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Abstract

The global proliferation of toxin producing cyanobacterial blooms has been attributed to a wide
variety of environmental factors with nutrient pollution, increased temperatures, and drought being
three of the most significant. The current study is the first formal assessment of cyanotoxins

in two impaired lakes, Canyon Lake and Lake Elsinore, in southern California that have a

history of cyanobacterial blooms producing high biomass as measured by chl-a. Cyanotoxins

in Lake Elsinore were detected at concentrations that persistently exceeded California recreational
health thresholds, whereas Canyon Lake experienced persistent concentrations that only
occasionally exceeded health thresholds. The study results are the highest recorded concentrations
of microcystins, anatoxin-a, and cylindrospermopsin detected in southern California lakes.
Concentrations exceeded health thresholds that caused both lakes to be closed for recreational
activities. Cyanobacterial identifications indicated a high risk for the presence of potentially

toxic genera and agreed with the cyanotoxin results that indicated frequent detection of

multiple cyanotoxins simultaneously. A statistically significant correlation was observed between
chlorophyll-a (chl-a) and microcystin concentrations for Lake Elsinore but not Canyon Lake,

and chl-a was not a good indicator of cylindrospermopsin, anatoxin-a, or nodularin. Therefore,
chl-a was not a viable screening indicator of cyanotoxin risk in these lakes. The study results
indicate potential acute and chronic risk of exposure to cyanotoxins in these lakes and supports
the need for future monitoring efforts to help minimize human and domestic pet exposure and to
better understand potential effects to wildlife. The frequent co-occurrence of complex cyanotoxin
mixtures further complicates the risk assessment process for these lakes given uncertainty in the
toxicology of mixtures.

Keywords
Cyanotoxins; Cyanobacteria; SPATT

1. Introduction

Toxin-producing cyanobacterial blooms have increased globally in frequency, duration,
and geographic extent (Carmichael, 2008; Hudnell and Dortch, 2008; Paerl and Huisman,
2009; O’Neil et al., 2012; Paerl and Paul, 2012; Paerl and Otten, 2013; Quiblier et al.,
2013; Hudon et al., 2014; Wood et al., 2014). These increases have been attributed to

a wide variety of factors such as eutrophication and increases in temperature, salinity,
water residence time, water column stratification, and pH, many of which will likely

be exacerbated with greater periods of drought (Paerl, 1988; Paerl and Fulton, 2006;
Carmichael, 2008; Paerl and Huisman, 2009; Paerl et al., 2011; O’Neil et al., 2012; Paerl
and Paul, 2012; Paerl and Otten, 2013; Lehman et al., 2017). Many of these factors covary
and are ultimately intertwined, but generally eutrophication and increased temperatures are
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considered the most important factors contributing to the global increase in cyanobacterial
harmful algal blooms (cyanoHABSs) (Heisler et al., 2008; Paerl and Huisman, 2009; O’Neil
et al., 2012; Paerl and Otten, 2013; Rigosi et al., 2014; Paerl et al., 2018).

Cyanotoxins have caused illness and mortality in humans, livestock, pets, and wildlife
(Edwards et al., 1992; van Halderen et al., 1995; Mez et al., 1997; Pouria et al., 1998;
Carmichael, 2001; Backer et al., 2008, 2013; Stewart et al., 2008; Wood et al., 2010; Li

et al., 2011; Trevino--Garrison et al., 2015; Vidal et al., 2017), even though cyanotoxin
poisoning in pets and livestock has been shown to be substantially under-reported (Wood

et al., 2010; Backer et al., 2013; Trevino-Garrison et al., 2015). Cyanotoxins produced in
inland drained or drainage lakes can have far reaching effects downstream from their origin.
Cyanotoxin transport from such lakes has caused effects in marine environments such as the
mortality of over 30 threatened marine California sea otters (Enhyara lutris) and cyanotoxin
bioaccumulation in marine shellfish (Miller et al., 2010; Kudela, 2011; Gibble and Kudela,
2014; Preece et al., 2015, 2017; Gibble et al., 2016; Peacock et al., 2018). Microcystins can
be retained in California mussels (Mytilus californianus) for up to 8 weeks after exposure
but oysters (Crassostrea sp.) purged microcystins relatively quickly compared to mussels
(Gibble et al., 2016).

Due to associated adverse health effects and the growing recognition that toxin-producing
cyanobacterial blooms can severely affect water quality (Chapman, 2015; Brooks et al.,
2017), many regulatory and health agencies have established guidance or health advisory
thresholds. The World Health Organization (WHO) established guidance values for the
probability of acute health effects from recreational activities based on the number of
cyanobacteria cells, the concentration of microcystin-LR, and the concentration chlorophyll-
a(chl-a) (Chorus and Bartram, 1999). The WHO guidance levels are categorized into low,
medium, or high probability of adverse health effects. The low category has guidance levels
of <20,000 cyanobacteria cells mL™1, <10 pg L1 of microcystin-LR, or <10 ug L1 of chl-a.
The medium category has levels of 20,000-100,000 cells mL1, 10-20 pg L= microcystin-
LR, or 10-50 pg L™1 of chl-a. The high probability category has levels of 100,000-10,
000,000 cells mL~1, 20-2000 pg L1 microcystin-LR, and 50-5000 pg L1 of chl-a.

