the
removal of cyanotoxins during drinking water treatment, and cureseairch on the status and
application ofnumerical imits on several cyanotoxins in finished drinking wateprotect
human healthThe full technical review is found in the repappendix.

Cyanobacteria are bacteria that commonly grow in environments around the world,
including in the fresh waters of tli&reat Lakes. Where waters have abundant or excess
nutrients, like nitrogen or phosphorus, cyanobacteria will grow rapidly and densely, or bloom.
Such bloomsn the Great Lakes often float on surface water as a mat ofphemn scum, though
the blooms caextend deep below the surfaérie to the diversity of cyanobacteria, blooms can
also be stimulated by factors other than nutrients, such as water temperature, wind or current
patterns. Blooms often occur during sustained periods of warm surface waierdemes, such
as the summer and early fall.

Some blooms of cyanobacteria may produce toxic compounds (cyanotoxins), which can
harm animal and human healifhe incidence of cyanoHABand their toxins are increasing
across the Great Lakes region as alteguncreased nutrient pollutiorf avaterways and climate
changeThe number of cyanobacterial spedieshe region is also increasing, with spedresn

temperate and tropical environments receiintifiedin the Great Lakefiu et al., 2006



Hong et al., 2006; Conroy et al., 20B4yer, 2008 Bridgeman and Penamon, 20TXavis et
al., 2015.

There are a multitude ofyanotoxins associated with cyanoHABge Great bkes
Their effect upon human and animal heaépend upon on the species and strain of bacteria
presentandcan damage the liver (liver toxins), the nervous sygteeurotoxins), and the skin
(dermatoxins). The most commonly detected cyanotoxins produced by cyanobacteria in the
Great Lakes includmicrocysting(liver toxin), cylindrospermopsifliver and dermatoxin)and
anatoxina (neurotoxin)(Boyer et al., 2007)althoughthe potential presence ofher
cyanobacteriatoxins in freshwater lakds anemerging health concerRor instance,he
apparent spread of tropical or subtropical cyanobacterial species capable of producing saxitoxin
into northern lakes, inating the Great Lakes, suggests this toxin may become more prevalent in
the Great Lake@oyer, 2008 Sinha et al., 203 Davis et al., 201p Research indicates the
potential for othehumanhealth threats from cyanotoxin exposure, including cancers, and
reproductive andevelopmental toxicity. Cyanotoxins may remain inside the cyanobacteria cells,
may be expelled in large concentrations from the cell into their surrounding waters, or may be
released when bacteria break down.

Ingestion of, or exposure to, water pollutgddyanotoxins can harm animals and
humans. Consequently, cyanoHABs and cyanotoxins threaten recreational waters and drinking
water supplies. It igery difficult to monitor beaches and drinking watemdigtermine cyanotoxin
presence for the many possibi@aoobacterial species and toxins that might be preadribom
may consist of multiple cyanobacterial strains and multiple forms of toxins, which complicates
the search for simple testing strategies. A standard method to test for multiple bacterignand tox
forms is not presently available to water managers, though laboratory researchgpstesudiard
methods is ongoing.here are considerable gaps in knowledge about optimal water treatment
strategies for the multiple Great Lakes cyanobacteria and timéddvtoxic products. This is of
considerable concern given the Gr gbanillonLakesb
peoplein both countries. These gaps highlight both the importance of preventing cyanoHABs
and research and investment in wateatment technologies.

Health agencies are challenged to set general exposure limits for cyanotoxins due to the
wide range of cyanobacteria and cyanotoxin strains and their broadly differing health impacts.

World Health Organization set guidelines speaificfor microcystin at 1 microgram per lit@n
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drinking water based on studies of adult liver toxicity. This standard is backed by sufficient data
to broadly apply to adult populations, though there are quesiioingw well this guideline

protects childen. Limited experimental data and monitoring capacity makes it difficult to set
exposure limits for individual cyanotoxins.

While health care providers understand many of the human health hazards associated
with cyanotoxins, the ability to associate eomimental cyanotoxin exposure with individual
cases and illness diagnoses remains a public health challenge. Recent attempts to address this
challenge by state and national health agencies include leveraging existing hospital admittance
records as well asew national monitoring and surveillance systems.

The public health risk of cyanotoxin exposure can be reduced with improvements in
drinking water monitoring and laboratory testing. While a thorough examination of management
strategies is beyond the scagehis reportthe HPAB recommends the following strategic
improvements to support public health protection

1) Improvements in drinking water treatment technologies or management of
existing modern technologies to ensure cyanotoxins are efficiently remove
without the production of toxic byproducts. There are multiple cyanotoxins and
different treatment strategies affect them differently.

2) Drinking water treatment plant (DWTP) operations should include robust
monitoring of prevalent cyanotoxins and optiatinn for different source
conditions and treatment systerivknitoring data suggests that current
treatment strategies are not always effective at removing or destroying all types
of cyanotoxins and occasionally fail to reduce concentrations to below the
Worl d Health Organizat i omibregram peflieer dr i n k
of microcystinper day. Wile therecent(August2014) drinking water baim
Toledq OHfocused public and government attention, more activity is needed.

3) Further research on aptal drinking water treatment approaches for Great
Lakes cyanotoxins should be developed. DWTPs currently practice a range of
treatment regimes, but typical treatment processes may not be effective for
cyanotoxins. Many uncertainties on effective removalyanotoxins from
DWTPs remain



4) Improvements are needed in cyanotoxins laboratory testing, and to establish
uniform methods and practices across laboratories, including standards and
quality assurance. Promising technologies include methods for mudtqites t
and toxin congeners along with methods to measure cyanotoxins directly or
indirectly.

5) An examination ofirinking, source wateand beaclmonitoring strategies
should include provisions for regular and improved monitoring of cyanotoxins,
reporting ofsuch results to the public in a timely fashion, and continued
development of predictive models for forecasting cyanoHABs and their toxins
given predictions of increasingly warm waters for longer periods of the year.

6) Additional toxicity studies are need&mlimprove the development of strong
numerical limits for a broader range of cyanotoxins beyuoiwiocystins
These include using purified cyanotoxins in animal studies, additional work
examining exposure from inhaled aerosols (ean showerbathing), and skin
irritation, and additional data on chronic effects from cyanotoxin exposure such

as tumor promotion and cancer.

These recommendations seek to improve the monitoring and abatement of human
risks from harmful cyanobacterial bloonihey shouldaugment, but cannot replace,
efforts to prevent the increasing severity and frequency of blooms by addressing nutrient

pollution and climatanediated temperature changes in the Great Lakes region.
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1. Introduction

The Health Professionals Advisory Board has undertaken a science and monitoring
assessment for the cyanobacteria and associated toxins common to the North American
(Laurentian) Great Lakes basin, and the human health impacts arising from those toxins. This
report, developed with the assistance of a contractor that surveyed available literature, describes
challenges for the region in maintaining safe recreational aquatic environments and the
production of potable drinking water due to cyanobacterial blodtis.reportuilds upon the
boardés previous work on cyanotoxins and huma
topicsof interestto healthprofessional®n the occurrence of cyanobacterial harmful algal
blooms (cyanoHABS) in the Great Lakes, the ptemce and emergence of different
cyanobacteria and associated cyanotoxnd, the human health effects of cyanotoXHBAB,

2013) This work also expands the reviewalgoconsidertopics of interest to water treatment
plant managersurrentmethodgor cyanotoxin detection, challenges to the removal of
cyanotoxins during drinking water treatment, and cunresgarch on the status and application
of numerical limits on several cyanotoxins in finished drinking witgarotect human health
The full technical review is found in the report Appendix.

Cyanobacteria are ubiquitous phototrophic bacteria that inhabit diverse environments
across the planet. They dominate many eutrophic lakes impacted by excess nitrogen (N) and
phosphorus (P) forming dense aowlations of biomass known as cyanobacterial harmful algal
blooms or cyanoHABs. Their dominance in eutrophic lakes is attributed to a variety of unique
adaptations including N and P concentrating mechanisms, nitrogen fixation, colony formation
that inhibts predation, vertical movement via gas vesicles, and the production of toxic or
otherwise bioactive molecules.

The ecology, toxicology, and physiology of cyanobacteria and cyanoliaB=heen
studied for more than a century providing rich information &bmeir impacts on aquatic
resources. Cyanobactari ( k nown col |-prqeueémaldlyg aaeso )A bdruee a ubi
diverse group of photosynthetic graragative bacteria that inhabit both terrestrial and aquatic
habitats throughout the planet. These bréxigere responsible for the oxygenation of early earth



more tharthreebillion years ago and are the precursors to chloroplast organelles in Eukaryotic
algae and higher plants (McFadden, 2014).

An increasingly recognized characteristic of cyanobactetleeis ability to produce
toxic or otherwise bioactive compountigt affect animal and human physiology. In most cases,
these are secondary metabolites (not necessary for normal functioning of the bacterial cells) but
presumably provide some largely unkmobenefit to the organism). Multipmmpounds are
being discovered (including congeners, methylated and other variants) whose toxicity is
incompletely characterized to daBoth the full diversity and toxicity of such compounds (in
isolation and in mixires) produced inatureis not known.

Many of these are known potent toxins or suspected as being harmful to a variety of
organisms. The presence of these compounaguatic environments, particularly lakes,
presents challenges for recreational wataligumanagement and drinking water production.
Until recently, measuring cyanotoxins in surface water was technically challeRgasgnt
methods are able, using multiple methods in asfep fashion to measure low concentrations
of a broad array of tans with good accuracy, but a systematic cyanotoxin monitoring system
has yet to be establishdd.the absence of such a monitoring system, little is known about
spatial and temporal patterns of cyanotoxins in the Great Lakiggers for toxin produabin
and toxin release are poorly understood. These provide challenges for characterizing, monitoring,
and predictingoxin formation in the environmentyanotoxins may remain in the bacterial cells
(intracellular), be actively excreted, or be releaseddliylysis. Human activities, including
drinking water treatment, may affect these stak@sther challenge is establishing human health
standards (the state of current toxicological knowledge) for these toxins to allow for

environmental assessment.

2. Healthrisks

Cyanotoxins associated with cyanoHABs in lakes are generally divided into three groups:
liver toxins, neurotoxins and dermatotoxihess conclusive evidence associates toxins with

carcinogenicity and reproductive and developmental toxiBiegently discovered
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cyanobacterial species in freshwater lakes, and the potential presence of their toxins, represent an

emerging health concern.

2.1. Livertoxins

In the Great Lakes region, the most commonly observed or targeted cyanobacterial liver
toxinsare the microcystins (MCs) (Vanderploeg et al., 2001; Boyer, 2007;-Rartto et al.,
2009).MCs and at least 85 different variants have been detected in lakes or cell cultures
(Sivonen and Jones, 1998)Cs covalently bind to and inhibit protein phosasas type 1 and
2A in eukaryotic cells, though other proteins and enzymes may also be inhibited (Honkanen et
al., 1990). MCs are specifically transported into hepatocytes and across thédalimooarrier
by organic anion transporter polypeptides (OATI®cher et al., 2005).

While MCs appear to be the most prevalent cyanotoxins, cyanobacteria also produce
other liver toxins. Nodularin is a hepatotoxic cyclic pentapeptitie similarity to MCs. It also
inhibits protein phosphatases, but is primarilyduced by Nodularia spumigena in brackish
waters and may also occur in freshwaters (Beattie et al., 20@)drospermopsin and its
analogs (e.g. deoxycylindrospermopsin) are produced by Cylindrospermopsis raciborskii and
some other genera (e.g. Aphanizomn) and they can cause liver and kidney toxicity by
inhibiting the synthesis of protein and glutathione along with (see below and (Runnegar et al.,
2002)). C. raciborskis now considered an invasive species in temperate regions, including the
Great Lales (Hong et al., 2006; Conroy et al., 2007).

2.2. Neurotoxins

Anatoxirna and homoanatoxia are nicotinic acetylcholine agonists and Anatea(s) is
an organophosphate that irreversibly binds to acetylcholinesterase in peripheral nerve cells
(Cook et al.1988; Cook et al., 1989; Cook et al., 1991; Hyde and Carmichael, 1991; Thomas et
al., 1993). The net effect of all anatoxins is uncontrolled activation of nicotinic and muscarinic
acetylcholine receptors resulting in respiratory dysfunction and potgmiathlysis Anatoxin-a
and homanatoxHa are produced by speciesAsfabaenaOscillitoria andAphanizomenon
among others (Devlin et al., 1977; Edwards et al., 19923baenaspecies, particularly

Anabaena flosaquae have been shown to produce anate(s). (Carmichael et al., 1979).
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Recently, the possible chronic neurotoxin bdtenethylamineL-alanine (BMAA) was
found in diverse species of cyanobacteria (Cox et al., 2Q@&) et al. recently found that
BMAA is also produced by every major order ganobacteria including common freshwater
bloom forming species such as Microcystis, Anabaena and Planktothrix species (Cox et al.,
2005).Saxitoxin and its more than 50 analogs are tricyclic alkaloid neurotoxins that permanently
block voltagegated sodiunchannels in nerve cells causing dysfunction and paralysis.
Similarly, historically,Lyngbya wollewas associated with lakes in tsmuthwestern
United States, but has now invaded some parts of the Great Lakes, especradigténgbasin
of Lake Erie(Bridgeman and Penamon, 201L0rhis organism blooms in thick mats at the
sediment surface in shallow zones, and it produces two common saxitoxin variants as well as six

that are unique to this specigarmichael et al., 199Dnodera et al1997).

2.3. Dermatoxins

Rash and contact dermatitis are reported anecdotally in cases of human exposure to
cyanoHABs(Stewart etl., 200§, and may beaused by one of hundreds of bioactive
metabolites produced by cyanobacteltiias been suggested that the lipopolysaccharides (LPS)
of cyanobacteria may contribute to human illness, particularly epidermal allergic reathiens.
origin of skin impacts from cyanoHABsxposuras anongoingarea of study

Health agencies have issued guidelines for their jurisdictions to protect against exposure
to individual cyanotoxins, which occur most commonly from water ingestion and recreational
activities, as seen in TakleOne of the longest standing guidelinesrfticrocystins in drinking
water, 1 pug/L from World Health Organization (WHO), has been in place for 16 aeaiis
commonly applied when referencing dangerous or unsafe cyanotoxin levels, as the supporting
data underlying the guideline is relatively stalpgial compared to those for other cyanotoxins.
Al t hough commonly used to indicate fAsafeod dri

incomplete for this purpose, being silent on the presence of other toxins.
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Table 1. Numerical limits for cyanotans in drinking water based on varying critical studies and toxic endpoints
discussed in this report and appendix.

Toxin Microcystins Cylindrospermopsins Saxitoxins
Source WHO EPA (US. | This This Report EPA (US. This Report | This Report

and Report and

Canada) Canada)
Critical study Fawell et al. Heinze Liet al. Chen et al. Humpage Humpage CONTAM

1999a 1999 2015 2011 and and
Falconer Falconer
2002,2003 2002,2003

LOAEL/NOAEL | 40 50 ) 1 30 30 0.5
(ug/kg/day)
End point Liver Toxicity | Liver Central Male Kidney Kidney Peripheral

Toxicity Nervous | Reproductive | Toxicity Toxicity Nervous

System Toxicity System
Toxicity Toxicity

Age of Exposed | Adult <6 >6 <6 yrs <6 yrs <6 >6 <byrs <6 yrs

yrs | yrs yrs | yrs
DWI/BW/day 0.03 0.15 | 0.03 | 0.15 0.15 0.15 (015 |[0.15 0.15
(L/kg/d)
Uncertainty 1000 1000 | 1000 | 1000 1000 300 300 1000 3
Factor
Guideline 1 03 |07 0.03 0.01 0.7 3 0.2 0.3
Value (ug/L)

Establishing numerical limits for individual cyanotoxins has many challenges. These
include:
1. There have been few repeat oral dose anstogies using purified cyanotoxin. These
studies have traditionally served as the basis for developing numerical limits since ingestion is

likely the primary route of cyanotoxin exposure.

2. Toxicity studies are needed to assess toxicity, includingedrerosols (e.grom
showerbathing) (EPA, 2016) and skin irritation.
3. Chronic effects such as tumor promotion and cancer have not been considered in

developing numerical limits for cyanotoxins, primarily due to a lack of data.

4. Guideline values shid be matched closely with monitoring capabilities. At present it is
not clear if this is the case. For example, there is currently no known method that targets total
toxic microcystins (TTMC).

5. Not all current standards address vulnerable populatiecis as children consuming
higher amounts of water.

6. Consideration is neededrfpersons with underlying conditions that may make them

particularly sensitive to the effects of cyanotoxins.
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7. Consideration should be given to the possible effects xtuneis of cyanotoxins
commonly observed in nature.

While health care providers understand many of the human health hazards associated
with cyanotoxins, the ability to associate environmental cyanotoxin exposure with individual
cases and illness diagnosemains a public health challenge. Recent attempts to address this
challenge include leveraging existing hospital admittance records as well as new national
monitoring and surveillance systems. In New York State, 228 hospital visit records were linked
to environmental exposure to harmful algal blooms using the recorded World Health
Organi zationds I nternational Classification o
recorded from 20082014, resulted in multiple diagnoses and occurred throughdatia
seasons. Nationally in the United States, the US Centers for Disease Control and Prevention
launched a monitoring framework in 2016, thee Health Harmful Algal Bloom System
(OHHABS, https://www.cdc.gov/habs/ohhabs.html), to provide for-@ngmonitoring and
reporting of potential public health events due to cyanotoxin exposure and support public
advisories related to harmful algal blooms in the United States. Relying on data sharing from
participating states and territories, the system enadpesting on human and animal iliness

from exposure to cyanoHAB events in marine, brackish and freshwater environments.
3. Drinking water management strategies

The Great Lakes are currently used as a source of drinking water for over 35 million
people Lake Erie is the most affected by cyanotoxins and an estimated 11 million people rely on
Lake Erie for drinking water. As such there is great interest in drinking water treatment strategies
to remove ganotoxins in this region.
In a recent survey of finigd drinking water supplies from 24 plants in the United States,
75% of samples tested positive foicrocystingMCs) and some samples contained
concentrations unacceptable for human consumg@anmichael, 2000 In 2013 MCs were
detected in finished drinking watem the Carroll County Township drinking water facility in
Ohio, which draws water frolh a k e \Westerda®d si n . Levels spiked to |

finished water coinciding with a | arge cyanoH
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water Figurel). Then in 2014 MCs were detected in finished drinking water at the Toledo
drinking water treatment plant at nearly 2.

occasions that did not necessarily coincide with spikes in raw water.

Optimal water treatment processes

__ o | — Finished (r s .
4 % Intake , - A for one cyanotoxin may not work for
[®)) - =
2 lo 2 . .
5 B = % anotherSedimentation alone does
< ] D X
2 3 Fwo £ notremove dissolved cyanotoxins or
£ =
Sleoo ococo_—eoc® ésro -o those in buoyant cellslowever,
N (o] o < N~ i <t [ee] . . .
S 0 2 94 @ o < A since Great Lakes microcystins are
5§ § 3 3 % %8 & &
oo < < 00 largely bound inside cyanobacterial
o | o [0} L
— @ | — Finished cells, the bulk of MCs can be
= . Intake ® - o
o S . .
\3 NI - 5 removed by this metho®apid sand
2 7 Lo @ . .
é S ) o N 3 filtration, a common treatment
= L [
LL - .
o technique, may actuallyse cells,
o
S8R5SR 33I55833838 releasing cyanotoxin€hlorination
T88553353060888 : .
SsSs55 IION has variable (species dependent)
Figure 1 Concentrations of MCs in finished and intake effects on destroying cyanotoxins,
drinking water at Carroll County (Top) and Toledo (bottom), .
OH plants in 2013 and 2014, respectively. and the effectiveness of both

chlorination and ozonation appear

to be dependent on various factors
including the species of chlorine, pHpteerature, and organic matter in the water being treated.
Activated charcoal filtration, UV treatments (with additional catalysts), nanofiltration and
reverse osmosis appear to hold promise, but ideal treatment strategies for many toxins are still
unknown,and these are not in widespread use in the Great L&desn that a particular
treatment strategy may vary greatly in effectiveness with different cyanobacteria and raw water
conditions, strategies may need to be tested and optimization of treatmemielnagry from

one location, plant or HAB event to another.
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4. Toxinmonitoring approaches

Cyanotoxindetection methods have been developed largely in the form of biological or
immunological assays and analytical chemistry for laboratory measurementsajdr caveats
of these methods include inconsistency and unavailability among toxin standards (or suitable
substitutes/surrogates), lack of standardization among laboratory measurements, costs of
materials or instrument usage, and the capacity of eattfochto measure all fractions of the
total toxin pool within a sample (i.e. intracellular, covaleitityund and dissolved) as well as alll
toxin variants that may exist in nature.

Typical analytical methods screen for a few select congeners, though thele many
potentially present or some structures that have yet to be desdiiitezd are some methods to
address this analytically by converting all congeners to a commepreddct.A tiered
approach to testing may provide one practical workflow foessag most variants of the most
likely cyanotoxins to be encountered in the Great Lakes. However, the capacity for such testing
in the region and procedures for standardizing assays and to ensure uniform testing procedures

across the region would be nedde produce reliable and comparable results.

5. Environmentaloccurrence andtracking of
CyanoHABs

Perhaps the most noticeable characteristic of many cyanoHAB species is their ability to
multiply to high densities forming macroscopic colonies or grougekdcovered in a mucous
polysaccharide sheath. In some cases, these colonies may coalesce-ftaatingemats or
Ascumso on the surface ofgreéenlagpearanck duetathea h a br i

presence of hycocyanin, their major light Inaesting pigment (Figurg).
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Figure2 CyanoHAB floating scums in Lake Winnebago, WI in August 2028, and Lake

Mendota, WI September 2008right, showing the bright blue appearance due toghycocyanin.

Colony size affects cyanobacterial vertical movement, and aids in diffusion of nutrients
and signaling molecules between cells (Wu and Kong, 2009; Misson et al., 2011). Large colony
size resists predation by zooplankton (unlike othercaanial algae) ahfilter feeding
organisms includin@reissenidge.g. zebra mussels) (Jarvis et al., 1987). The colonization of
some lakes witldreissenidshas resulted in shifts in phytoplankton community composition to
cyanobacterial dominance, such as in Lake Erie@égploeg et al2001;De Stasio et al.,
2008).Nearly all cyanoHAB species possess protein gas vesicles that may provide a competitive
advantage over other photosynthetic life forms by allowing vertical movement of cells through

the water column to adjukght exposure.

6. Physiology andecologyfor CyanoHAB
blooms: temperature and nutrient drivers

CyanoHAB events generally begin when water temperature is highest and may persist as
water temperatures slowly decline (i.e. in autumn). For example, in Lake Erie water temperature
is not conducive for cyanoHABs until June with peak biomass between duyaober
(Stumpf et al., 2012). Similar observations have been made for smaller lakes in the Great Lakes

17



region including Lake Mendota, WI and Lake Winnebago, WI (Miller et al., 20@Bopka and
Brock, 1978).

Water temperature is only one factor drivihg growth of cyanobacteria in lakes.

Nutrient availability either from external sources or internal recycling promotes cyanobacterial
growth. Since the majority of external nutrients occur in spring when water temperatures are not
conducive for cyanobaatal growth, spring nutrient runoff is not likely to be immediately
consumed by cyanobacteria to produce cyanobacterial biomass. To a greater extent,
cyanobacteria thrive off of internal (vs. external environmental) recycled phosphorus (P) from
other orgarsms or sediment as well as nitrogen (N) fixation.

Cyanobacteria have a variety of mechanisms to compete for nutrients. Some
cyanobacteria can fix atmospheric N providing a source of N when all other forms are scarce,
particularly ammonium (Ohmori and Hattt, 1974; Beversdorf et al., 2013). In most cases, N
fixation has been shown to benefit both N fixing and-Noiixing cyanobacteria, likely due to
secretion of fixed organic N from N fixing cells. N fixation may explain why cyanobacterial
dominance occurin lakes with moderately low total N to total P ratios (< 29:1). However, the
timing of N fixation events may be more important in stimulating and sustaining blooms of toxic
cyanobacteria (Beversdorf et al., 2013).

It is important to recognize that gerarsd/or strain specific differences among
cyanobacteria present challenges in making generalizations about environmental drivers of
cyanoHABs. Optimal growth temperature, toxin production, predator avoidance, colony size,
shape, and density are just a fefithe characteristics that have been shown to vary by species,
strain, and genotype (Robarts and Zohary, 1987; Otsuka et al., 2000; Jang et al., 2003; Xing et
al., 2007; Lei et al., 2015; Li et al., 201%he rate of lake mixing and/or oscillations betwe
mixing and thermal stratification are important factors determining the occurrence of
cyanoHABs (Dokulil and Teubner, 2000; Huisman et al., 2004).

The large diversity of cyanobacteria in nature prevents generalizations about their
physiology and ecolog¥fforts to model their responses to environmental variables at time
scales relevant to human health (e.g. weekly if not hourly) are often site specific, largely non
transferrable between lakes. This may be in part due to a lack of sufficient datage a la

number of lakes, or having the correct measurements. More research is needed in this regard.
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Besides growth of new biomass, cyanoHAB events can also occur due to vertical movement
(floating/sinking) of cyanobacteria, wind and/or currents pushing figaiells, processes that do

not necessarily require growth.

7. Distribution of CyanoHABS in the Great
Lakesregion

Cyanobacteria are ancient organisms that have developed a number of adaptations that
allow them to dominate nutrient rich lakes globally. CyanoHABSs are a natural occurrence
exacerbated by human activities including increased nutrient runoff, changes uségrand
climate change. In the Great Lakes region cyanoHABs most often occur in water bodies that
maintain water temperatures above 20for an appreciable period of time and that receive a
large amount of nutrient input. Cyanobacteria that occureirGiteat Lakes region produce
hundreds, or perhaps even thousands of toxic or otherwise bioactive substances. Among the most
commonly reported are MCs, anatoxins, saxitoxins, and cylindrospermopsins as well as a variety
of bioactive peptides. With the exdam of cylindrospermopsin, the molecular mechanisms of
toxicity and acute pathogenesis of these cyanotoxins are well known. For some cyanotoxins (i.e.
MCs and cylindrospermopsinghe molecular mechanism of toxicity and/or pathological effects
indicatesthey are possible carcinogens, and indeed, tumor promotion has been demonstrated in
animal studiesHowever, for purposes of developing numerical limits on cyanotoxin exposure
more repeat oral dosing studies are needed. In addition, the development ¢alumméts may
require the use of epidemiological data to account for the possible contribution of some
cyanotoxins to chronic diseases and cancer.

MCs are clearly the most often detected, or targeted cyanotoxins in the Great Lakes
region. However, histacally there have been no regular monitoring programs for cyanotoxins in
the Great LakedAt present ouunderstanding of the variability in cyanotoxin diversity across
spatial and temporal scales in the Great Lakes region is relatively unknown, aaie tewhich
humans are exposed to these toxins has not been adequately addressed due to a lack of

monitoring tools. Biomarkers of cyanotoxin exposure are needed in order to develop diagnostic
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tests and establish rates of human exposure to cyanotoximmsingurenation will be useful in
determining whether there are associations between cyanotoxin exposure and the development of
chronic diseases.

There is no systematic regular monitoring program for cyanotoxins in the Great Lakes.
As such, the majority ofata on cyanotoxin distribution comes from select peer reviewed
studies, primarily in Lake Erie and nqeer reviewed data from governmental agencies.
Appreciable growth of cyanoHABs is foremost dictated by water temperature. CyanoHABs
rarely form in areathat do not have sustained water temperatures above at |€&sttB6ugh
most cyanoHAB species likely form blooms at temperatures less than their optimal growth
temperature. The average daily surface water temperatures for the past 21 yedr2QISm
the Great Lakes show that Lakes Eriet#dio, and Michigan exceed 20 for 491 90 days
(Figure3).
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The timing of cyanoHAB events at weekly or even monthly scales is difficult to predict
and despite decades of research efforts, the ability to predict cyanotoxin levels and the exact
environmental conditions under which cyanotoxin production occurs reelasige. Therefore,

regular monitoring for cyanoHABaNd their toxins is necessary.
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8. Conclusion

CyanoHABs and their toxins are increasing across the Great Lakes region as a result of
increased nutrient pollution of waterways and climate change. la s@terways it is likely that
nutrient inputs and the availability of internal nutrients (e.g. in sediments) cannot be reduced low
enough to completely halt the development of cyanoHABs and toxin production in the near term.
For this reason, lonterm stréegies are needed for managing risk to human health from
cyanotoxins.

While a thorough examination of these management strategies is beyond the scope of this
report,the HPAB recommends the following strategic improvements to support public
health protection:

1) Improvements in drinking water treatment technologies or management of
existing modern technologies to ensure cyanotoxins are efficiently removed
without the production of toxic byproducts. There are multiple cyanotoxins and
thus different treatmentrategies may affect them differently.

2) Drinking water treatment plant (DWTP) operations should include robust
monitoring of prevalent cyanotoxins and optimization for different source
conditions and treatment systems. The majority of DWTPs in the Griees La
region that draw from source waters historically containing cyanoH&sot
effectively removing or destroyingyanotoxins, andccasionally fail to reduce
concentrations to below the World Heal
| evel o fcrocystirepgr/daywhite therecent(August 20143rinking
water barin Toledq OH havefocused public and government attention, more
activity is needed.

3) Further research on optimal drinking water treatment approaches for Great
Lakes cyanotoxins should lbdeveloped. DWTPs currently practice a range of
treatment regimes, but typical treatment processes may not be effective for
cyanotoxins. Many uncertainties on effective removal of cyanotoxins from
DWTPs remain
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4) Improvements are needed in cyanotoxins laiooyaesting, and to establish
uniform methods and practices across laboratories, including standards and
guality assurance. Promising technologies include methods for multiple toxins
and toxin congeners along with methods to measure cyanotoxins directly o
indirectly.

5) An examination of source water monitoring strategies should include
provisions for regular and improved monitoring of cyanotoxins, reporting of
such results to the public in a timely fashion, and continued development of
predictive models foforecasting cyanoHABs and their toxins given
predictions of increasingly warm waters for longer periods of the year.

6) Additional toxicity studies are needed to improve the development of strong
numerical limits for a broader range of cyanotoxins beyuoiwiocystins
These include using purified cyanotoxins in animal studies, additional work
examining exposure from inhaled aerosols (ean showerbathing), and skin
irritation, and additional data on chronic effects from cyanotoxin exposure such

as tumo promotion and cancer.

These recommendations seek to improve the monitoring and abatement of human risks
from harmful cyanobacterial blooniBhey should augment, but cannot replace, efforts to
prevent the increasing severity and frequency of blooms dineasing nutrient pollution and
climatemediated temperature changes in the Great Lakes region.

Ultimately the problem of reducing cyanoHABs and their toxins in the Great Lakes will
be addressed through intensive nutrient abatement programs in the veat@lisiete change
impacts were not a focus of this report but the increasing spread of warm water habitat with
climate change serves to prioritize the impactsyahddAB identified in this report and to

underscore the need for lotgrm management strateg to control HABS.
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D. Background

In freshwateenvironmentscyanobacteridCyanophyceaajominate manyutrient rich
lakesproducing large accumulations aifjalbiomassTheaccumulation oéxcessalgal
biomass or f al igk&aKkes abd other agsiaiic environments impacts ecological and
human health as well as teeciceconomic valuef our waterresources. While a natl
occurrence, the eutrophication of water bodied global climate change protadhe frequency,
duration, and magnitude of these bloofscess bloom materiéd consumed viaespiationby
heterotrophic microorganisne®nsuming oxygen (i.e. increased biological oxygen demand)
leading toanoxic/hypoxic conditions detrimental to fiahd other wildlifeIn addition,decaying
algal biomasgroduces noxious or unpleasant odatsbiting recreational activitie®otent
toxinsand other constituents sbmealgaeare harmful to aquatic organisnas\dother animals
including humansThepresence of these toxins and odors assocvwatedalgalbloomspresents
challengedor theuse of freshwaters f@roducing high quality, aesthetically pleasohgking
water(Zamyadi et al., 201Zheung et al., 2033While many types of algae accumulate in
aguatic environmentgyanobacteriare responsible for producingasonal mass accumulations
known as cyanmacterial harmful algal blooms or cyanoHAB#$e focus of this review isn
cyanoHAB occurrence ambssible human health outcomes associated with cyanoHABs in the
North American (Laurentiar(preat Lakegheretoforeeferred to ashe Great Lakesproposed
limits for human exposure and issues related to monitoring and managing toxin levels in source
and finished drinkingvater andake water foprotectinghuman health

The ecologytoxicology,and physiology otyanobacteria and cyanoHABs hdween
studied fomore than a centupyroviding rich information about theimpacts on aquatic
resourcesCyanobacteriakhown colloquially asi b Fquree en al gaedo) are a ubi
diverse group of photosynthetic granegative bacteria that inhabit both terrestrial and aquatic
habitats throughout the planet. Théseteriawere responsible for the oxygeiuat of early earth
more than dillion years ago and are the precursors to chloroplast organelles in Eukaryotic algae
and higher planttMcFadden, 2014 They are among the most important, diveas®l abundant
photosynthetic organisms on the planet with lifestyles that range Bsem#al symbionts of
lichens and plant® the most abundant phototrophs in the wirliceans (i.e.

Prochlorococcuk
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An increasingly recognized characteristic of ayla&cteria is their ability to produce
toxic or otherwise bioactive compounds that affect animal and human physiology. In most cases,
these are secondary metabolites (not necessary for normal functioning of the bacterial cells) but
presumably provide somarbely unknown benefit to the organism). Multiple compounds are
being discovered (including congeners, methylated and other variants) whose toxicity is
incompletely characterized to datBoth the full diversity and toxicity of such compounds (in
isolation and in mixtures) produced in nature is not kno&enomic studiesuggessome
cyanobacteria are capable of produdmigdredsof different bioactive molecules with varying
degrees of toxicityMejean and Ploux, 201&alteau et al., 2034While some such compounds
areof interest to the pharmaceutical indudty their medical benefit@thersarepotenttoxins
harmful to a variety of organismghe presence of theserapounds in aquatic environments,
particularly lakes, presents challengesrémreationavater quality management and drinking
water production.
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Characteristics

Over their long history on this planeyanobacterihaveevolvedadaptationshat favor
theirdominancen eutrophic lakesPerhaps the most noticeablearacteristic omany
cyanoHAB speciess their ability tomultiply to high densitie$orming macroscopic colonies or
groups of cells covered in a mucous polysaccharide sHeabme caseshese colonies may
coalescento freefloatingma t s o r oniihs surfaceftthe lakeith a bright blueor blue
greenappearance due to the presence-ph§cocyanin, their major light harvesting pigment
(Figurel). Colony size affects cyanobacterial vertical movemandaids in diffusion of
nutrients and signeng molecules between celld/u and Kong, 2009Mlisson et al., 2011
Large olonysizeresists predation by zooplanktumlike other norcolonial algaepand filter
feeding organisms includirigreissenidge.g. zebra mussel§)arvis et al., 1987The
colonization ofsomelakes withDreissenidshas resulted in shifts in phytoplankton community
composition to cyanobacterial dominansach as in Lake Eri@/anderploeg et al., 200De
Stasio et al., 2008

Figure 1 CyanoHAB floating scums in A) Lake Winnebago, WI in August 2013, and B)
LakeMendota, WI September 2008, showing the bright blue appearance due to C
phycocyanin.

Nearly all cyanoHAB specigsossess protein gas vesicles that provide buoyancy and
thus drive vertical movement of cells through the water coldiesevesicles are cylindrical
shaped structures formed by two hydrophobic proteins that diffusively accept gas and repel
water(Walsby, 1972ab). With enough gas trapped in the vesicthe cyanobacteritioat
upward toward the surface, where there is more photosynthetically active radiation
Photosynthesis produces carbohydsamhich may act as ballast, or increase celltlegor
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pressurdGrant and Walsby, 197.7Depending upon the width of the gas vesitties pressure
may result in the irreversible collapse of the gas vesicle leading to a loss of buagdncy
sinking As such, buoyancy or vertical movement in cyanobadtereggulated by gene
expression of vesicle proteins, width of the cylindrical gas vesicle, photesysmetabolism
of carbohydrate ballasand sunlight.

It has been proposed that vertical movenoéiyanobacteria is an adaptation that allows
cyanobateriato capture nutrients in dark deeper lay&rthe lake then float tahe sunlit
surface waters where photosynthesis @atbonfixation takes placé~ogg and Walsby, 1971
This would give them a copetitive advantage over other Eukaryotic phototrophs soreg |
term thermal stratification sequestaisogen (N) ad phosphorusR) in deeper waters at or
below the therracline while thenutrientpoorphotic zonds generally limited to the upper few
meters in most eutrophic lakes during the cyanobacterial growth s@éisser et al., 1996
Miller et al., 2013. Thus, cyanobacteria may have a competitive advantage by overcoming this
separation in nutrients and sunlight through vertical movedrarénby gas vesicle However,
it is not clear if cyanobacteria verticalyigrate tosuchlower depths whereutrients are
sequestered, especiallydeep lakes where the thermocline depth is often far below the photic
zone(Bormans et al., 1999A more importanadvantagdor vertical movemeninay be in
obtaning optimal light condition@ndavoidng ultraviolet radiation and oxidative stress
CyanoHAB speciebave low light requirements, but can adapt to high light by varying relative
amounts of chlorophylé andtheir major light harvesting pigme@tphycocyaninAs such,
some cyanobacteria are able to pradismf-shadingy producing blooms at the surface that
shade out other phototrapltompetitorswhile also growing aa depth where light may be
limited (Scheffer et al., 1997

Somecyanobacteria can fix atmospheNgroviding a source dil when all other forms
are scarcgparticularly ammonim (Ohmori and Hattori, 1978Beversdorf et al., 2033In most
casesN fixation has been shown to benefit bottixing and nonN fixing cyanobacteria, likely
due to secretion dixed organicN from N fixing cells. N fixation may explain why
cyanobacteriedominance occurs lakes withmoderatelyjow total N to totalP ratios € 29:1)
However thetiming of N fixation eventsnay bemoreimportantin stimulating and sustaining

blooms of toxic cyanobacter(8eversdorf et al., 20)3Cyanobacterialsocompete well for
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low levels ofP and/or have lowelP requirements compared to other gtaiphs(Kromkamp et
al., 1989.

Mostcyanobacteria also possess carbdnandP storage mechanisms. The carbon
concentrating mechanism consists of protein transporters that concentrate bicavitbivatee
cell to be used bRuBIisCO (ribulose 1,5 bisphosphate carboxylase oxygendeerarbon
fixation (Price et al., 2008Fixed carbon andnergymaythenbe stored in glycogeand
polyhydroxyalkanoateSimilarly, in many bacteria including cyanobacteNsandP arestored
in cyanophycin and pgphosphategranulesrespectivelythereby providing a source RfandP
at a later timéJacobson and Halmann, 1982ackerras et al., 1990

The extent that these adaptations are expressed by cyanoliaatatizre favang their
dominance and resulting in cyanoHAB events depends on a variety of inteutsigal
chemical, and biologicdhctorsthat are only partially understoo@rowth of cyanobacteria in
nature is highly dependent on seasonal faégtmtading water temperature, sunlight, and lake
mixing. In north temperate environmentse optimal growth temperature for all cyanoHAB
species is 15 C, and the most prevaletatxic cyanoHAB specieée.g.Microcystig have
optimal growth temperatures25 C (Robarts and Zohary, 1987As suchcyanoHAB events
generally begin when water temperature is highest and msigipgs water temperatures slowly
decline (i.e. imutumr). For example, in Lake Erie water temperature is not conducive for
cyanoHABs until June with peak biomass between July and Oqi®hanpf et al., 2012
Similar observations have been made for smaller lakes in the Great Lakes relgidingnicake
Mendota, Wland Lake WinnebagdVI (Miller et al., 2013(Konopka and Brock, 1978

Water temperature is only one factor driving the growth of cyanobactdakes
Nutrient availability either from external sources or internaycéing promotes cyanobacterial
growth. Since the majaty of external nutrientsccurin spring wien water temperatures are not
conducive for cyanobacterial growtpring nutrientrunoff isnot likely to be immediately
consumed by cyanobacteria to prodaganobacteriabiomassTo a greater extent
cyanobacteria tiwe off of internal recycled Bom other organisms or sediment as welNas
fixation. Nutrientspeciation is also importa(ite. organic or inorganicN versts P for the
metabolic needs of the cyanobacteria at the time nutrients become avaialdramplelack
of N promotes N fixation by diazotophic cyanobacterigbut this is more associated witie lack
of ammoniathan oher N source¢Flores and Herrero, 20D4As such N fixation occusin the
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presence of nitratéSpiller et al, 1986 Beversdorf et al., 201 ®aerl and Otten, 20L@espite
the association withugrophic environmentgn a temporal scelcyanoHABsgenerallyoccur
during periodsvhenthe standing stock of N and P atetheirlowest(Gobler et al., 200Miller
et al., 2013

Besides growth of new biomagyanoHAB events canlao occur due twertical
movenent (floating/sinking) of cyanobacteriind and/or currentpushing floating cells
procesesthatdo not necessarily requiggowth. Cells distributel throughout the water column
cansynchronize vertical movemertgereby accumulatin@.e. bloom)simultaneouslyt the
surface often in the evening arwh diurnal cycleqlbelings et al., 1991 Similarly, currents and
prevailing winds can cause biomass to aadate pool,or pile upalong sheelinescreating
bloomconditions(Kanoshina et al., 2003Predicting how these factors interagth elicitors of
cyanobacterial growth (e.g. nutrients and temperatiremporal and spatial scales is a rich
area of study imyanoHAB modeling effortéWallace and Hamilton, 2000

It is important to recognize thaégus and/ostrain specific differences among
cyanobacteria present challenges in making generalizationseabotgnmental drivers of
cyanoHABs.Optimal growth temperature, toxin production, predator avoidance, colony size,
shape, and density are just a few of¢haracteristics that have begrown to vary by species,
strain and genotypéRobarts and Zohary, 198@tsuka et al., 20Q@ang et al., 200Xing et
al., 2007 Lei et al., 2015Li et al., 2015a The rate of lake mixing and/or oscillations between
mixing and thermal stratification are important factors determithiagoccurrence of
cyanoHABs(Dokulil and Teubner, 200Huisman et al., 2004

Bloom size and taxonomic identification of bloom species do not reliably predict the
presence of toxins in apicularcyanoHABsbloom. The reasons for this are varied and in some
cases not well understood. For example, toxigenic andaagenic strains of cyanobacteria
appear in the same species, depending on whether toxin genes are present (Pick, 2016). While
several genera and species of cyanoHABs produce microcystins, production of this toxin occurs
only when genes for its synthesis are fulipdtional(Pick, 2016). Also, the physiological role of
cyanotoxins within cells is unclear, for instance whetheintareconsistently produced in
response tstresdue to lack of nitrogen (Gagnon and Pick, 2012).

Oscillatoriales and other filamentous cyanobacteria are often associated with shallow

turbid lakes that are rareifyeverthermally stratified Scheffer et al., 1997 These cyanobacteria
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are shade tolerant allowing them to outcompete other phototrophs in lowtuidgid conditions
Reynolds et al(Reynolds et al., 19§ demonstraté that cell shape, size, and density are
principal factors in determining buoyancy of cyanobacteria or resistance itogsamd dispersal
during lake mixing event®scillatoriacompared tdvicrocystisandAnabaenahave the lowest
ballast per unit cell volume making them more resistant to sirdadgdispersal during frequent
mixing events that occur in shallow polymicfiee. frequently mixedlakes In contrast, blooms
of spherical colonial species includiMicrocystis(such as occur in Lake Eriaje associated
with infrequent mixingthermally stratified conditionsvhich is likely due in large part to their
relativelyhigh ballast to cell volume ratio in both high and low light conditiéios example,
cyanoHABs ofMicrocystisin Lake Erieand other lakege.g. Lake Taihugre associated with
low wind stress and thermal stratificati(@tumpf et al., 2012
E. Distribution of cyanoHABs in the Great Lakes Region

There is no systematic regular monitoring program for cyanotoxins in the Great Lakes. As
such the majority of data on cyanotoximsttibution comes from select peer revievatddies,
primarily in Lake Erieand non peer reviewed data from governmental agenéegreciable
growth of cyanoHABSs is foremost dictated by water temperature. CyanoHABs rarely form in
areas that do not have sustained water temperaturesatdeas0 C, though most
cyanoHAB speies likely form blooms at temperatures less ttiagir optimal growth
temperatureThe average daily surface water temperatures for the past 21 years PIHSB) in
the Great Lakes show that Lakes Erie, Ontario, and Michigan exce€lf2af49i 90 days
(Figure2).
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Only Lake Erie experiences surface water temperatures abo¥ f22 any appreciable
period of timeln other Great Lakes, certaémbayments and near shore habitats reach
temperatures well above 2Q and sustain these temperatures into August. This includes Green
Bay, Sandusky Bay, Grand Traverse Bay, Saginaw Bay, and otheshogarhabitats
particularly in Southern Lake Michiga@onnecting water bodies to Great Lakes may also
contribute biomassmal/or toxins including Lake Winnebago to Green Bay, Lake St. Clair to
Lake Erie and Lake Macatawa to Lake Michigan among others.

Cyanobacterial toxins have been detected in Lakes Erie, Ontario, and in certain areas of
Lake Michigan including Grand Traverse Bay and Little Traverse @égkarewicz et al., 2009
Rediske et al., 20)0Green Bay is a shallow eutrophic embayment where cyanoHABs have

beenpreviouslyreported(Stasio et al., 2008However there haveeen no published studies on
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Figure3. A) Concentrationgug/L) of all microcystincongenersletected in a transeatross Green
Bay in August, 2014 and B) boxplot of microcystin congeners detshtegingmean values in Green
Bay plus outliersMCLR = microcystinLR, MCRR = microcystinRR. In this transect the data
indicate that cyanotoxins are heterogeneously biged in Green Bay with highest levels in lower
Green Bay. While 6 different congeners were targeted only MCLR and MCRR were detected.

cyanotoxin levels iGreen BayCyanotoxinshave recently been measutiadransects oGreen
Bay (Figure3) (Miller 2016, unpublished The mean and max levels of MCR&RY7 and 8.5
png/L) and MCLR(0.47 and 6.6ug/L) werejust under recreational risk levgdsoposed byhe
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WHO. However, this was only one time point and blooms and toxins can vary widely over
temporal scalefHotto et al., 2008Pawlik-S k o wr o (Es k a; Méldretal.| 2013 2 00 8
Beversdorf et al., 2035

Of all the Great Lakes, the Western Basin of Lake &m@its connecting/ater bodies
(i.e. Lake St. ClairMaumee Riverexperencethe most extensive cyanoHABBoyer, 2008.
Historically, a variety of cyanobacterisppeciedrave been responsible for cyanoHAB4 ake
Erieincluding filamernousN fixing cyanobacteria such #abaenandAphanizomengras
well as the nomN fixing Microcystis(RintaKanto et al., 2006 Early studies suggsedthat
filamentous forms were dominaattimesin LakeEr i e i n atnhde 1{PERYAQEaENd
Munawar, 197% One studyof preserved and recently collectsedlimenfrom Lake Erie
suggestthatMicrocystishash ways been the dominant(RiME produc
Kanto et al., 2008 althoughit is unclear how well cyanobacterial cedisrvivein deep
sedimers over the course of decadbsany case, ZanoHABs of toxicMicrocystisspecies have
escalateduch thait is now clearlythe dominant taxa during the primary growth seasdhe
Western Basin of Lake Erie

The single largest source of nutrients to Lake Erie is the Maumee River, which drains a
16,835 square kilometer watershed, 80% of which is fertile agricultural larsdriidr enters
the southwestern end of Lake Erie. Mapping Spring P levels across the lake, there is a clear
gradient from low to high P in an EaSVest direction (Figure 4). Similarly, data from the Ohio
Environmental Protection Agengkttp://epa.ohio.gv/ddagw/HAB.aspxshows that the highest
MC levels detected in the lake are found in the Western Basin (Figut®dyh some of the

highest detects in this dataset are on the eastern edge of the Western Basin
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Figure4. Distribution oftotal Phosphorus and microcystin across Lake Erie. Total P is tl
mean spring concentration measured in 200812. Microcystin data spans 201@015
from the Ohio EPANo data is provided for Lake St. Clair north of Lake Erie.

This is the shallowest end of the lake allowing water temperatures to rise the fastest. Periodic
mixing events resuspend nutrients while calm periods allow for the accumulation of biomass at
the surface in sunlit waters. While this is a relatively shaflawt of the lake, it is still deep

enough to thermally stratify during summer months, which faMicsocystisdominance.

Warming in deeper parts of the lake in the central and eastern basins is inhibited by cold deep
water. As such cyanoHABSs occur lessduently in these areas.

SinceMicrocystisis the dominant cyanobacteria in Lake Erie, the most commonly
measured cyanotoxins are MGsirprisinglyfew peer reviewedstudies have publishedC
concentrationgrom Lake Erie or otheGreat LakesRintaKantoet al.(RintaKanto et al., 2009
measuredCs by protein phosphatase inhibition assay at various stations LiakieeErie
Western Basin at eight time points over 3 years and foundmmaxconcentration$l4 pg/L)
occurred in AugusiMillie et al. (Mil lie et al., 2009 measured intracellulaCs at sampling
stations across the Western Basin of Lake Erie during single time points in 2003, 2004, and
2005.IntracellularMCs peaked at 0.13..64, and 0.14 ug/lin 2003,2004 and 2005,
respectivelyDyble et al (Dyble et al., 200Breporta maximum of4 and 0.38 pg/L intracellular
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and extracellulaMCs, respectively in Western Lake Erie on a single crinsg04 One scum
sample contained 58 pg/L intracelluMCs. Hu et al.(Hu et al., 201preported a marum of
approximately 2 pug/L MCs at a beach near the Ottawa National Wildlife Refuge on the
Southwetern shore of Lake Erie samples collectedver a season (MayNovember) in 2012
with weekly samplingin a survey of the Western Basin of Lake Erie, Wara).€Wang et al.,
2009)detected MCLR in 16 of 36 samplies2007. Concentrations reported in/gglry weight
were highly variable from 0.6 3,000 pg/g dry weight.

By comparison, recent data (rpeer reviewed data) reported by the Ohio EPA
(http://epa.ohio.gov/ddagWAB.aspx)spanning 2010 2015 shows similar or slightly higher
concentrations d¥ICs at surface water locations in Lake Erie. Table 1 shows mean and
maximum MC levels reported at each site. Most locations are in the Western Basin except for
sites 4, 13, 14, 18, 20, and 25, which are in the middle and eastern basins. The overalimean a
maximum MC concentrations at all surface water locations, combined is 126.9 and 3,144 pg/L,
respectively. This maximum of 3,144 pg/L and the next highest data point at 570 pg/L are clear
outliers in the dataset, though important indicators for extremie bbads that typically occur
during peak bloom conditions or in winblown accumulations of biomass. Removing these
outliers produces an average of 1.81 ug/L. Highest monthly max and mean MC concentrations
occurred in July (34.49 and 3,144 ug/L, respeely), followed by August (9.45 and 570 ug/L,
respectively), and September (3.02 and 220 pg/L, respectively). With the outliers removed
highest monthly averages occurred in August and September, each at ~3 pg/L.

Nine data points are reported for 201@ @d for 2011, otherwise, a similar number of
data points are reported for 20iL2015 (62 77). The highest mean and maximum MC levels
were over ten times greater in 2015 (52 pg/L) compared to 2014, 2013, and 2012 (4.00, 1.68, and
1.40 pg/L, respective)y Again, this result is driven by the two outliers. Removing these
produces a mean MC level for 2015 (1.12 pg/L) similar to the previous three years. The Ohio
EPA data suggest typical MC concentrations in the Western Basin of Lake Erie for the past
severayears of ~I' 2 ug/L, with occasional extremes of one hundred to thousand fold higher

concentrations.
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Tablel. Mean and maximum MC concentrations (ug/L) at surface water locations
Lake Erie reported by Ohio EPA.

Site| Lake Erie Surface Water Mean Max N
1 Lake Erie @ Gibralter Island Docks 3144.69| 3144.69| 1
2 Maumee Bay State Park Lake Erie Beach 21.38| 570.00| 52
3 | Camp Perry BeachLake Erie 2.10 210 1
4 | Lake Erie (Open Lake) East of Fairport

Harbor 1.70 1.70] 1
5 | LakeErie between Toledo/Oregon WTP

Intakes 0.62 220| 6
6 Lake Erie Ambient Site Off Maumee Bay 0.58 3.20| 30
7 Lake Erie Ambient StationWest Sister

Island 0.31 2.80| 34
8 Lake Erie Ambient Site Port Clinton 0.28 2.00| 33
9 Lake Erie North of Por€linton 0.26 2.00| 16
10 | Lake Erie Off Detroit Near Canadian Borde 0.19 2.00| 22
11 | Lake Erie @ Meinke Marina West 0.13 0.96| 12
12 | Lake Erie Ambient Station, Off Cedar Poin 0.11 0.79| 13
13 | Lake Erie Ambient StationConneaut 0.10 0.49| 5
14 | Lake ErieAmbient Station Fairport North 0.08 031 4
15 | Lake Erie Ambient Site Off Sandusky Bay 0.03 0.49| 17
16 | Lake Erie Ambient StationHuron 0.02 0.58| 30
17 | Lake Erie Ambient StationRocky River 0.00 0.00| 7
18 | Lake Erie Ambient StationLorain West 0.00 0.00f 7
19 | Lake Erie Ambient StationWildwood 0.00 0.00| 4
20 | Lake Erie Fairport Transect Station 3 0.00 0.00| 1
21 | Lake Erie @ Channel Grove Marina 0.00 0.00| 16
22 | Lake Erie @ Wild Wings Marina 0.00 0.00| 10
23 | Lake Erie @ Lakefront Marina 0.00 0.00| 3
24 | Lake Erie @ Brands Marina 0.00 0.00f 4
25 | Lake Erie Ambient Station - Geneva

North 0.00 0.00| 4

A recent study by the U.S. Geological SuryEgency et al., 201pmeasuredCsin
Maumee Bay, Port Clinton, and Sandusky Balliin Lake Erie)in 2013 and 2014. Median
levels were highest in Maumee Bay (6.8 ug/L), followed by Sandusky Bay (3.6 ug/L) and Port
Clinton (0.4 pg/L). MC concentrations Maumee Bay reachedmaximum of 240 pg/L in late
August of 2014ndwere above 20 ug/L in five samples over a thieeek periodin 2013MCs

were below 30 pg/L on all dates
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F. Toxin Removalfrom Drinking Water

The Great Lakes are currently used aswarce of drinking water for over 35 million

people. Lake Erie is the most affected by cyanotoxins and an estimated 11 million people rely on

Lake Erie for drinking water. As such there is great interest in drinking water treatment strategies

to remove cyaotoxins in this region. Othexeellent reviews otyanotoxin removal by drinking

water treatment strategies have bpahlishedelsewherdHitzfeld et al., 2000Westrick et al.,

2010. Accordingly, this topic will only be covered briefly here.
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Figure5. Concentrations of MCs in finished

Cyanotoxins have been detected
in municipal drinking water in many
developed and undeveloped or
ecoromically emerging countries
including the United States, Canada,
Argentina, Germany, China, Portugal,
Spain, Poland, and Thailand among
others (Table 2 iHoeger et al., 200%
In a recent survey of finished drinking
water supplies from 24 plants in the
United States, 75% slamples tasd
positive for MA_R and some samples

containecconcentrations unaccigble for

human consumptiofCarmichael, 2000 In

(Top) and Toledo (bottom), OH plants in
2013 and 2014, respectively.

water from the CarrolCountyTownship

drinking water facility in Ohio, which draws

water fromt he Western Basin. Levels spiked to just
with a large cyanoMB event that producedover25g/ L i n raw i ntake water
2014 MCs were detected in finished drinking water at the Toledo drinking tned¢ment plant

at nearly 2.5 €9/ L, 1.5 e€g/L and 1 e€g/L on th

coincide with spikes in raw water (Figure 5).

The Ohio EPA has released data on concentrations of MCs in intake and finished

drinking water fromdrinking water treatment plants (DWTRBat drawwaterfrom Lake Erie
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Table2. Mean and mamum MC concentrations (ug/L) at drinking water intakes in Lake Erie
reported by Ohio EPA

Intake Site Mean | Max N

Putin-Bay WTP Lake Erie Intake 5.83| 340.00 63
Oregon WTP Lake Erie Intake 3.93| 37.20 99
Camp Patmos WTP Lake Erie Intake 2.27| 28.00 53
Carroll Water &Sewer WTP Lake Erie Intakg 2.08| 18.20 77
Toledo WTP Lake Erie Intake 1.24| 50.00| 1377
Painesville WTP Lake Erie Intake 2 1.10 3.90 9
Ottawa County WTP Lake Erie Intake 0.92| 12.14 99
Lake Erie Utilities WTP Lake Erie Intake 0.69 4.33 54
Aqua Ohio- Mentor WTP Lake Erie Intake 0.67| 2.20 8
Lake Co West WTP Lake Erie Intake 0.65 1.61 14
Kelleys Island WTP Lake Erie Intake 0.57| 5.88 66
Fairport Harbor WTP Lake Erie Intake 0.39| 1.20 7
Huron WTP Lake Erie Intake 0.34| 4.62 31
Marblehead WTP Lake Erie Intake 1 0.33 3.80 61
Sandusky WTP Lake Erie Intake 0.30 2.50 73
Lake Co East WTP Lake Erie Intake 0.23 0.73 14
Avon Lake WTP Lake Erie 54 inch Intake 0.13 0.67 28
Lorain WTP Lake Erie Intake 0.12 0.61 24
Vermilion WTP Lake Erie Intake 0.00 0.00 13
Elyria WTP Lake Erie Intake 0.00f 0.00 3
Painesville WTP Lake Erie Intake 1 0.00 0.00 1

andother locations if©hio and neighboring statéBable 2 shows mean and maximum MC
concentrations detectéa intake water from Lake Erig@hio Environmental Protection Agency,
2016) The overall average and maximum level from all intakes is 1.04 andg3é0 p

respectively. Nine drinking water treatment plants in the Ohio EPA dataset show detectable
levels of MCs in finished drinking water (Table 3). Six of these draw water from Lake Erie and a
seventh (Campbell Soup Rary) draws from the nearby MaumeevBi. Maximum levelsn

finished watemt DWTPsdrawing from Lake Erie range from 0.23 to above 3 pg/L, with max
levels at the Carroll County and Toledo DWTPse Campbell Soup Factory had detects in
finished water above 0.3 pg/L. This suggests some meddsods may be another potential

human exposure route f8Cs (Table 3)(Ohio Environmental Protection Agency, 2016)
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Overall, the highes¥IC levelsdetected iffinished drinking water are from the Celina

DWTP. This plant dr aws

recent years that have caused human illmessel which drains to the Maumee River and

ultimately into Lake Erie

water

from Grand

Lake

These data suggdsiatcurrenttreatment strategies are not always effective at removing

Table3. Mean and mamum MC concentrations (ug/L) in finished drinking water reported by

Ohio EPA.

Plant Mean |Max |N
Celina WTP 0.039 |11 295
Carroll Water & Sewer WTP 0.113 | 356 |77
Cadiz WTP 0.050 | 3.4 68
Toledo WTP 0.021 |3.19 |690
Kelleys Island WTP 0.025 |1.68 |67
Putin-Bay WTP 0.016 | 0.6 60
Camp Patmos WTP 0.009 | 0.5 54
Campbell Soup Supply Co WTP | 0.038 |0.35 |18
Oregon WTP 0.002 |0.23 |96

cyanotoxins and occasionally fail to reduce concentratmbglow the World Health

Organizab n 6 s saf e dr i ik ic W@ dewday Studies ineestigating thd efficacy

of treatment processes have focused primarily on MCs, while little is known about other

cyanotoxins. This is problematic, since future scenarios of climate and lankdamgge suggest

the intensity and frequency of cyanobacterial blooms will increase concomitant with changes in

community composition (e.g. invasive spedigerl and Huisman, 200Brookes and Carey,

2017). The most commonly employed drinking water treatment processes in the Great Lakes

region include sedimentation (i.e. flocculation and clarification), mechanical filtration,
ozondion, activated/granulated carbon filtration, and disinfection with chlorine or other

oxidizing agents.

The ability of DWTP processes to remove cyanotoxins depends upon processes

employed, cyanotoxin load, and environmental conditions afdhece water§eviewed in

(Hitzfeld et al., 200)). Sedimentatiomlone does not remowkssolvedcyanotoxins, nor can it

be expected to remove toxins within buoyant cells. However, sedimentatimught to provide
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the best mechanism for removing MCs since studies show that the bulk of MC in lakes is
contained within cells and not in the dissolved phase.

Rapid sand filtrations ineffective at removing both cyanobacterial cells and dissolved

toxins, and in fact, can even lyse cells releasing toxins intdifiselved fractiofMohamed,
2016. Other studies have shown that rapid sand filtration may be effective with prefiltration
(e.g. gravel(Pereira et al., 20)2but additional chemicals, such as alum, can also lyse cells

(Han et al., 2016 Slow sand filtratiorcan be effective at removing cyanobacterial cells and

toxins, but the primary mechanism is by biodegradation via heterotrogptteria, by physical
cell removal or adsorption of dissolved tox{fo et al., 2005 Because biodegradation is the
primary removal mechanism, and is thus growth dependent, sand filtration may be ineffective at
lower temperature&riatzmacher et al., 20D2

Chlorinationis the most widely used process that has been shown to destroy some, but
not all cyanotoxins. Removal efficiency blorination is dependent upon a large ivemof
factors. For example, MCs reagith hypochlorous acidHOCI) approximately 20 times faster
than withhypochlorite(OCI') and degradation rates are negligible at pH values abo\&deso
et al., 200%. Similar results have beenuiad forcylindrospermopsiiiHitzfeld et al., 200
Interestingly, chlorination of saxitoxin shows an opposite trend with pH (i.e. higher oxidation in
alkaline conditions) and chlorination is not effective in oxidizing anataXMicholson et al.,
2003 Rodriguez et al., 2007As would be expectethe chlorine oxidation rate of cyanotoxins
is linear with chlorine dose and temperature where at least 0.5 mg/L residual chlorine is required
for a30 min contact time (reviewed (Hitzfeld et al., 200§). Chlorination is the primary
process facilitating cell lysis, thereby causing toxin rel¢Bsgy et al., 200Y. However, this
process is species dependé&ar example, in a Belgian drinking water plant taMiicrocystis
was removed by 480%, andAnabaenay 90-100%, butPlanktothrixby only 30% (Drikas and
Hrudey, 1994 Chlorination of cyanotoxins @lsoin direct competition with naturally occurring
dissolved organic matt€Kull et al., 2009. Pre-chlorinationor oxidationof raw waterresults in
cell lysis and toxin release. This may be beneficial since the toxin is exposed to oxidizing agents,
but only if sufficient contact time with chlorine or other oxidizing agents can be guaranteed.
However, prechlorination may increasedlprobability of MCs in finished drinking water and
decrease MC removal by primary sedimentation and flocculation. Thus, it is to be avoided during

bloom events, when higher MC concentrations are expected, or when contact time cannot be
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guaranteed. orination may not destroy all cyanotoxins (e.g. anat@iand chlorination by
products of MCs may be produc@drikas and Hrudey, 1994increasing the chlorine dose or
frequency increases the probability of forming toxic trihalomethanes such as
bromodichloromethane and chloroform from organic matter in early stages of treatment
(Weinberg, 200R Pre treatment with chlorine and other oxidants such as permanganate to
control biofouling of intake pipes needs to be carefully balanced with the potential to cause cell
lysis and toxin release before primary settlement processes that are effectivevatgeoxin
containing cells.

Ozonationappears to be slightly more effective than chlorination in removing
cyanotoxins, but the rate of degradation is also dependent on a range of factors. Similar to
chlorination, these factors are ultimately tied te tharacteristics of the incoming raw water.

For example, ozonation has been shown to remove ana@fd to a lesser extent saxitoxin,

but this process is inhibited by relatively small amounts of dissolved organic matter and is highly

temperature deperdt(Orr et al., 200%t In onestudy, cyanobacterial exdicts containing 135

220 pg/L MAR required 1.0 mg/L ozone over 5 min for complete toxin destru¢®ositano et

al., 200). According to theJnited States Environmental Protection Age(ig$EPA), typical

concentrations applied during drinkingter treatment range fromG<1 mg/L to 1.0 mg/L

(Agency, 1999 As with chlorination, there is the possibility for ozonation to transform

cyanotoxins or other organic matter to toxiegpducts(Himberg et al., 1989 egube, 2008
Granulated activated carbon (GAC) filtration or powdered activated carbon (FAC)

probablyone ofthe most effectivéreatmentdor removal ofa larger range of cyanotoxins
(reviewed in(Hitzfeld et al., 200pand(Westrick et al., 201)). It has shown to beffective in

the removal of MCR and some, but not allaxitoxins using eitherdaorption or biodegradation
(i.e. microbial growth on GAC) removal mechanisms andanjunction with ozonatiofOrr et

al., 2004. A study of four drinking watetreatment plants in Wisconsaimowed an average 61%
reduction h MCs after the pretreatment stage, which involved usA&f (Karner et al., 2001

It is not clear if GAC and PAC are effective in binding/degrading other toxins such as a@atoxin
and BMAA. In fact, little information existsn the effect of any treatment strategy for the
removal of BMAAand its isomersAnatoxina binds most efficiently to activated carbon at a pH
above the pKa (pH 9.4) in its deprotonated form. As spidiplays a critical role in the ability of
GAC/PAC toremove polar or charged toxinss with other treatment strategies, GAC/PAC

47



filtration is dependent upon a mixture of physical and chemical factors as well as biological
factors in the case of GAC/PAG@tfation using biodegradatiosome studies have show
accumulation of algal biomass on the surface of GAC filters, perhaps even due to growth, that
may be a significant source of toxin load if those cells are lysed, such as during back flushing of
filters leading to toxin breakthrough (Zamyadi et al. 2012).

Othercommon butlessemployed treatment$or cyanotoxin removahclude
decomposition byltra violet (UV) light andemoval by membrane filtration (e.g. mieraltra,
and nanofiltrationand reverse osmogRO). MCs are highly stable under natusainlight and
undergo isomerization when exposed to low levels of UV lightji et al., 19941 However,
under high exposure to UV light, rapid decomposition of MCLYR, and-LA was observed
(e.g. <10 min), but required additional oxidative catalysts for the treatment of raw lake water
(Shephard et al., 19980 and membrane filtration are far more expensive than traditional
treatmentsand as a function of the process, toxin wase water is retained. Still, previous
studies have indicated that uktend nanofiltration were effective in removing > 95% of MCs
(GijsbertserAbrahamse et al., 20p6with hydrophobic membrane filters being the most
effective(Lee and Walker, 20Q08Fewer studies have been conducted uRi@gHowever, RO is
a convenient method in areas treating brackish waters, and > 96% retention of MCs was
observed in tap and salt water camitag up to 3000 arts per millionNaCl (Neumann ad
Weckesser, 1998

While a number of studies have been conducted to examine the effect of treatment
strategies on MC removaldaualnational program to evaluate and review treatment strategies
for the removal of all major secondary metabolites prodilogecyanoHABS is lacking. A range
of treatment regimearecurrently in practicebutno twoDWTPsare alike and each cyanotoxin
responds differently to a given treatment strat&g@ch DWTP needs to optimize their processes
to efficiently remove/destrogyanotoxins if source waters are suspected to contain them. This
requires monitoring of cyanotoxins in source waters and throughout the treatment process. The
majority of DWTP in the Great Lakes region that draw from source waters containing
cyanoHABs hae historically not conducted this monitoring.

G. Current Technology and Monitoring Methods for Cyanotoxins
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Cyanotoxin detection methods have been developed largely in the form of biological or
immunological assays and analytical chemistry for laborat@gsurements. The major caveats
of these methods include inconsistency and unavailability among toxin sta(mtasdgable
substitutes/surrogatesack of standardization among laboratory measurements, costs of
materials or instrument usage, dhdcapacity of each method tmeasure all fractions die
total toxin poolwithin a sample (i.e. intracellulacovalentlybound andlissolved)as well as all
toxin variantsthat may exist in natur&ICs areoften foundintracellularly within the thylakoid
memlranes(Young et al., 2005 but MCs and other toxins can also be found dissolved in water
after natural cell lysis, arould beactively exported from the cdl.g. anatoxira).

Cell lysis is requiredio capture the total toxin padtreferred methods of cell lysis are
freeze thaws(Selwood et al., 20Qbr microtip sonication after a concentration step, such as
lyophilization.ii O v enicatierd could destroy MCs at higher power and durafi@ajasekhar et
al., 2013; the ability to process multiple samples simultaneously also makes-fteaws a
better option compared to sonicatié.least one studgKim et al., 2009 showedthat
lyophilization followed by freezethaw cycles is the most efficient method of cell lysis
However lyophilization may be too timeonsuminge.g. 48 hours to lyophilize 180 ml)for
public health monitoring.

Extraction of MCs and other cyanobactepaptides is best achieved with at least 50%
methanolHarada et al., 1988while extractiorof themorepolar toxin® cylindrospermopsin,
anatoxina, and saxitoxi@ requireswater with formic or acetic aciand gentle heating/Velker
et al., 2002Selwood et al., 2007 Soid phase extraction is routinely usasl an alternative or
additional step for concentratimgnd further pufication oftoxins whereby amphiphilic peptides
(e.g. MCs) are purified on C18 silica material (e.g. Bond Elute cartridge) and polar compounds
are purified on activated carbon after a pH adjustrabate their pKa for deprotonatiohhe
variability in standards extractionprotocols,and analytical equipment among laboratories makes
comparisons between laboratories difficult. Additionally, there arecéstified reference
standards available compared to the vast number of cyanobacterial toxins produced.

Several analytical techniques have been developed for cyanotoxin quantification and
differentiation.The most commonly employede discusselere.One of the most reliablef
these methods is liquid chromatography coupled with tandem mass spectrometp(MS).

LC-MS/MS satisfies the need for sensitivity and specificity of analysis through compound
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molecular weight detection, fragment ion selection, and retention time of anM@sand

other cyanobacterial peptidase typically separated using revetsiase C18 columr(@llis et

al., 2007 Lajeunesse et al., 201Rallot et al., 2011 Becausaeurotoxins including the

alkaloids (e.g. saxitoxins, anatoxins), amino acids, and cylindrospermopsin are generally more
polar, they are better separated using hydrophilic interaction liquid chromatography (HILIC)
(Del I 6 Aver s a;sawoadtet ala POQFaased 6t 4l., 201Pajeunesse et al., 20,12
Ballot et al., 2013 In some casegas chromatography has been coupled with tandem mass
spectrometry (GEMS/MS) to measure both MCs and anateaifdames et al., 1997

Acetylation of anatoxia andconversion of MCs to the carboxylic acigriethyt3-methoxy4-
phenylbutyric acid (MMPB) were necessary for-®GIS analysis

Typical analytical methods screen for a few select congethensghthere may benany
potentially presentr somestructureghathaveyet to be describedhere are some methods to
address this analytically by converting all congeners to a commempealct.For example,
saxitoxinscan be hydrolyzed under alkaline conditions leawinty the common aromatic end
product.Similarly, conversiorof MCsto MMPB is a process by which totsliCs i all present
congeners and free or protdoundi can be analyzed; this method is achieved by Lemieux
oxidation(Sano et al., 1992r ozonolysigHarada et al., 199®f the ADDA amino acidf
MCs to MMPB. Detection of MMPB has been usedneasuréMCs in animal tissues, human
serum and water sampl@&/illiams et al., 1997Hilborn et al., 2007Neffling et al., 201QRoy-
Lachapelle et al., 20)4Since the ADDA chain is universal to MCs, the MMPB method
provides unique capabilities ftre measurement of all MCs presgratherthan specific
congeners for which analytical standards are availdlde/ever,in addition to free MCs, the
method also captures MCs covalently bound to proteins, and fragmented or transformed MCs
that still contain an ADDA group.

Based on column separatiproperties and MS/MS technology, several unique toxns c
be specifically analyzeith a single sample. However, the ability to measure a suite of tiexins
dependent on having analytical reference standArtisk of isotopically labeled surrogate
stardards hampers the ability to accurately quantify cyananot¢eigsusing standard addition)
Currently there are no commercial certified reference standards available for aiads)xin

Analytical methods other than MS/Mfave beemombined with liquid bromatography

for toxin detection, such as fluorescence, ultraviolet (UV), or photodiode array detection. LC
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coupled with UV detection can be used for cyanotoxin measurelipaltskhant et al., 1998
Selwood et al., 20Q7UV detection is a useful option because the instrumentation is widely
available and inexpensivbepwever co- eluting compounds can lead to false positive detection
and sensitivity is poor requiring concentration of large sample volumes and extensive sample
cleanupPhotodiode array detection combined with LC separation hasuseertadetect
cylindrospermopsiifWelker et al., 200 anatoxina (Gugger et al., 2005MCs and nodularin
(Spoof et al., 2010Using this methogabsorption spectrum characteristics can be tesed
confirm compound detection, but sensitivity is no better than UV detection.

Toxins witharomaticring structures that naturally fluoresce can be quantified using LC
with fluorometric detection (FLD). This has been principally used to detect the saitox
(Lawrence et al., 20Q05anatoxina (James et al., 199and amino acidafter deriatization
including BMAA and its isomer@aassen et al., 20LFluorescence detection (FLD) is more
specific than UV detectiosince detection is based both on specific excitation and emission
wavelengths given by the target compoundwitin proper instrumentatioexcitation and
emissim spectra. Like LC with UV detection, some tydeVverdetection)errors have been
associated with LCFLD detection due to eelution of contaminating moleculéRBosen and
Hellenas, 2008Reveillon et al., 2014

The direct quantification of cyanotoxins using the-MS/MS method provides the most
accurate result for most target analytes, bute®at digher cost per sampt®mpared tother
screening method#s an alternative to high costs of equipment use, a number of biological
activity- based methods have been developed to indirectly quantify cyanotoxins or cyanotoxin
groups based on their moleautargetsor mode of actionTo measure MCs and nodularins,
protein phosphatasehibition assag have beemleveloped anfbundcomparable to using UV
detection, enzyménked immunosorbent assay (ELISA) and HRMS/MS (An and
Carmichael, 1994Vard et al., 1997/Bouaicha et al., 2002 Several samples can be analyzed
for MCs simultaneously in a microtiter plate in a matter of a few hours @xtsaction witha
test kit. Potentialinterferences withthe protein phosphatase inhibition asseyude interference
due to the presence loéavy metals, turbidityor other compounds capable of inhibiting
PP1/PRA. Commercially available kits exist félne protein phosphatas#ibition assayg for
MCs. Similarly kits foran anatoxira nicotinic acetylcholingeceptofbinding assayRBA) are

availablethatc an quanti fy a r an g ea Toi$asshyialsb suscéplbletoc g/ L &
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type | errors as multiple compounds can bind to acetylcholine receptors including nicotine and
some insecticidetNonetheless, the result is still indicatiwkthe overt toxicity of the water
sample.

ELISA kits are commercially available for MCs/nodularin, BMAA, cylindrospermopsin,
and saxitoxins. These assays funcaoa f i n d i r tAroughdantiBodylbiSdig in three
main stepsl) a toxin specificdetectionantibody is added to the samp® a secondary
antibody specifi¢o the detectionantibodyand containing an enzyme conjugate (i.e. horseradish
peroxidase)s addedand 3)a colorimetric substrate that reacts with the enzyme is then.added
After aspecified time, the enzymsubstrate reaction is halted, and the colorimetric respsnse
directly proportionato the toxin concentratiol© o n v e r sieetOELISAdwitlithe least
crossreactivity among cyanotoxin ELISAS used tascreen for BMAA . This means that it will
most likely bind BMAA only and hasonlya000. 2% chance of binding BN
occurring isomers or other toxins. Other ELISA kits detect multiple congeners of toxins, so
further analytical testing should be done after&A lto accuratelguantifythetoxins presenin
thewater sample. Crosseactivityhas been shown to occur witie MC ELISA assaygiving
type | errorswhich varied according to methanol concentration and pH among other factors
(Metcalf et al., 200D

ELISAs are aost effectiveuseful screening topbutin most circumstansxequire
confirmation by other methods (e.g. IMS/MS) (Triantis et al., 2010 Since most ELISA
assaysarget all toxin congeners, results diicult to interpret when congeners have varying
levels of toxicity.For example, ELISAs targeting the ADDA group of MCs will shofalae
positive resulif ADDA is free in solution, unattached to intact MC

The numerous methods available for the determination of cyanobacterial toxins all have
advantages and disadvantages, iemgbrtantly,many of them are fundamentally different in
what they actually measure (e.g. biological versus analytical assays). Theesfarejatter of
public health practicé would be difficult and inappropriate to assign a single method as the
Agol d st andar damidaton. Figuse & sygestsoorel sibletverkflav for the
application of methods to confirm the presence of toxic MCs, wknith some modifications
would likely be sufficient for saxitoxin, cylindrospermopsamdanatoxina. Optimally 3X

freezel/thaw etxactiors should be completetd hamogenize intraand extracellulatoxins.
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Biological assays are highroughput, sensitive, and relatively inexpensiaeaddition,
in theory most target a wide range of toxin structural variants. Tdrer®C, saxitoxin, and
cylindrospermopsin shouldldde screenethitially using ELISA and anatoxira should be
screened using the nicotifRBA (Figure6). Since ELISAS are subject to type | errors, in routine
monitoring programs samples giving positive results by ELISA should be analyzed by LC
MS/MS. Because anatox#a, freshwatersaxitoxins,and cylindrospermopssrappear tdave
fewer congenerthan MCs and standardare availabléor most or all otthose congeners,
additional assays may not be required after confirmation withMISIMS. An exceptiormaybe
some unique saxitoxin variants, such as thwsduced by.yngbyaspecies.

There are a variety of scenarios under which the MC ELISA would not match results by
LC-MS/MS. For instance, LEMS/MS may produce negative restuitsll or a proportion oftte
MC variansin the samplare unusuallyare, and not targeted by the IM(S/MS method

ELISA/RBA|«

¥ 0

LC-MS/MS|—»| MMPB [—P|LC-MS/MS|  Figure6. Starting with ELISA/RBA step,
¢(+) (+)¢ suggested methods to confirm a sample
- +) contains toxic MC, saxitoxin, and/or
Regulation [« PP1/2A cylindrospermopsin, and anatoxins.

In addition, the LEMS/MS result may not matchthe ELISA result if much of the MCs
present in the sample amet toxic andcovalentlyboundto proteinspor if ADDA detected by
ELISA is cleaved from the MC structuend free in solutionAll ADDA groups inthe solution
can be converted to a commend productMMPB, via Lemieux oxidation or ozonolysiand
the resulting concentration of MMPBeasurd via LC-MS/MS. In theory, the concentration of
MMPB should confirm the ELISA result since both assays aretiaggthe same structure. It
does not, however, indicate the amount of MC present in the sample that is toxic because both
the MMPB method and ELISA targabn- toxic (protein bound, free ADDA) as well asxic
forms of MCs. The PP1/2A inhibition assaguld indicate the proportion of MCs in the sample
that are toxic, or retain the ability to inhibit this enzyfdsing this threetiered approach should
provide a more reliable assessment of the actual toxicity of a water source in shortest amount of

time possible and avoid costly errors in public health decigioaking.
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It should be noted that for recreational and source drinking water, pretreatment of
samples may be needed prior to ELISA/RBA analysis. For example, high amounts of dissolved
organic carboran interfere with these assays, which are also often pH dependent. For finished
drinking water, chlorine in the sample must be quenched, often by sodium thiosulfate, before an
ELISA can ke performed as chlorine may destroy antibadies

A number of methodare available to measure cyanotoxins directly or indirectly. No
methodis currently availablehattargets all congeners and all toxic forms. The tiered approach
presented in figure 6 provides one workflow for achieving this. However, the capacity for
cyanotoxin testing in the Great Lakes region has not been assessed. It is not clear what
laboratories are available and able to contribute testing. Furthermore, proceduresldor reg
crosslaboratory testing aneeededo ensure uniform testing proceduresoss the region
Finally, as discussed previously, few or no suitable proven surrogate standards exist for assessing
extraction efficiency of cyanotoxins. As the problem of cyanoHABSs is increasing, there is a great
need to establish uniformaccuratanethals and practices across laboratories térafet all
possibletoxin variants. Such a task would have been nearly impossible just a few decades ago.
However, recent developments in analytical instrumentation (including cost of instrumentation),
biological asays, and our understanding of cyanotoxin diversity and toxicology have improved

greatly since the first cyanotoxins were discovered.

H. Health Risks,Mechanisns of toxicity and potential for chronic disease

Cyanotoxins associated with cyanoHABSs in lakes are generally divided into three groups:
liver toxins, neurotoxins, and dermatoxins. However, some cyanotoxins may not fit into these
categories or have properties of more than one category.

Cyanotoxins mayamain in the bacterial cells (intracellular), be actively excreted, or be
released by cell lysis, into the environment (extracellul@dgxins can also exist bound to other
substances such as membranes and proteins. Human activities, including dringkmg wa
treatment, may affect these statdsother challenge is establishing human health standards
(given the state of current toxicological knowledge) for these toxins to allow for environmental
assessmenguch caveats are important for monitoring strigegnd determining toxin potencies

which will be discussed further in the sections below.
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Liver Toxins

In the Great Lakes region, the most commonly observed or targeted cyanobacterial liver
toxins are the microcystins (MC8)anderploeg et al., 20Q0Boyer, 2007 RintaKanto et al.,
2009. They are cyclic heptapeptides with five qanotein amino acids and two variable protein
amino acids. Methylations, hydroxylations, epimerizations and amino acid replacements lead to
structural diversity of MCs where at least 85 different variants haee etected in lakes or cell
cultures(Sivonen and Jones, 1999 he number of different combinations of amino acid
substitutions and structural alterations suggests at least 300,000 different congeners are
theoretically possible (personal communicatio® (Miles, Norwegian Veterinary Institute).
MCs covalently bind to and inhibit protein phosphatases type 1 and 2A in eukaryotic cells,
though other proteins and enzymes may also be inhi@itedkanen et al 1990. MCs are
specifically transported into hepatocytes and across the-bl@al barrier by organic anion
transporter polypeptides (OATR$ischer et al., 2005In nature, MC with leucinand arginine
at the variable protein amino acid positions (MCLR) and MC with two arginine residues
(MCRR) are often reported to be the dominant variants detected, or at least targeted in
environmental studig@riand & al., 200% Boyer, 2007 Ballot et al., 2013 Microcystisis the
dominant MC producer, bilanktothrix and/orAnabaenaaxa are also commonly associated
with MC production(Ernst et al., 2001RintaKanto and Wilhelm, 2006 A variety of other
genera have been found to produce MCs incluBiliagktothrix Oscillatoria, Nosto¢ and
Gloeotrichia(Luukkainen et al., 199 arey et al., 2007 With the recent identification of MC
synthetase genes, the diversity of MC producers in nature is only beginning to be (Eafitzed
Kanto and Wilhelm, 2006

While MCs appear to be the most prevalent oyaxins, cyanobacteria also produce
other liver toxins. Nodularin is a hepatotoxic cyclic pentapeptide with structural similarity to
MCs. As such, it also inhibits protein phosphatases, but is primarily produdéadoiaria
spumigenan brackish waters ahmay also occur in freshwatdBeattie et al., 2000
Cylindrospermopsin and its analogs (e.g. deoxycylindrospermapsrgulfate ester of a
tricyclic guanidine substituted with a hydroxymethyluracil. It is produce@yyndrospermopsis
raciborskiiand some other genera (eAgphanizomengncauses liver and kidney toxicity by
inhibiting the synthesis of protein and @ithione with other toxic effects (see below and

(Runnegar et al., 200R This compound also displays genotoxic eff@ctgitro andin vivo
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(Humpage et al., 2005AlthoughC. raciborskiiis normally associated with (sub)tropical
habitats, it is now considered an invasive speciesnipéeate regions, including the Great Lakes
(Hong et al., 2006Conroy et al., 2007

Neurotoxins

Anatoxina and homoanatoxia are produced by speciesfofabaenaOscillitoria and
Aphanizomenoamong otherg¢Devlin et al., 1977Edwards et al., 1992Anatoxina(s) is a
naturally occurring organophosphate containing a methylphosphate ester attached to cyclic
guanidine, structurally unrelated to anateairn_ess is known about the distribution of anatexin
a(s), butAnabaenaspecies, particularlnaba@a flosaguae have been shown to produce
anatoxina(s).(Carmichael et al., 1979Anatoxin-a and homoanatoxia arenicotinic
acetylcholine agonists and Anatoxafs) is an organophosphate that irreversibly binds to
acetylcholinesterase in peripheral nerve qé€lisok et al., 1988Cook et al., 19891Cook et al.,
1991 Hyde and Carmichael, 199Thomas et al., 1993The net effect of all anatoxins is
uncontrolled activation of nicotinic and muscarinic acetylcholine receptors resulting in
respiratory paralysis.

Several other cyanobacterial neurotoxins are an emerging concern in North American
recreational lakes. Rently, thepossible chroniteurotoxin betdN-methylamineL-alanine
(BMAA) was found in diverse species of cyanobact@@iax et al., 200p It is normally
associated with root symbionts, soil cyanobactét@stocspecies), of the Cycad tree and has
been linked to amyotrophic lateral sclerosis/parkinsonimentia complex (ALS/PDC) in
Guam and other mian population§Cox et al., 2003Johnson et al., 2@)Pablo et al., 2009
Field et al., 2013Murch et al., 2004 Thus, BMAA is associated with chronic illnesses with no
evidence that is acutely toxic. Cox et al. recently found that BMAA is also produced by every
major order of cyanobacteria including common freshwater bloom forming sgeacikess
Microcystis AnabaenandPlanktothrixspecieCox et al., 200p Various other research
groups have confirmed this findirfgiang et al., 20)2while others either failed to detect
BMAA, found much lower concentrations, or detected isomers of BMAA ingiRastn and
Hellenas, 2008Li et al., 2010 Faassen et al., 20LDther reports indicate that BMAA and its
isomers are present in some lakes and/or algalm material and dispersed in various

organisms throughout the aquatic food weield et al., 2018
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Saxitoxinand its more than 50 analogs are tricyclic alkaloid neurotoxins
thatpermanently block voltaggated sodium channels in nerve celisisingparalysis.They are
widely distributed in nature occurring in both fresh and saltwater and found in evolutionarily
disparate organisms including cyanobacteria, dinoflagellates, an@Na&ashima et al., 2004
Halme et al., 2012 Historically this toxin is rarely found in northern temperate lakes, but the
apparent spread of tropical or subtropical cyanobacterial speci&s. (ieiborski) capable of
producing saxitoxin, into northern lakes including the Great Lakes suggastsxini may
become more prevale(Binha et al., 20102In addition, genera common to temperate lakes (e.g.
Aphanizomendgrhave been found recently to produce saxitoxin in northern (Bladiot et al.,
2010. Similarly, historicallyLyngbya wollewas associated with lakes in theuthwestern
United States, but has now invaded some parts of the Great Lakes, especially the Western Basin
of Lake Erie(Bridgeman and Penamon, 201This organism blooms in thick mats at the
sediment surface in shallow zones, and it produces two common saxitoxin variants as well as six

that are unique to this speci@armichael et al., 199Dnodera et al., 1997

Dermatoxins

Rashand contact dermatitis are reported anecdotally in cases of human exposure to
cyanoHABs(Stewart et al., 20@). This antigenic substance recruits an immune response
resulting in inflammation and exacerbates pathogenicity, including atopic dermatitis. It has been
suggested that tHgopolysaccharided PS) of cyanobacteria may contribute to human iliness,
particularly epidermal allergic reactions. However, there is little evidence in the scientific
literature that skin contact with the LPS of cyanobacteria causes a sk{Stasirt et al.,
2006d Stewart et al., 200¢aRather, it may be that skin rashes after cyanoHAB exposure are
caused by one of hundreds of other bioactive metabolites produced by cyanobacteria. For
example, cyhdrospermopsin was shown to cause hypersensitivity reactions in the mouse ear
swelling tesi(Stewart et al., 200§bin addition, the marine cyanobacteriltyngbya mujuscula
produces tumor promoters and skin irritants including the indole alkaloid lyngbyatoxin A, and
the polyacetates, aplysiatoxin and debromoaplysiatoxin (as review@sksbgrne et al., 200
These molecules bind to phorbol ester receptors activating protein kinase C inducing excess
phosphorylation of cellular proteins leading to disruption in cell cycle regulatiotuarat

formation with the initial symptoms being acute skin lesigngiki et al., 198). Repeat
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exposure to these molecules is thought to cause skin d&ugér et al., 1984. While L.
majusculadoes not occur in freshwater lakes, anecdotal evidence suggests that exposure to the
freshwater specieg, wolleiin freshwaters may induce dermatiidttman, 2006Fossa et al.,
2012. Whether. wollei produces compounds similar to lynghyeh A and the aplysiatoxins is
unknown.

While health care providemsnderstand many of the human health hazards associated
with cyanotoxins, the ability to associate environmental cyanotoxin exposure with individual
caseandillnessdiagnosesemains gublic health challeng&ecently, 228 hospital visit
records in New York State were linked to environmental exposure to harmful algal blooms using
the recorded World Health Organizationds I nte
et al, 2016)The visits recorded from 20082014,resulted in multiple principal diagnoses and
occurred throughoull four seasons.

TheUS Centers for Disease Control and Preveniaanched a monitoring framework in
2016, theOne Health Harmful Algal Bloom Syste@HHABS,
https://www.cdc.gov/habs/ohhabs.hjntd provide for longtermmonitoting and reporting of

potentialpublic health events due to cyanotoxin exposure and support public advisories related
to harmful algal blooms in the United StatBglying on data sharing from participating states
and territoriesthe system enables reporting on human and animal ifire@esexposure to
cyanoHAB events in marine, brackish and freshwater environments.

During operatios from 2007#2011,the program (then known as the Harmful Algal
Bloom-Related lliness Surveillance System (HABISS)) reported castsesfses associated
with exposures to cyanobacteria or al(da&cker et al, 2015).He percentage dbod vs.
recreationalvater as thédumanexposure source was 60% and 40 % of reports, respecticely
water exposuresiuman cases frofineshwaters were the most commuwaith much lower
numbers of cases fromarine waters and brackish wat€his summary of HABISS data
discussed animal cases for exposure by water ingestion, though none were reported for humans.
Comparisons of human exposure to cyanotoxins from drinking wadereareational waters
sources would be supported under the new OHHABS initigliystems such as these will
provide an opportunity to leverage ongoing human and animal surveillance of HABs exposure to

support understanding and prevention of HABs and Heelged iliness.
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Toxicity of CyanoHABSs

In 1878 George Francis, of Adelaide, South Australia published his observations of
mysteriousanimal deathghorses, sheep, dog, pig) after they drank from Lake Alexandrina
(Francis, 1878 He obsevedthat animaldeatls occurredvhenblooms of cyanobacteria,
perhaps\Nodularia were blown by the wind toward the shdfeancis explaiadthat the animals
died within hoursafter drinking lake wategxhibiting a range of symptoms consistent with
neurotoxcity including stupor and unconsciousness, convulsions with head drawn back, and
rigid spasm. Interestingly, hendte hat t he ani mal pddieswherenscuthasr i n k
collected 0 but avoided those ar eas ,bewnbte,d éthenk fr om
poisoning is not caused by drinking a putresdkndl full of bacteria as at first supposed
These statements amédely cited as the firstcientificreports implicating cyanobacteria in the
production of one or more potent toxigbstances.

Following this report, others followed in thinited StatesCanadaand elsewherduring
thel 8800s and early 19000s as suilfrichetal.zl®3 by Fit
Theserepdrs conf i r med F suggestingsatpoismiogseonmpaurds veere s
associated with blooms of cyanobacteria

Early experiments with laboratory animals involved intraperitoneal inje(t) of raw
or crude extracts of bloom material, culturedls; or crude extracts of both. Results from these
early studiesormed the recognition that cyanobactgoaother organisms associated with
them)were likely responsible for toxin productidmowever procedures for cyanobacterial
isolation/culturing and toxin purificatowe r e unk n o wn .Therefor¢studieee 19700 s
before this timaredifficult to interpret and will only be considered briefly hdteshould be
noted that even current methods §irowing cyanobacteria free of contaminating organisms (e.g.
heterotrophic bacteria) remain difficult. Nonetheless, modern toxicological studies have at least

used purified toxin material.

Commonly found Cyanotoxins
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The most frequently occurring andfieteced cyanotoxins in the Great Lakes region are
MCs, anatoxins, cylindrospermopsin, and saxitoxivédence for their mechanisai human

and animal toxicitys discussed below.

Microcystins

Early Studies

It had been observed B930thatvarious species dflicrocystiswereoftenthe dominant
organismpresenin lake water associated with animal deakitch et al.(Fitch et al., 193}
were among the first to describe the effectMafrocystisbloom material on laboratory animals
throughi.p. injection Guinea pigs, rabbits, and pigeons died rapidly (minutes to hours)
producing similar symptoms including restlessness, urination, defecation, deep bréatding,
guarterweakness, coughing, sadition, chrymation, and clonic spasms. They observed that
toxicity of bloom samples decreased wistéored in a refrigeratoprobablydue to degradation
of the toxins byassociatetheterotrophic bacteria. In addition, it is likely that multiple substances
were acting on the animals to cause the illsasse raw bloom material was usdthus, efforts
were made to isolate and cultiWiécrocystisaeruginosan the laboratory for toxicological
studies(Hughes et al., 195&orham, 196p

In 1946 (just after the end of WWIBshworthand Masor{Ashworth and Mason, 1946
made detailed observationspathological changes in rats after injection with a chloroform,
acetone, ether extract bf. aeruginosaculture This study as well as others (g@/heeler et al.,
1942) establishedhat gross pathological changes associated Mitaeruginosaareprimarily
observed irthe liver.This study also showed that the effects were similar to othetdiepia
agents involving cytolysis of liver cell$hey reporédthat dter injection with a sublethal dose
of M. aeruginosaulture the liver goes through defined stages. Approximately 30 min after
exposure the liver becomes slightly enlarged, redtemsk. At three to six hoytsser weight is
25%above thecontrols,there isincreased blood content of parenchyma, wedissue becomes
soft and friable with all lobes affected. At B days the liverhasshrunkby 2/3, it is yellow and
mottled, and blood coagulation is slow. At five days after the maxisudtlethal dosethe liver

returns to a normal statéhis is the result of a onéme exposure to a high, but suethal dose.
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I t wa s D9BStthatuvhCttaxih (presumablywaspartially purified and
characterized frorM. aeruginosaThis was largely enabled by theolation and mass culturing
of M. aeruginosgHughes et al., 1998Bishop et al(Bishop et al., 195%urified a txic
fraction (i.e. by mouse bioassay) frdvh aeruginosaNRC-1 using Soxhlet extraction with
methanol. Five peptides were detected upon electrophoresis of the crudeagxtka@tand one
was found to be acutely toxic in the mouse bioagigayl. D50 =460ug/kg b.w). This peptide
(or mixture thereofyvas likelyan MC, butthe amino acid content given was not consistent with
theMC base structurel. hi s fraction was identified as the
Hughes et al(Hughes et al., 1958lt shouldle not ed t hat Paul R. Gor har
behind much of the early work showing thgaoobacteria produce toxins harmful to a variety of
organisms in controlled settingss well as some of the initial characterizations of cyanotoxin
properties

In 1965 Konst et alKonst et al., 196bconductedanimal trialswith guinea pig, rabbit,
mice, duck, chicken, lamb, and calf. As the starting mat¢hiey usedreezedried M.
aeruginosaand administered liy oral or thd.p. route. Again the liver was found to be the most
affected orgam both exposurewith minor abnormalities in heart and lundssignificant
finding of this early study was thdtd oral route was much less togd®x) than i.p. routeln
addition, as had been observed by others. Ashworth and Masonplood coagulation was
slow in dosed animals likely due to liver damage and depression of prothrombin levels.

While these earlgtudies did not use pure toxin, the analysis of whole cell toxicity is
somewhat enlightening. For exam@nstet al.as well as Hughst al.observedapid death
andsupposed neurotoxic effects in mice injected Withaeruginosancludingconvulsions,
dragging of hind legs, and loss of equilibrilvierethese symptoms due to acute liver failure,
neurotoxicity ofMC, or other neurotoxins associated with aeruginos& Thiswasunknownat
that time It is important information as it corroborates recent findingsM@its a neurotoxin
(see below)and that at least some straindvbfaeruginosaare capable of producing other ron
ribosomally synthesized peptidémtshow neurotoxicityfe.g. cyanopeptin)(Gademann et al.,
2010.

Pathological Studies Using Re MC Toxin
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A description of the definitive structure BIC was given byBotes et al(Botes etal.,
1982 and Rinehart et a{Rinehart et al., 1988These studieand prior work established thisit
aeruginosadoesindeedproducecyclical toxic peptides as reported by Bishop et @959.
Structural elucidation paved the way for controlled toxicological studies using purified toxin,
rather than bloom material or auled cells potentially containing a mixture of toxins of
unknown quantityCulturing and toxin isolation studies were primaprformedoy Gorham
and Carmichaelvhich werecritical to theelucidationof cyanotoxin propertiesn addition,
analytical matodsweredevelopedsoon afteto quantify the amount of toxin uséierstein et
al., 1988, as well as appropriate extraction methoddM@s (Harada et al., 1988

In 1989 Hooser et al(Hooser et al., 1989erformedone of thefirst studiesof acute
toxicity of MCLR (i.e. MC with leucine and angine in the two variable amino acid positions)
using purified toxin (byreparative higipressure liquid chromatographw)rats and miceia
i.p. exposureThe lowesbne timedose producing death in rats andte within 24 hours and 90
min, respectivelywas 160ug/kg b.w.in rats and 10Qig/kg b.w.in miceby i.p injection At i.p.
doses of 80 and 40y/kg b.w, male and female ratsespectivelyhad no clinical signs of
toxicity, or gross or microscopic lems. At 120 and 8Qig/kg b.w.a portion ofmale and female
rats, respectively, showeatinical signs of toxicity. Al animals showing clinical signs eventually
died.Similar results were found by Runnegar e{Bunnegar et al., 1998sing both MCLR
and MCYM where 841g/kg b.w.resulted imearly complete inhibition of liver protein
phosphatastllowed by death

These results show thistCs displayan

S © 0--=-T=-=9 )
% AR PN extremelysteep dos& deathcurve(Figure7). The
A o qg study by Hooser et al. shows thia¢ difference between
z ," o adose that causekeathand complete recovelyith i.p.
§ | exposure)s less than a factor of Similarly, Lovell et
— o [}
N
& @i'DO _° Rawbaa al. (Lovell et al., 1989showedthat 25ug/kg b.w.is the
o 4 rend Line
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Figure7. Dose to- death curve for just 7.5pg/kg b.w.higher at 32.5ug/kg b.w.
MCLR in the rat. Data from Hooser In the Hooseetal. study time to ceathwith MCLR
et al. 1989.

T

800 1200 max dose resulting in no death in migkile the LD50 is

exposure via i.p. injectiorangedfrom 20- 32 hours (120

240ug/kg b.w) or 6 - 8 hours (400 1200ug/kg b.w) and symptomsverelargely lethargy and
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ruffling of fur. Liver weight was significantly higher for all dosage levels. Alanine

aminotransferase, alkaline phosphatase, urea, and creatine serum levels increased over time in all
treated animalsuggesting liver damage at all dosagétere was also a decrease in serum

glucose levels. Upon pathological examinatibwas found that a breakdown in sinusoidal liver
endothelial celland hepatocyte dissociation resulted in the presence of hepaotycytes and cellular
debrisin thepulmonary artery and lungs. Hepatocyte dan@geeded the presence of these

cells in lungs thus disproving tlearliertheory that liver damage is due to pulmonary

thrombosis.

Repeat MC Oral Dose Studies

By comparisonMCs are 30 100 fold less toxic byral exposure in rats and mice.
Fawell et al(Fawell et al., 1999aconducted tests dfICLR (pure toxinfrom Calbiochem
Novabiochenptoxicity in mouse and rat through batp. injectionand oral gavagd=xperiments
were carried out to exanmeracute, developmentand longterm (13 weeks) effects. As in
previous studies, symptoms of acute exposure included convulsions, hypoactivity, prostration,
and slow respiratiorDeath by oral routen mice occurred with a single dosgl1,580ug/kg b.w.
while no death occued at 50Qug/kg b.w. The authors concluded a no observed adverse effect
level (NOAEL) in the mouse through oral doses ofigflkg b.w.per day over the 1@eek
period.This was the lowest coantration testedso it is not clear if lower doses would produce
adverse healthffects Criteria for the effect level included gross and microscopic liver
pathology and blood chemistrt the next highest level of 2Q@y/kg b.w.per day slight
changes in blood chemigtwere notedbut there was some uncertainty about tmeselts Fetal
development was assessed, but the mice were not followed aftgj.birtbr learning, memory,
or overall cognitive deficits)Iinterspecies differences were notedvi3LR was somewhdess
toxic to rats.The results of this study wergrslar to those ofalconer et al(Falconer et al.,
1994) using pigsn an oral exposure route studyhese two studies acarrentlythe basidor the
WHO maximum allowable concentration for MCLR in drinking wdtiepg/L) that exiss today
16 years latefWHO, 1999 WHO, 2003.

R. Heinz (Heinze, 1999also performed a repeat oral dose study of MC toxicity in rats.

This study provided male adult rats MCLR in drinking water2® days at dosages of 50, or 150
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Mo/kg b.w./day. Body weights were measured weekly. After the exposure, endpoints were
determined including body and organ weights, liver serum enzyme activity, blood cell counts,
differential counts of leucocytes, hemaiband hemoglobin, and histopathology of liver and

kidney specimens. At both dosage levels liver weight was increased as was serum liver enzymes
alkaline phosphatase and lactate dehydrogenase. In addition, histopathology showed evidence of
liver damage olesions in both groups. Thus, the lowest dose showing toxicity by these

endpoints was 50 pg/kg/day.

Effects on other tissues from oral exposure to MCs

In addition to liver damage MCs have also been shown to affect brain and reproductive
tissuegdMaidana et al., 200&hang et al., 203 Kist et al., 2012Zhao et al., 201;2ZZhou et al.,
2012 Wang et al., 20L13Zhang et al., 20%3.i et al., 2014aZhou et al., 2014Zhao et al.,
2015. Of note for risk analysis are those studies that examine effects from repeat oral dose
exposuresin a recent study, Li et glLi et al.,2014h exposed rats orally to MCLR (0.2, 1.0,
and 5.0 pug/kg b.w.) by intragastric gavage for 8 weeks every two days and measured liver serum
enzymes and effects on neurobehavior, or learning using the Morris water maze test. This test
measures how quitkthe animals learn to find a platform in a circular pool to escape the water.
At 5 pg/kg b.w. there was a significant increase in serum cholinesterase levels and escape
latency in the water maze test after the 8 weeks of oral exposure to NFGitRermoe, post
mortem analysis demonstrated accumulation of nitric oxide and nitric oxide producing cells in
regions of the hippocampus. Nitric oxide acts as a neurotransmitter in the brain and is associated
with learning and memory (reviewed ([Raul and Ekambaram, 20)1Based on this study,
central nervous system toxicity of MCU#®gins to occur at 5 pg/kg b.w. delivered every 2 days.

Li et al. (Li et al., 2015h examined th@eurcdevelopmental effects of MCLR in a repeat
materral oral dose study. In this study Spraddewley female rats (28 days old) were exposed
to 1.0, 5.0, or 20 pg/kg b.w. MCLR by gavage every 48 hours for 8 weeks. After the 8 weeks the
mice were mated and the offspring examined for adverse effects inchatiggveight,
morphological aberrations (external malformations, hair appearance, incisor eruption, and
bilateral eye opening), deficiencies in motor development, learning and memory delays (i.e.
Morris water maze test), histopathological analysis of higpgus CA1 regions, and lipid

peroxidation and antioxidant indices in the hippocampus. Cliff avoidance time decreased in pups
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seven days postnatal at all exposure levels. In addition, performance in the Morris water maze
test at postnatal day 60 was dimimed. Specifically, the frequency of entering the platform of
all exposed male offspring and female offspring from the 5 and 20 pg/L exposed group was
significantly lower compared to controls. In addition, swimming speed of female offspring from
mothers trated with 20 pg/kg b.w. MCLR was significantly decreased. Malondialdehyde
contents and superoxide dismutase activity were significantly higher in the highest exposure
groups.

Effects of MCLR on reproductive tissues have also been reported in repeatalose or
exposure studies. Using mice, Chen e{@hen et al., 20)lexamined the effects of oral
exposure to MCLR in drinking water on sperm count and motility, body andwesthts,
serum testosterone, and apoptosis in testicular tissue. For the exposure, male mice were given
sterile wateld libitumcontaining MCLR at 1, 3.2, and 10 pg/L for three or six morAhs.2
and 10 pg/L levels sperm counts and motility were sicauiftly decreased after both three and
six months. In addition, serum testosterone and luteinizing hormone levels were decreased in the
3.2 and 10 pg/L exposure levels after 3 and 6 months. At 6 months there was a clear dose
response relationship betweetpesure level and apoptosis of testicular cells.

The reproductive toxicity of MCLR reported by Chen et al. is corroborated by a variety
of other in vivo studies using i.p. injection and in vitro studies using cultured cells or isolated
reproductive tissuding et al. exposed male &eek old mice to 3.8 6.7 pg/kg b.w. MCLR in
cell extracts daily for 14 days by i.p. injection and then measured toxic effects on reproductive
organs. There was a significant decrease in body weight, sperm viability, raprdrapélity,
and an increase in percent sperm immobility. Li et al. (2008) observed that in mice exposed to 5
Hg/kg b.w. /day via i.p. injection for 28 days sperm maotility significantly decreased while at 15
Ho/kg b.w./ day there was a decrease in testighit, sperm concentration, serum testosterone,
human luteinizing hormone, and follicle stimulating hormone. In other studies chromatin
condensation, nuclei fragmentation and DNA fragmentation in testes cells has also been reported
as a result of exposute MCLR (Zhang et al., 2011)ncreases in p53, Bax, and caspases in
testis tissue have also been observed as signs of programmed cdlLdaatiHan, 2012;
Xiong et al., 2009; Zhang et al., 2011)

Molecular Mechanism of MC Toxicity
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Thesemportant studieslescribed abovestablished criteria for protecting human populations
from injury due to acut®C exposure. They examine theuteandoverallobservable
pathological effectafter consumption of water containiMCs at high concentrations (000
Ho/kg b.w). These conentrations are unlikely to occur in treated drinking waitigh even
minimal primary treatmentin recent years, the effects of chronic {awse exposure MCsas
well as toxicity to tissues other than the libawve beemxaminedThese studies are basen the
known mode of action of MCs. Theolecular mechanism & C toxicity resembles that of other
biomolecules The list of naturally occurring molecules that inhibit phosphatases in nature
includes dinophysistoxins, calyculin, dragmacidins, tautomycin, tautomycetin, cytostatins,
phospholine, leustroducsins, phoslactomycins, fostriecin, cantharidin, okadais aad as
MCs (Swingle etal., 2007. In particular, okadaic acid &ssociated with chronic diseases such
as tumor production and cancekadaic acid i marine biotoximproduced by dinoflagellates
and t accumulates in variousost tissuecludingshellfish andspongegvan den Top et al.,
201 Armi et al., 2012Li et al., 2012. It is a tumor promoter and potentibitor of type 1 and
2A protein phosphatas¢BP1/2A) Yoshizawa et alYoshizawa et al., 199@liscovered that in
cytosolic fractions of mouse liveMCLR inhibited the binding of okadaic acidootein
phosphatases, increasipgptein phosphorylation and decreasiplgosphatasactivity in 50% of
controls using nanontar levels of MCLR Structural studies show that theethylenecarbon of
themethyldehydroalanineesidueof MCs covalently binds to a cysteine residuetba C
subunit ofPP1/2A phosphatasesading to enzyme inhibitiofMacKintosh et al., 1995 This
also has the effect gireventing the detection MCsin exposed individualby most approaches
and acumulation of the bound produict host tissues, primarily the liver

The consequences BP1/2Ainhibition by MCs areof significance foboth acute and
chronic toxicity. The PP1/2A phosphatasa® essential for cellular survivdlheyhelp maintain
homeostasis by controllirthe activity of signal transduction pathways through the
dephospbrylation of effector moleculesThey consisof three subunits (A, B, and C) where C is
catalytic, A is structural, and B determirsegstratespecificity. Multiple types of each subunit
are present in human cells providiugctionaldiversity. Phosphatassubunits bindorming an
active structur@nly when the C subunit is methylated at the terminaft%eBP2A is one of the
most abundant preins ineukaryotic cells and the most common phosphatalesag with other

proteins, active PP2downregulates pathwaynvolved in instigating cell proliferation and
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growth, protein synthesis, and resistance to cell death or apgj@®seviewed by
(Seshacharyulu et al., 20).3As suchit is a tumor suppressand a new target f@anti cancer
therapiegPerrotti and Neviani, 2002013. Indeed, PP2A imutated or altered in many types
of cancer cell§Wang et al., 1998Takagi et al., 200hu et al., 2001l The activty of PP2A in
response to stressors including DNA damage is controlled by its methylation statbl@dgh
and okadaic acid have been shown to directly inhibit thbytagion of PP2A preventinthe
formation ofanactivePP2AholoenzymeThus MCs and oladaic acid are tumepromoters
through kinase driven malignan¢@uergnon et al., 201 Perrotti and Neviani, 2013iu and
Sun, 2015 I n 2010, MCLR was <classified as being i
2B) 0 by t he | ynforReseach an Canekgudd et al.n2006

This mechanismsuggests dualistic response MCs by mammalian cellsAt ahigh
dose MCs causanassivechanges ircell morphology througltytoskeletal rearrangemerasd
oxidative stresdeading toloss of celito-cell adhe®n andcell death(Falconer and Yeung,
1992 Huang et al., 201%2hou et al., 2015aln a chront model oflow levelexposure, constant
mild PP2A inhibitionleads to reprogramming of the ¢elinaway cell growth, and tumor
production analogous to the effects ehdogenous human protein CIP2A (cancerous inhibitor of
PP2A)associated with breast and lung car{denttila et al., 2007Come et al., 20Q9.ucas et
al., 2011 Rincon et al., 2015 Thelevel of MC required to cause complete liver failure and
death is knowr{> 1000ug/kg b.w.via oral dosg, but the level required over tinie multiple
exposureso cause cellular reprogrammiongliver cells (or other tissueghd tumor growtlis
unknown(Gehringer, 2004

MCsalso inhibit PP1/2A in brain cell§ischer et al., 2005In the central nervous
system, PP1/2A control long term potentiation and{¢egn depression through
dephosphorylation of the AMPA receptor at glutamatergic synapses. These processes facilitate
learning and memoryThere is evidence thMCs migrate to brain tissues following exposure
(Papadimitriou et al., 20)@ndare able to cross the blodarain barriefMeriluoto et al., 1990
Fischer and Dietrich, 200Cazenave et al., 20p3nhibition of PP1/2Aby MCsin rat brain has
been shown to block lorgerm potentiation induction suggesting tM€ exposure may induce
cognitive delaygWang et al., 2013 Indeed, direct injectionf MC to rat hippocampus at
femtogram levels has been shown to affect learning and méMargtana et al., 2004.i et al.,

20143 Li et al., 2015h. MCs have also been shown to alter fish behavior and learning aasvell
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increase acetylcholinesterase activity in fisait(Kist et al., 2012 In the well described
humanMC intoxication event of dialysis patients in Caruaru, Brazil, patients experienced
symptoms of neurotoxicity includgndeafness, tinnitus, and intermittent blindn@&suria et al.,
1998. Thus it appears thatiCs arecentral nervous system tosirhowever there iscurrentlya
lack of information concerningffects oflong- term chronic exposure to low levelsMf that
may affect processes such as learning and merpariicularly in children wbsedevelopment
is dependent on these activiti&ich issues were not addressed in developing/ti® 1 ug/L
recomnendation for drinking watgfvVHO, 1999 WHO, 2003.

Health outcomes and target organs affected by M€kighly dependent on OATPs
(organic anion transporting polypeptidé@sat transport MCs into Eukaryotic cellEhere are 11
OATPs in human cells. OATPs 1A2, 1B1, &BB have been shown tansport MC{Meier-

Abt et al., 200Y. OATP 1A2 is expressed in the bledmain barrie(Gao et al., 20Q Lee et al.,
2005 Ose et al., 201&hou et al., 2015h kidney(Lee et al., 2006 cholangiocytegbile duct
epithelial cellsFranke et al., 200Zhou et al., 201)1 testesand enterocyteislaeser et al.

2007). OATP1B1 and 1B3re restricted to the liver under normal conditidrsus, in addition

to liver and brain, the kidney, bile dut#stesand intestines are all additional potential targets of
MC toxicity. Furthermore, ther OATPs may be involved in MC transpd-or example, OATPs
3A1 and 4A1 have been implicated in the uptake of MCs and these OATPs are distributed
ubiquitously in human tissuégeller et al., 20110baidat et al., 2032

OATPs play a |l arge role in deter miaasng
andbiotoxins includingMCs as well a®ther amphiphilic algal metabolit¢s.qg.
peptidesjHagenbuch and Gui, 20p&enetic variations in OATP genes ¢acrease or decrease
OATP protein transport activityesulting in altered pharmacokineti®diemi et al., 2005Niemi
et al., 2006 Takane et al., 20QNiemi et al., 201} For examplehealthy individuals carrying
thecommonthymidineto cytosinesinglenucleotide polymorphisnSNP) at base pair 52a4f the
OATP 1B1 gengthat transports MCsgre more sensitive to statiaed other important
medicationgandpotentiallyMCs) (lwai et al., 2004 OATP 1B1 alleles with this SNP have
decreased transport activitowardsomestatins, significantly increasing statin serum
concentrations. On the other hand, this allele has increased activity towards other drugs and
toxins(as reviewed byNiemi et al., 201)). Genetic alterations in OATPs are currently a robust

field of inquiry. Over 200 SNPs have been identifiechirmanOATP genes, which may be more
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common in Asian populatior(fida et al., 2001 Therate of OATP 1Bland 1B3expression

shows significant intemdividual variabilityand theexpression levelof OATP 1Blis

correlated with SNPs in OATP 1B1 ger{dses et al., 2018 It is therefore likely that

metabolism, clearance rate of M@sd overalhuman health outcomes associated with MC
exposurareh i ghl y dependent up opaticdarlywithrespecst io QATRI 6 s g e
transportersin addition, it § not clear whether rodent and human OA3Rare the sanmtessue

distribution, activity/substrate interactions, and overall phenotypic respbmsefore, rodent

studies of MC toxicitydiscused above)jnay not reflectrue toxicity in humansAs such, the

1,000 fold safety factor employed in calculating the WHO maximum concentration guideline

value for drinkingwateris clearly warrante@WHO, 1999 WHO, 2003.

Anatoxin-a

In early reportsblooms of othecyanobacteriancludingAnabaena flosquaeand
Aphanizomenofios-aquae were implicatedn the death of watdowl and domesticategnimals
(Fitch et al., 193)1 Extracts of bottAnabaenaandAphanzomenomproduced very fast deaths
(within 7 minutesthrough i.p. injectiorwith symptomsof neurotoxic poisoningncluding
convulsions, limb twithing, eventual paralysiand deattf{Gorham, 1960Gorham, 19621964
Carmichael et al., 1975Thepreviously definedi a p h a n t o Aphnflesaqudehravenow
been determed to be saxitoxins and gonyautoxins (see bel®ajmichael et a{Carmichael et
al., 1975 determined that the toximom Ana flos-aquaestrain NRCG44-1 (isolated from Burton
Lake, Sakatchewan Canad&as aneuromuscular depolarizing agemdspecificallya
cholinergic agonisacting upon nicotinic acetycholine receptaith high affinity and
muscarinic receptors with low affinifCarmichael et al., 197%ronstam and Witkop, 1981
The toxinwas named anatoxiaorAnabaena oxi n fAAO0 to discriminate i
AnabaenaspeciesThe toxin structurgvasproposed byD. E. Edwardsto C.S. Huber in
personal communicatiorandthe crystal structurevasdetermined by Huben 1972(Huber,
1972, furthercharacterizetby Devlinin 1977(Devlin et al., 197Y, and synthesized from-L
cocainein the same year providing a pure and abundant source of the toxin for toxicological
studieg(Gampbell et al., 1977

Anatoxina binds to nicotinic acetylcholine receptors with the same affinitgreateias

acetylcholineStructurally, aatoxina isa bicyclic amine alkaloidgsimilar to that of epibatidine,
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but lacking the pewidine motif (Sharple et al., 2000 Upon bindingrreversiblyto
acetylcholinereceptorsanatoxina causes depolarization pdstsynapticeuronal cells, or efflux
of Cd and Na' ions generating an action potentidlcetyicholinesterase does not degréue
anatoxina- acetylcholine receptaomplex Thus the depolarized state becomes permaardt
the nerve is desensitizefinatoxin-a also apparently affects theesynaptic nerve reducing the
frequency and quantal content of miniature end plate pote(Biglgs and Dryden, 1977
Symptoms begin with convulsions eventually leading to paralysis and deatfo suffocation
by respiratory arresiThe positiveoptical isomer (+anatoxina acts as an agonist of the
acetycholine receptor at concentratiomslers of magnitudbelow that of(-)-anatoxinaand is
five times more lethal thaam racemic mixturef (+/-)- anatoxina (Kofuji et al., 1990 Adeyemo
and Siren, 1992

Thereporteddose of anatan-a causingdthality via i.p. injectiorin micevarieswidely.
Fawell et al(Fawell et al., 1999report that 100% of animals died receivamgatoxina at100
pg/kg b.w.body weight b.w.)(within 1 min) andat 60 pug/kg b.w.duringErwin and rotarod
tests, respectivelyCarmichaekt al.(Carmichael et al., 197%eported300 ug/kg b.w. as the
minimum lethal doseRogers et al. repatithat 300ug/kg b.w.caused all animals to diand
250ug/kg b.w. was the 50% lethal dosk any case he LD50 via orafjavages ordess of
magnitude higheat >10,000ug/kg b.w. (Stevens and Krieger, 1991RB et al., 1994Fawell et
al., 1999h. Recovery from exposure to subthal concentrations reported to bguick with no
lasting, long termeffects in mice given sullethal concentration@Astrachan et al198Q
Fawell et al., 1999b A methylated variant of anatoxi, homoanatoxia wassynthesized as a
homolog for structureactivity studiefWonnacott et al., 1992thensubsequently found to be
produced naturallin anOscillitoria speciegSkulberg et al., 1992Homoanatoxira has an
identical mode of action and similar poterasyanatoxira (Skulberg et al., 1992The4-
hydroxyanatoxirta analogis an oxygenated variant of homoanateaiproduced byRaphidiopsis
(or probablyCylindrospermopsigMoustakaGouni et al., 2009 and isapparentlynon- toxic
(Namikoshi et al., 20Q4Araoz et al., 2010

Carmichael et alCarmichael et al., 197®bserved that different strains Aha.Flos-
aquaeproduce different symptoms in the mouSeme strains caused toxicity similarttat of
anatoxina, but with the added symptom of salivation. Thus, Mahmood @fahmood and
Carmichael, 19861987 described another neurotoxin frodma. Flos-aquaeNRC 52517,
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previouslyisolated from Buffalo Poundake Saskatchewan, Canada in 1965. The toxin was
named anatoxia ( s ) wls® rien d ihea tidpon irgeating nvica with anrextract of
Ana flos-aquae mice died of respiratory arresithin minutesfollowing convulsions. However,
thetoxin did not mimicacetylcholine. Insteadnatoxina(s) was found to cause acetylcholine
accumulation by inhibiting acetylcholinesteraséoth muscarinic and nicotinic junctiarnghus,
infusion with anatoxira(s) results in marked declines in heart rate and blood pressure, prior to
decreases in respiratory voluif@ook et al., 1989aTheinhibition of acetylcholinsteraséy
anatoxina(s)is irreversible Mice that do not digiven 290ug/kg b.w. anatoxina(s)by i.p.
injectionshow inhibition of redblood cell cholinesterase for at least 8 daysompanied by
twitching and fasiculations(Cook et al., 1991 Thus, symptoms at stlbthal concentrations
may be prolonged.

Thestructure of anatox#a(s) is unrelated to anatoxamand was found to be a unique
phosphate ester of a cyclicihydroxyguanidindMahmood and Carmichael, 198The
structure was in agreement with previous studies showing that similar strunamedy esters
of N-hydroxysuccinimideare effective in inactivatingcetycholinesterasé@lumberg and
Silman, 1978 The LD50 of anatoxha(s)viai.p. injection in mice is considerably lower than
that of anatoxira at20 pug/kg b.w.; while in rats a9 ug/kg b.w. dosehas been shown to be
consistently lethal within 1 hoiMahmood and Carmichael, 198200k et al., 1989bOvert
clinical signsincluding behavioral deficits are observed atjigikgb.w. (Mahmood and
Carmichael, 19861987 Mahmood et al., 198& o0k et al., 1990Coo0k et al., 19911 By
comparison, another acetylcholinesteranhibitor paraoxone insecticideaused clinical
symptoms at 80Qg/kgb.w. in rats(Cook et al., 1989b Anantoxina(s) is a direct agonist at
muscarinic sites with indirect neuromuscular block@leok et al., 1989aThus, the effects of
anatoxina(s) can be blocked at least temporarily with@Etre(Cook et al., 1989a

For the most parthe anatoxins are assad with only acute illness with no
connections to longerm neurotoxic illness. Howevegrae recent studies have suggested
possible developmenteifects of anatoxina or effects of anatoxina at lower concentrations
repeat doseis mammalian cellsamphibians, and fisiRogers et al. show perturbations in
mouse ytk sac in ann vitro assay at ~16fg/L and above and doskependent transient
narcosis, edemand loss of equilibriunm toad embryosRymuszka et alRymuszka and

Sieroslawska, 203 how immune cell cytotoxicity in carp exposed tou@fL by immersion.
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Despite these studigbere appears to be little evidence for chrafiiects of anatoxira at sub
lethal/low dose concentrations or developmental effects in utero. However, there are few studies
that have examined mosebtlepathological changes (e.g. epigenetigsaddition, here are
few or no studies that have examined the contribution of ana&gs)rto cionic diseaseand it
should be noted thabmmercial or academic sources of anat@(s) disappeared after the
1990s, at least within the U.S. Thus modern toxicological studies of anai@)iare currently
non existent

At least three studies on the oral toxicity of anateximave been conducted. Stevens and
Krieger(Stevens and Krieger, 1991determined that the oral LD50 of synthetic anatexin
mice using a single oral dose is 16,200 pg/kg b.w. However, the method of delivery is not given
and no other endpoints were measuhed study by Astrachaand Archer(Astrachan eal.,
198Q Astrachan and Archer, 198dats were exposed topartially purified extract of anatoxan
producingA. flosaquaefor seven weeks at dosages of 500 and 5000 pg/kg\mwhanges in
body weight, food consumption, serum liver enzymes and gross pathology were observed.
Increased white blood cell countere observed for 5 weeks. Based on this the authors indicated
a NOAEL of 50 pg/kg b.w./day. However, since a partially purified extract was used it is not
clear if the effects are due to anatoeair other cyanobacterial metabolites.

Fawell et al(Fawell et al., 1999bexposed male and female mice to anataxfor28
days via oral gavage. Ten male and ten female mice in each exposure group were given doses of
0, 98, 490, and 2,460 ug/kg b.w./day anatexiMice were examined daily for clinical signs of
illness, body weights were measured weekly and in the finglk wethe study blood hematology
and serum chemistry were characterized. In addition, tissues from the control and high dose
group were examined microscopicallyhere were no doseelated, statistically significant
changes in any of the parameters mesulhree animals died during the study, but without any
symptoms and one death occurred due to fighting among mice in the same cageERA &fOA

98 ug/kg b.w./ day is suggested, but it is not clear what endpoint that NOAEL is based upon.

Cylindrospermopsin

Cylindrospermopsin has been implicated in several human poisoning éeantschael
et al., 2001 In 1979 an outbreak of severe gastrointestinal illnegh symptoms of acute liver
failure occurred orPalm Island, Northern Queensland, Austrégth, 1980 Griffiths and
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Saker, 2008 The outbreak was associated with the local water sup@glatnon Dam, which
had been treated with copper sulfate known to lyse cyanobacterial cells releasing toxins and
other cellular constituentd\nabaenandCylindrospermopsis/ere thetwo majorgenergoresent
in source waters at the time illnesses occufirdvkins and Griffiths, 1983 Strains of these
two genera weresolatedand tested for toxicityHawkins et al., 1985 TheAnabaenastrain
proved to be nooxic whilei.p. injection of mice with lyophilized culture of the
Cylindrospermopsistrain caused death within hours (LD50 = 64 mdiKgjvkins et al., 1985
The liver was primarily affected with massive hepatocyte necrosis. In add#soons were
produced in kidneys, adrenal glandlings, and intestineBrior to thisevent
Cylindrospermopsispeciesverepresumed to be netoxic.

Ohtani et al(Ohtani et al., 1992purified a toxin fromCylindrospermopsiand
characterizeds structure in 1992. Subsequentylindrospermopsin was asletected in
cultures of the cyanobacteriudmezakia natan@Nostocaceaéhlarada et al., 1994Norris et al.
(Norris et al., 20023uggested that cylindrospermopsin alone does not account for the tokicity
Cylindrospermopsisxtracts. In attempts to resolve this, they identified and characterized an
analog of cylindrospermopsin @ylindrospermosigxtracts deoxyylindrospermopsinThis
compound is produced in various quantitiesdgyindrospermopsialongside
cylindrospermopsint appears this analog is nalxic in miceviai.p. up to 80Qug/kg b.w.On
the other hand, recenfljdeumann et alNeumann et al., 200B3how that
deoxycylindrospermopsin inhibits protein synthesis at the same potency as cylindrospermopsin
in anin vitro model In addition, Zepicylindrospermopsin is another analog of
cylindrospermopsin that is toxic, but has so far only been fouAghanizomenogspecies as a
minor metabolit§Banker et al., 2000 Breakdown products and analogs of cylindrospermopsin
have ben found in drinking water systems including cylindrospermic acid and
chlorocylindrospermopsin. Bad on a study by Looper et @looper and Williams, 2004t
appears that the oxygenation at the C7 position of this toxin is not required for protein synthesis
inhibition. Thus, the native molecule and all analogs deteciéar sncludingbreakdown
products detected during drinking water pugfion inhibit protein synthesis

The LD50 in miceof cylindrospermopsiovera24-hour time periodria i.p.is 2000
png/kgb.w., but over 5 days the LD50 is 2Q@/kg b.w.(similar toanatoxina)Ohtani et al.,
1992. Cylindrospermosin toxicitys still under investigation, bilikely occurs by multiple
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mechanisms. In hepatocytes, cylindrospermobagbeen shown to cause a decrease in
glutathione levelsinhibition of protein synthesis, membrane proliferation, fat droplet
accumulation, and decreased levels of P450 enfRuenegar et al., 1994 erao et al., 1994
Overall, the toxicity of cylindrospermopsin follows three mechanisvhéch may be interacting
1) cytochrome P45@etabolism dependergactive oxygen speci€éROS)production, 2)
inhibition of protein synthesis, and §gnotoxicity

In the presence afytochromeP450 inhibitors (piperonyl butoxidahnice are completely
protected from death given cylindrospermopsin up to|8§JRg b.w.(Norris et al., 200R Thus,
P450 plays a critical role in the toxicity of cylindrospermop€iytochrome P450 enzymes are
oxygenases responsible for metabolism of xenobiotic substances. The activities of these enzymes
with certainsubstratefiave beenshown to contribute to the productionR®S mutagenicity,
and cellular toxicity particularly in liver diseas@reatment of human hepatoma cells with less
than 10ug/L cylindrospermopsin induces ROS production. RO$lpeton may also be induced
by metabolites of cylindrospermopsin. In mice administered.@@y b.w. cylindrospermopsin,
23% ofcylindrospermopsin isetained in the liver for up to 2 days addition, loth methanol
extractable and nemethanol extractde metabolite®f cylindrospermopsiareretained irthe
liver. ROS production accompanied witlmeaduction in reduced glutathioieproblematic since
glutathione has a central role in protection against R@Shchak, 2012 However, Humpage et
al. (Humpage and Falconer, 2008port that malondialdehyde, a marker of oxidative strkds
not increase in the presence of cylindrospmrsin, suggesting that ROS magt bethe
mediatorof cylindrospermapsin cytotoxicity. They also show that cylindrospermopsither
than hase 1 products of cylindrospermopsin metabolism by R4%5i@e primary acutely acting
cytotoxin and notylindrospermopsitreakdown products.

Cylindrospermopsin has been shown to inhibit protein synthesis at the elongation step in
both plant and mammiah cell extractgFroscio et al., 2008 Furthermore, th&éoxin has been
shown to bind noncovalently to components of the translational machinery that does not
include the ribosomeg#iarada et al., 1994 roscio et al., 2008 This suggests
cylindrospermopsin binds teukaryotic initiation factors. While the exact mechanism of protein
synthesisnhibition is not completely understoodappears tde the primary modef toxicity at

lower doses of cylindrospermopsin, \ehat high doses cytochrome P450 metabolism of
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cylindrospermopsiproducing ROSnducescell death(Runnegar et al., 199Runnegar et al.,
2002.

Cylindrospermopsin is associated with genotoxid¢tglconerand HumpagéFalconer
and Humpage, 200Ehow that mice treated with aytirospermopsin by oral gavagkeowed 5
tumors out of 53 treated animals compared to none in the control Jreabnent of
immortalized human cell lines withi110 pg/L cylindrospermopsin has been shown to cause the
production of micronuclei and DNA dama@idumpage et al., 2000Furthermorecometassays
to detect DNA breaks were positive for cylindrospermopsin treatmerymgnoblastoid cell
line, whereinhibitors of P450 (omeprazole and SKF525) were protective against genotoxicity.
Straser et alStraser et al., 20)5how that cylindrospermopsin caused theragulation of
genesaffecting theP53 tumor suppressor protein. P53 is involved in cell cycle arrest particularly
during the course of DNA damagddDM2 and CDKN1A havebea shown to negatively
regulate P53Colman et al., 20Q@roude et al., 2097 In cylindrospermopsin treated cells
expression obothof theseproteirs is increasedStraser et al., 20} suggesting lacof cell
cycle arrest during DN damageby cylindrospermopsin.

Based on 10 and Meek oral exposure stigsin mice, aNOAEL of 30 ug/kgb.w. per
day was indicated by Humpage and Falcghermpage and Falconer, 20q8lumpage and
Falconer, 200Rsuggesting a maximum acceptable concentration for drinkatgr of 1ug/L. In
this study, two experiments were carried out, but only the second experiment used purified toxin.
Male Swiss albino mice were given purified cylindrospermopsin by oral gavage daily2400
png/kg b.w. The cylindrospermopsin was puwdfifrom cell lysate by solid phase extraction on a
C18 cartridge followed by size exclusion using Sepha@&X0, and preparative HPLC
purification on a C18 columfhe purified product was characterized by tiafdlight mass
spectrometry and nuclear magingesonance spectroscopy. These analyses showed that the final
yield of cylindrospermopsin was 10.4 mg in a total of 22 mg, and that at least one of the major
contaminants was phenylalanine. Thus, the purity of cylindrospermopsin used was 47%. An
elemenal analysis could have shown that these were the only two compounds in the preparation.
The solvent used to dissolve the purified cylindrospermopsin before dosing (e.g. methanol or
water) was not reported.

Clinical examinations of the mice were perforntlebughout the exposure period. This

included examination of skin, fur, eyes, mucous membranes, respiration, pupil size, gait,
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Figure 8. Increase in organ and body weights due to oral exposure to 0+ 240 pg/kg b.w.
cylindrospermopsin. Data from Humpage and Falconer 2002.

posture grooming behavior pattern, noise response, visual response, touch response, grip
strength, motor activity, and evidence of lachrymation or abnormal excretions. Following the
trial, serum and urine chemistry were characterized, hematology was perfoaug@nol organ
weights were determined, and a complete histological examination of all organs was performed.
No clinical changes in appearance or behavior were observed at any exposure level,
except for a reduction in water consumption at all levels atB3% of the control in the last
four weeks of the experiment. There was also no visible organ or tissue damage upon post
mortem examination and no significant changes in serum liver enzymes. The most significant
changes were seen in body and organ wegkpisessed as a percentage of body weight. There
was a significant increase in body weights in the 30 and 60 pg/kg b.w. doses (Figure 9), but this
trend did not continue in the higher doses. Organs that followed a positive increasivgttiend
dose wereiVer, adrenal glands, kidneys, epididymis, and testes. Kidney weight was significantly
increased at all doses at and above 60 pg/kg b.w. Liver weight was significantly increased in the
240 ug/kg b.w. dose and if not for two outliers was also significamtheased at the 120 pg/kg
b.w. doseA dose dependent increase in mitotic figures, inflammatory foci and necrotic cells
was observed in liver sections, but not in other organs.
Since kidney weight was increased in a dogpendent manner at 60 pug/kgvband
higher the NOAEL for cylindrospermopsin kidney toxicity was determined to be the next lowest
dose at 30 pg/kg b.w. where no adverse dose dependent effects were observed given the
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endpoints measured. Humpage and Falconer calculated a drinking wieeding of 1 pg/L. To

do this a tolerable daily intake level of 0.03 pug/kg b.w./ day was estimated by dividing the
NOAEL by an uncertainty factor of 1000. The uncertainty factor included a multiplier of 10 for
lack of sufficient data on cylindrospermopsuxicity, and 100 for interand intraspecies

variability for a product of 1000. A drinking water guideline value was calculated by multiplying
the tolerable daily intake level of 0.03 pg/kg/day by the weight of an adult (60 kg) and the
proportion of dritkking water from tap water (0.9) divided by tap water intake (2 Liters/day).

Saxitoxin

Voltage gated ion channels are found in neuronal and muscle tissue and are responsible
for the rising phase and propagation of action potentials in excitatory{Catterall, 200D A
variety of organisms in nature produce molecules that block, activate, or modulate these ion
channelgStevens et al., Frontiers in Pharmacologynong these, saxitoxins and structurally
similar compounds (gonyautoxins) bind to voltage gated sodium channels preventing the flow of
sodium ions and action potenti§lSngerman et al., 195&vans, 1964Kao and Nishiyama,

1965. Saxitoxin also modifies the voltage gating processes in potassium chandddlocks L

type calcium channeld et al., 2003Su et al., 2004 Thus early symptoms of saxitoxin

poisoning are tingling or burning of the lips, tongue and throat. Later symptoms include
complete numbness of the face followed by paralysis. Death usually occurs due to suffocation or
cardiac arrest.

Saxitoxins and its analogs are collectively known as paralytic shellfish poisons (PSPs)
and are widely distributed in nature occurring in bacteria, cyanobacteria, marine algae
(dinoflagellates), shellfish, fish, worms, Echinoderms, andtaceans among others (reviewed
in (Llewellyn, 2006). Some of the earliest investigations of PSPs were focused on identifying
the source of toxicity in shellfish, primarily in mussels due tib@maks of PSP poisoning in
California affecting hundreds of peofl@ommer and Meyer, 1989n 1937 Sommer et al.

(Sommer et al., 193 presented evidence that the source of toxicity in mussels was associated
with algal cells and that toxicity was highest when large numbers of certain algae,
dinoflagellates, were presein the water column. Furthermore they purified paralytic toxins
from field collections ofsonyaulax catenellaGenes for saxitoxin synthesis have now been

discovered in the dinoflagellatdexandriumand several genera of cyanobactefiais
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definitively proves that these organisms synthesize saxitiximovo In other organisms it is

thought that saxitoxin and other PSPs accumulate within animal tissues, either due to the
presence of dinoflagellaw/anobacteriadymbionts, or due to the consumptiortleése PSP
producers, rather than synthesizing the toxin themselves. In fact, some PSP containing animals
contain saxitoxin binding proteins or transferrins known as saxipfiiiawellyn, 200§. The
saxiphillin allows saxitoxin to accumulate to high levels within animal tissues without causing
toxicity since the saxiphillin competes with saxitoxin binding to sodium chagldelsellyn and
Moczydlowski, B94).

This is a potential human health hazard. For example, puffer fish contain saxiphillins
allowing them to accumulate high levels of saxitoxin in certain organs, primarily the liver
(YotsuYamashita et al., 20)3Consumption of puffer fish has led to human illness and
fatalities(Noguchia and Ebesub, 2005axiphillins are widely distributed in nature occurring in
ecologically diverse species including fish, reptiles, and amphibians including the American
bullfrog (LIewellyn and Moczydlowski, 1994 Logically, given that saxitoxins have been found
in the Great Lakes region it is possible that bullfrogsether animals possessing saxiphillins
from this area may accumulate saxitoxins prodwseshobacteriaBullfrog legs are a major
commodity exported from the US

Saxitoxin potencyin mice ishigherthan that of most other cyanotoxins discussed above.
Using a purified preparation from shellfish, Wiberg and Steve(\biperg and Stephenson,

1960 show that the oral, intraperitoneal, and intravenous LD50 for saxitoxin in mice is 236
po/kg, 10ug/kg, and 3.4ug/kg, respectively. Furthermqgrhie dose response curve veasep as

the difference between the dose killing 50% vs 99% of animals was qugk§. Using purified
toxin, Kao and Nishiyaméao and Nishiyama, 196%ound that i.p. injection of Rg/kg

resulted in severe neuromuscular paralysis and hypotension while onlygdkg5produced
paralysis without hypotension. In addition, the authors noted that placing droplets of toxin at
0.01pg/ml (10 /L) on their lips and hands resulted in paraesthesia and numbness. Based on
reports of known human illness due to saxitoxin dP e8posure ir500 individuals the

European Food Safety Authority, Panel on Contaminants in the Food Chain (CONTAM)
estimated a NOAEL for saxitoxin of Opigy saxitoxin equivalents pdug b.w., translating to a 30

Hg dose for a 60 kg individuéhlexander et al., 2009
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Synthesis and transformation of saxitoxins and PSPs leads to structural diversity and
therefore a range of toxicities. PSPs are broadly defined as hydrophobic or hydrophilic, and may
contain side chains inclugy sulfate, acetate, carbamoyl, hydroxyl, or hydroxybenzoate groups.
Those PSPs with carbamoyl side chains appear to have the greatest affinity for their ligands
whether ion channels or saxiphillifidewellyn ard Moczydlowski, 1991 Once released from
dinoflagellates or cyanobacteria the PSPs may be transformed by associated heterotrophic
bacteria. For example, bacteria isolated from mollusk tissue have been shown to transform
gonyautoxins types 1 and 4 tg#s 2 and 3. Furthermore, other isolates were able to
decarbamoylate or sulfate gonyautoxi8sith et al., 200\ In addition, Kotaki et al(Kotaki et
al., 1985 show thatvibrio andPseudoalteromonaspecies isolated from crabs and a grastropod
converted gonyautoxins to saxitoxin and neosaxitoxin.

In the Great Lakes regidn wolleihas been shown to produce decarbamoylsaxitoxin and
decarbamoylgonyautoxi# and-3 as well as six novel saxitoxins. According to mouse bioassays
these appear to be at least 10 fold less toxic than sax({tdginellyn and Moczydlowski, 1994
However, as mentioned previously there is the possibilityLthabllei saxitoxins could be
converted to other more toxic PSPs by bactémiaddition, the potential saxitoxin producer
Cylindrospermopsisaciborskii hasbeen detected in the Great Lakes red@onroy et al.,

2007). While noAphanizomenospecies from the Great Lakes region have been shown to
produce saxitoxingor aphantoxins)blooms ofAphanizomenospecies in othamorth temperate
regionsof the worldhave been shown togufuce saxitoxinglLiu et al., 200§ and
Aphanizomenois a common bloom forming species in the Great Lakes réBioyer, 2008
Davis et al., 2016 Thus there is considerable concern thihwcreased eutrophication

saxitoxins could become a greater human health concern in the Great Lakes region.

I. Numerical Limits

In order to protect public health it is necessary to establish the maximum cyanotoxin
concentration and duration of exposurelow which no adverse health outcome is expected. In
2007 and again in 2012 Chor{ghorus, 201previewed cyanotoxin risk management plans and
regulations developed by various countritsleastsix countries including Canada have
developed regulations establishing maximum acceptable concentrations, or provisional guideline

values for select cyanotoxins and/or cyanobacterial biomass in either recreational and/or finished
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drinking water systems. Ine¢hUnited States there are no federal regulations limiting cyanotoxin
concentrations in finished drinking wateovirever, some individal states, including Oklahoma
have developed their own regulatidos recreational waterd he United Statesnly recenty
released its drafilealth Recreational Ambient Water Quality Criteria and/or Swimming
Advisories for Microcystins and Cylindrospermop@tA, 201®)

(https://www.epa.gov/wgc/microbiglathogenrecreationalaterquality-criteriaswimming.

The public comment period for these criteria will move forward in 2017, and states will be able
to reconsider their swimming advisory posting and water quadtydstrdsiponrelease of the
final criteria

A lack of regulation is due in part to uncertainty over what cyanotoxin concentration and
duration of exposure is considered safe. As a first step, the U.S. EPA placed cyanobacteria
biomasgqdraft 1)or cyanotoxins (anatoxia, MCLR, and cylindrospermopsin) on their
Contaminant Candidate Lists since 1998 (draft 1 and 2) and 2009 (draft 3), respectively. Draft 4
to be released soon is limited to these three cyanotoxins (e.g. saxitoxin is notlhsted)e

cases, it may be possible to derive numerical limits based on the most current literature.

Microcystin

The majority of countries with some form of regulation or established health advisories
follow closely to the WHO provisional guidelimalueof 1 pg/L/day MC in drinking water
(WHO, 1999 WHO, 2003.This limit is based on the tokble daily intake level of 4Qg/kg
b.w. per day determined by Fawell et @rawell et al., 1999aand Falconer et alFalconer et
al., 1994, a mean body weight of 60 kg, and a 1000 fold uncertainty fadteruncertainty
factor includes factor of 100 for intraand interspecies variation in toxicity as well as a factor
of 10 for lack of information on MC toxicity, particularly chronic exposulesas also assumed
adults drink 2 L of water per day and that 80% of this is from tap wEters, this guideline is
primarily directed at adults.

Children as opposed to aduftavemost ofterbeenthe victims in human poisoning
eventy(Stewart et al., 2006¢ilborn etal., 2014 andaremore at risk for illness as a result of
cyanotoxin exposure given a relatively smaller body size proportional to thee/aiwater
they consume and the potential for developmental tox(éitgirich and Miller, 2014
D6 An gl a @E5he, t). Weirich and Miller(Weirich and Miller, 201%recalculated the
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WHO guideline value adjusting the mean body weight to that of children aged 9 months, 5.5, or
9.5 years. In addition, daily drinking water intake was adjusted to 1 L for allBagssd on this
calculation br children aged 5.5 years and 9 months the guideline value was reduced to 0.6 and
0.3ug/L, respectively.

TheUSEPArecently publishea health advisory favMCs in drinking wate(D 6 An gl ad a
and Strong, 2015aThey establishedrovisionalguideline value$or two differentage groups
1) 0.3 pg/L for bottle- fed infants angbre-school aged children under 6 years of,agel2) 1.6
Hg/L for childrenolder than 6 years of aged adultsBoth are tenday guideline values
meaning that exposure for ten days below these levels is considered protective of public health
but effects of exposure at any level for longer than 10 dayskisowm Theguideline valus
werecalculatedby dividingalowestobservedadverse effect levéLOAEL) of 50 pg/kg
b.w./dayby the product of an uncertainty factorqQ@Q) multiplied by thelrinking water intake
rate(L/day) normalized taneanbody weightof each age group

Reference dosages such as the LOAEL/NOAELtyrieally taken from animal exposure
studiesWhile a number o&nimalstudies have described the toxicity of M@dativelyfew
studies have quantified toxicity of Mi@ a rodent modalksng pure compound and well-
described, controlled repeat oral dose trddlgultiple exposure level@ral exposure copared
to other exposure routesjch i.p. ifectionin animal models, mimicsuman exposure to
cyanotoxingn drinking water as wellas ingestion recreationallin addition,use of pure
compound as opposed to mixtures or crude cell extracts is necessary in order to establish health
effects of each compound independently, though more research is needed on the effects of
defined cyanotain mixtures

A NOAEL of 40 pg/kg b.w/dayderived fromFawell et al(Fawell et al., 1999aand
supported by a separate study by Falconer @alconer et al., 1994vas used by the WHO in
calculating their provisional guideline lev@he LOAEL for calculating the EPA guideline
value for MCs was based time study by R. Heinze in 199®einze, 1990 The USEPA
advisory for MCaused this study to determine that t{@AEL for MCLR is 50ug/kg b.w/day
via the oral routevith themajor end point being liver lesionBhe study byHeinzedid not test
lower dosageto determindf they would also cause liver damagso based on that study alone it
is not known if 5Qug/kg b.w/day is the lowest dose causing liver lesioviedeling thedose

response relationship mightovide evidence that lower doses would produce no or minimal

81



adverse effects, but with only two exposure gratpsuld be difficultto establish a statistilly
significantdose response curveAs suchthe USEPAappliedan uncetainty factor of 3o

account for extrapolating from a LOAEL to a NOAEL, meaning that the NOAEL could be as
low as 16.7 pg/kg b.w. / day. This may not be sufficient for ctldeerse effects reported for
MCs including reproductive and neurotoxic effects (see below).

A LOAEL of 50 pg/kg b.w/day is at least partially corroboratedthg Fawellet al.
study, which foundno significant pathological changes in tneer at 40ug/kg b.w/day MCLR.

Yet, the Fawell and Heimzstudies are not directly comparable because the Fawell et al. study
used mice, not ratg) their 13 week repeat oral dose study. In additionce were given MCLR

by oral gavage whereas the Haistudy providedive rats per cage with 150 fdhyof drinking
watercontaining MCLR 93- 97% of which was consumed by the animd@lse Heinze study

was also for a shorter duration (28 days), which might be more realistic for calculatindagy 10
health advisory.

The EPA guideline value takes into account the drinking water intake rate by mean body
weight ratio (DWI/BW) of each age group. These values were derived from existing data. For
children < 3 months old the dataed by EPAvere from the USDAContinuing Surveyf Food
Intakes by Individualprogram 19941996, and 1998&ahn and Stralka, 2008~hereas data for
all other age groups were from tNational Health and Nutrition Examination Sunzg03
2006(Centers for Disease Control and Prevention, 220). Young children as opposed to
teens and adults have a higher daily water intake rategperdody weight. For example,
infants < 3 months old have a DWI/BW over ten times that of 16 to 18 year olds (Sigure
Unless there is some reason to expect that infants and children will caridieming municipal
drinking water, the guideline valuesrfcyanotoxin exposure need to be directed at the youngest
age groups. The USEPA advisory uses DWI/BW data at thp@@entile of usage to calculate
the guideline values. The resulting values for various age groups then ranges from 0.2 pg/L for
infantsto 2.2 pg/L for 3i 6 year olds at this $0percentile level. A guideline value of 0.3 pg/L
was chosen instead of 0.2 pg/L for children < 6 years of age.
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Figure9. Drinking water ingestion rate across age
groups and percentiles (top) and health adigésdor
children under six calculated usings0 99"
percentile drinking water ingestion rates (bottom).
Resulting health advisories for infants < 3 months

calculated with 58to 99" percentiles (inset).

The EPA advisory states that the
uncertainty factoof 10for intraspecies
variationadequately accounted for this
difference and reflects the average
DWI/BW ratio of children under 6That
uncertainty factomcluded 10for inter-
and10 forintraspecievariability, 3 for
lack of data, and 3 for extrapolating from a
LOAEL to NOAEL.

The percentile categonf
DWI/BW datausedaffects the calculated
guideline value considerably. For example,
for children under 3 months of age,
arguablythe most sensitivegpulation, the
calculated guideline value ranges from
0.16 to 4.3419/L depending on if
DWI/BW data are taken from the @r
10" percentile respectively (Figure 8).
Thus, using the EPA formula, the most
conservative guideline value would be
0.16 ug/Lfor bottle fed infants

There is some question as to
whether a provisional guideline value can
be applied to children and infants when the
LOAEL used to calculate that guideline
value was derived from a study of adult

male rats. There is some evidence i th

literature for potential developmental effects of MZbkang et al., 20Q8Vang et al., 2012 As

such it is possible that individuals of a younger age coeleélop adverse effects later in life due

to an exposure at levels lower than 50 pug/kg b.w./day, during critical periods of development.
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Liver damagenay not be thenly adverse health effect end pdimatconsider when
developing numerical limits for MC¥Vhile the liver is clearly one of the most affected osyan
MCs also affecbrain and reproductive tissu@daidana et al., 200&hang et al., 201, Kist et
al., 2012 Zhao et al., 203;2ZZhou et al., 2012Wang et al., 203,&Zhang et al., 2013.i et al.,
2014a Zhou et al., 2014zhao et al., 2015

The study by Li et alLi et al., 20149 reported central nervous system toxicity after
repeat oral dose exposures of MCLR in ratee EPA health advisory does not consithés
study in its formulation of the drinking water guideline value for M&€sieurotoxicity of MCLR
as an end poinOne problem withhe Li et al study(Li et al., 20144ais thatthe MCLR stock(1
mg)was dissaled in1 ml methanoto a concentration of 1,000 pg/ml, then diluted tetd
with pure water to a working stock concentration of 100 pg/ml. At that point the working stock
was 10% methanol. This working stock whasndiluted with water to produce drinking water at
0.2,1.0, and 5.0 pg/ml or 0.02, 0.1, and 0.5% methdimois in addition to varying MCLR
dosage, rats receivedrying levels of methanol, a known neurotoffifurray et al., 1991
Weiss et al., 196). By comparison,ite Heinzestudydissolved 20 m@ICLR in absolutesthand
(10,000 pg/mlixo make a stock solutipthis wasdilutedin pure water to 1,000 pg/ml working
stock(10% ethanol) and dilutefdirther by an unknown amoutd producel50 ml ofMCLR
ladendrinking waterfor 5 rats The use of ethanol over methanol as a solvent is beneficial as
ethanol is much less toxiban methanalKraut and Kurtz, 2008

Li et al. (Li et al., 2015balso examined the developmental effects of MCLR in a repeat
maternal oral dose studly rats showing deficiencies in the Morris water maze test of offspring
due to MCLR exposure in uterds with Li et al (2014), the study by Li et al. (20bpused
methanol to make the stock solution of MCLR resulting in trace levels of methanol in all
exposures. However, theLi et al. (201%) studymethanol was included the negative control
and was normalized to 0.002%¢e(1.6 mg/kgb.w.) in all treatments including the control. The
EPA health advisory for MCs does not consider this study in calculating the guideline value for
MCs in drinking water. The EPA health effesuport documenfD6 Angl ada )et al
indicates thathe studyis confounded because there may be synergy between methanol exposure
and MCLR.

Reproductive toxicity is another endpoint to be considered in formulating guideline

values.Chen et al(Chen et al., 20))Ishow dfectsof MCLR onmalereproductive tissue®.qg.
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sperm motility/counts, testis weight) repeat dose oral exposure studies in midee EPA
health advisorgonsidered this study in deciding whether to include reproductive effects as an
endpoint, but determined that the study design was lackiseveral ways. The EPA indicates
that no tess weights were given, no methods were given for how sperm was hamdiexv
percent sperm motility was determined, the purity of MCLR, species and ages of mice, body
weight, amount of water osumed, and dosage levels

Chen et al. indicate that sperm counts and motility were determined using thd @XM
IVOS semen analyar and thatMCLR was purchased from Alexis Biochemicals (Enzo Life
Sciences), which sells MCLR at >95% purityhe species of mouse is not given, but their body
weights are givefil57 25 g)which would allow one to estimate the exposure leWlter
intake acros28 mouse strains ranges fromi 8 ml per dayBachmanov et al., 2002The
lowest level at which effects were observed wabaB.2 ug/Llevel Therefore, at this exposure
levelthe dosages welikely between ® and1.7 pug/kg b.w/day fa a 15 g mouse consuming
betweerd and 8 ml per dayr betweer®.5and1.0ug/kg b.w/day for a 25 g mouse consuming
between 4 and 8 ml per dagn overall mean estimated dosage ofuukg b.w/dayat the 3.2
Hg/L level The EPA Health Support Documdnt MCs calculates a LOAEL and NOAEL of
0.79 and 0.2pg/kg b.w/dayfor reprodudtve toxicity based on this studyhis suggestthat
adverse effectsaused byMCLR on reproductiveissuesoccursat dosedbelow the LOAELfor
liver toxicity of 50 ug/kg b.w/day.

If the guideline valuesverecalculated for endpoints of reproductive aredirotoxicity
using the aforementioned studies then they would be lower than guideline values based on liver
toxicity. Using theChen et al(Chen et al., 200)Istudy forareproductive toxicity OAEL (1.0
po/kg b.wlday),andthe Li et al. studydr a neurotoxicityLOAEL (5 pg/kg b.w/day) the
guideline value at the 8tpercentile DWI/BWratio ranges from 0.00% 0.029 pg/L/day for
reproductive toxicityand0.021 0.15 pg/Lday for neurotoxicity across age groups from < 3
months to adults. The mean guideline values for children <6 years old woldlbgg/L and
0.07 ug/L for reproductive and neurotoxicity, respectiv@lgble 4) These are-4and 30 fold
lower than the EPA guideline valfer liver toxicity in children < 6 years oldsiven these large
differences it is critical that future studies confirm the level of MC that displays reproductive and

neurotoxicityin a repeat oral dose study design
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Monitoring and analytical methods for MC detection will necessariiptheéenced by
the drinking water guideline value. The EPA advissuggests MCLR is a suitable surrogate for
the toxicity of all MCs because it is one of the most commonly occurringpaitored in the
environment and is one of the most toxic congertarghermore, the EPA advisory indicates
that the guideline values apply to total MCs in a given samglenentioned previously MCs
can existound to proteins or other molecules whiot groups (e.g. free cysteine), transformed,
or otherwise in a nortoxic state. The guideline value should be appligthéaotal toxic MCs
(TTMCs), which would includ@on transformed, norprotein boundotal MCs capable of
covalently binding to anahhibiting protein phosphatasddethods for specifically quantitating
the TTMC pool in drinking watehavenot been demonstrated. The ELISA measures taouc
protein bound as well as toxigonprotein boundiCs. The EPA advisory suggests using EPA
Method 544 for quantification of intracellular and extracellular MCs usindMSIMS in
drinkingwater However, this method doesnét target
indicatedfor usein that method is no longer availablhe PP1/2A inhibition asgamight be
useful as an activity assay in quantifyifgMCs, but it would also detect other PP1/2A
inhibitors mentioned abovdjf.the guideline value is fof TMCsthen method development for

detectinghese compounds critical.
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Table4. Numerical limits for cyanotoxins in drinking water based on varying critical studies and toxic endpoints discusseebiorthis

Toxin Microcystins Cylindrospermopsins Saxitoxins
Source WHO EPA (U.S. | This This Report | EPA (U.S. | This Report | This Report
and Report and Canada
Canada)
Critical study Fawell et al. | Heinze Lietal. | Chen etal. Humpage | Humpage | CONTAM
199 1999 2015 2011 and and
Falconer Falconer
2002,2003 | 2002,2003
LOAEL/NOAE | 40 50 5 1 30 30 0.5
L (ug/kg/day)
End point Liver Toxicity | Liver Central | Male Kidney Kidney Peripheral
Toxicity Nervous | Reproductive | Toxicity Toxicity Nervous
System | Toxicity System
Toxicity Toxicity
Age of Exposed| Adult <6 |>6 <6 yrs <6yrs <6 >6 <6 yrs <6 yrs
yrs | yrs yrs | yrs
DWI/BW/day 0.03 0.15/0.03 | 0.15 0.15 0.15 | 0.15 | 0.15 0.15
(L/kg/d)
Uncertainty 1000 100 | 1000 | 1000 1000 300 | 300 | 1000 3
Factor 0
Guideline 1 03 |16 |003 0.01 0.7 |3 0.2 0.3
Value (uglL)
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Cylindrospermopsin

Some countries have developed regulatemd¥/or advisories for cylindrospermopsin in
drinking waternncludingBrazil (Burch, 2008. TheUSEPArecentlydeveloped
cylindrospermopsin guideline values for drinking wg®21 mglada and Strong, 201pThe 10-
day guideline valuearedirected at two age groups, @y pg/L for pre- schooled aged children
< 6 years oldand2) 3 pg/L for childrenover 6 years of agand adultsAs with MCs, unless it
can be guaranteed that children under six years old will not be consuming the water then
drinking water plant operators would negedollow the lower value

The EPA guideline valutr cylindrospermopsimwas calculated using tharse formula
as for MCs and a NOAEL of 30 pg/L/day from Humpage and Falo@@€3 .The calculation
of the EPAcylindrospermopsin guideline value differs from the Humpage and Falconer
calculation in the use of a lower uncertainty factor and use of drinking water intake rate
normalized to body weight of a specificeagroup(over the first year of life)The uncertainty
multiplier used for interand intraspecies variation was the saméiumpage and Falcoredr
100, but the uncertainty multiplier for lack of data on cylindrospermopsin toxicity was lowered
from 10 to 3. This resulted in averalluncertainty factofor the cylindrospermopsin guideline
valueof 300.It could be argued that the more conventionaltiplier of 10for lack of data
should be appliedThere have been no other oral exposure studies of cylindrospermopsin toxicity
similar to the Humpage and Falconer study since 2003 and as stated in the EPA support
document for cylindrospermopsip 6 Angl ada )étnoaloral20®Paoductive
developmentalandhcr oni ¢ t oxi city studies are availabl e
the advisory states that there is a lack of data on any potential neurological Effedhg, an
uncertainty factor of 1000 is warranted for cylindrospermopsgause the guitiee value is
essentially based on one experiment and no replicate experimétitsn uncertainty factor of
1000 the guideline value changes toi0A.9 pg/L for age groups from < 3 months to adults over
21 years oldrespectively at the §percentileof DWI/BW ratio (Figure 10) or 0.2 pg/L using
the ingestion rate applied by ERRable 4) At the 99" percentile the alculated guideline value
is0.17 0.5 pg/L across all age groups. Thagguably, a guideline based on more commonly

accepted uncertatly valueswvould be 0.1 pg/lfor the most sensitivgroups
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Figurel0. Cylindrospermopsin drinking water
guideline values for children under six calculated
using mean, or 8bto 99" percentile drinking water
ingestion rates. Values for infants3<months
calculated with 50to 99" percentiles (inset).

Anatoxin-a and anatoxina(s)

While anatoxira and anatoxha(s) act at the same neuronal synapse, their molecular
targets and toxicity profiles are different. The LD50 for anataxina the oal route is 100 and
10- fold greater than that of anatoxafs) and MCLR. Much uncertainty exists on thal
toxicity of anatoxina(s) given that few or no studies have been conducted on its toxicity via the
oral route and in general toxicology studiesoétoxina ( s) essentially ceased
due to a lack of material or available toxic straifisere is alsmone orfimited data on its
occurrence in the Great Lakes region.

Given the lack of repeat dose oral exposure studies it is impossiseablish a
reference dose, NOAEL, or LOAEL at this time for anatexpreventing the establishment of
any kind of numerical limits for this toxi®\ similar conclusion was recently reached by the
USEPA(D6 An gl ada )eThe LB30 via oragavhde @ mice is >10,000 pg/kg b.w. and
mice exposed to sdethal doses agpently recover whout any lingering symptoms. Effects on
reproductive tissue have been reported with repeat doses using i.p. injection, but not by the oral
route making it difficult to establish a drinking water guideline for anataxiising reproductiy

toxicity as an endpoint.

Saxitoxin

According to Munday and Reev@Munday and Reeve, 2018urrentlyno subacute
repeat oratlosing studiesf saxitoxinin animalshave been reportagsing approved protocols.
In contrast, lte LD50 for saxitoxin via the oral routeviell known atapproximately 200 pg/kg
b.w. in the mous@WViberg and Stevenspt96(Q andranges from 91 ug/kg b.w. in pigeons to
800 ug/kg b.w. in monkeys (Table 2(iMons et al., 1998.
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