The U.S. Environmental Protection Agency recently established health advisory thresholds
based on cyanotoxin concentrations in drinking water (https://www.epa.gov/cyanohabs/
epa-drinking-water-health-advisories-cyanotoxins), and human health recreational ambient
water quality criteria and swimming advisories for two cyanotoxins, microcystins

and cylindrospermopsin, as shown in Table 1 (https://www.epa.gov/sites/production/files/
2019-05/documents/hh-rec-criteria-habs-document-2019.pdf). In turn, California established
recreational health-based exposure thresholds to protect human and canine health for three
cyanotoxins: microcystins, cylindrospermopsin and anatoxin-a (Table 1) (CCHAB Network,
2020; OEHHA, 2012). The Caution Action Trigger requires public notification of a bloom
without restriction of recreational activities. Exceedance of the Warning Tier | threshold
requires restrictions on some recreational activities (such as swimming) while exceedance of
the Danger Tier Il Threshold results in recommendations to avoid all recreational activities
and water contact.
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Despite the recognition that nutrient over-enrichment is an important factor causing
cyanobacterial blooms, most lakes in California, including impaired lakes with a history of
high chl-a biomass and cyanobacterial blooms, are not routinely monitored for cyanobacteria
and cyanotoxins. In southern California, Lake Elsinore is a natural freshwater lake that

has been on the Federal Water Pollution Control Act of 1972 (Clean Water Act) Section
303(d) list of impaired waterbodies since 1994 (https://www.waterboards.ca.gov/santaana/
water_issues/programs/tmdl/docs/303d/1994 303d.pdf) and is highly used for recreation.
Canyon Lake, constructed approximately 2 miles upstream from Lake Elsinore, has

also been on the 303(d) list since 1994. The goals of the current study were to: (1)
determine if cyanotoxins were routinely present and if toxin concentrations exceeded
human and canine health trigger thresholds thereby posing a public health issue, (2) assess
cyanobacteria community composition and through culture isolation, identify potentially
toxin-producing species, and (3) determine if chl-a could be used as an indicator of
cyanotoxin threshold exceedance. This is the first formal assessment of cyanotoxins and
cyanobacterial community composition to be conducted in these highly impaired eutrophic
lakes.

2. Materials and methods

2.1. Study area

Lake Elsinore and Canyon Lake are located approximately 60 miles southeast of Los
Angeles, in Riverside County, California (Fig. 1).

Both serve a variety of beneficial uses including recreation, aquatic and wildlife habitat,

and municipal and domestic water supply (Canyon Lake). Lake Elsinore is a large (*3000
acres), relatively shallow (x20 feet) natural freshwater lake while Canyon Lake was
constructed in 1928 and is surrounded by a housing community and is smaller (<450 acres).
Both Lake Elsinore and Canyon Lake were listed as impaired under the Clean Water Act
Section 303(d), due to excessive levels of nutrients. Lake Elsinore was additionally listed for
low dissolved oxygen, sedimentation, and toxicity.

2.2. Discrete and time-weighted sample collection

A combination of discrete (grab) samples and passive samplers (time-weighted) were
used to assess both lakes. For Canyon Lake, the sampling area focused on the east arm

of the lake due to historical high chl-a concentrations that accumulate in that area and
visual observations of blooms reported by homeowners. Canyon Lake is a privately-owned
lake and only boats owned by property owners or the Property Owners Association

Boat Operations are allowed access to the lake. During the study, the Property Owners
Association provided access to a boat in 2015 and late in 2016. In early 2016, boat access
was not provided, therefore sample collection was limited to a single land-based location
at the eastern end of the east arm of the lake (Fig. 1). In Lake Elsinore, the sampling

area focused on the highly used recreational area of La Laguna Beach (Fig. 1) because the
study goal was to determine if cyanotoxins posed a health issue for humans and domestic
pets. It was not feasible to revisit the same site for every sampling event in Lake Elsinore
due to the extreme drought in California that caused the water levels to recede, and due
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to extensive cyanobacterial mats that covered much of the lake surface water during 2016.
Additionally, afternoon winds moved the cyanobacterial mats around the lake; therefore,

it was not possible to revisit the same site locations for water sample collection. Surface
water grab samples were collected by boat survey within the La Laguna area, and a YSI
6600 data sonde was used to measure chl-a to determine if there were large differences in
chl-a concentrations throughout the recreational area. Surface scum and foam samples were
collected when present and were only observed at the La Laguna recreational beach in Lake
Elsinore, at the northwest shoreline shown in Fig. 1. Samples at both lakes were collected
monthly in 2015 from July through October, bi-monthly or every 2 weeks in 2016 from
May through October, and there were two collection dates in 2017 (August 21, 2017 and
September 06, 2017).

All grab samples (including whole water, scum, and foam samples) were collected following
the State of California Surface Water Ambient Monitoring Program (SWAMP) Standard
Operating Procedures for cyanotoxins (available for download via https://drive.google.com/
file/d/0B40pxPC5g-DO0T010VUx4amhDaVk/view). Surface whole water grab samples were
collected in 1-L glass bottles, homogenized, and then sub-samples were aliquoted for
cyanotoxins, chl-a, and 16S rRNA gene sequencing analyses. Cyanotoxin samples were
collected in 250-mL glass jars in 2016 and 2017, frozen immediately in the field, and

stored at —20 °C. The 2015 cyanotoxin samples were collected in 100-mL high-density
polypropylene (HPDE) plastic bottles, frozen immediately in the field and stored at —20

°C. Samples for the analysis of chl-a were filtered onto 25-mm Whatman GF/F filters (GE
Whatman, Marlborough, Massachusetts, USA), frozen immediately, stored at —80 °C and
analyzed by fluorometry within 2 weeks of collection. The 16S rRNA gene sequencing

and community analysis samples were collected from Lake Elsinore only in 2016 and

were filtered onto a 0.2-um Whatman Nuclepore polycarbonate filter (GE Healthcare Life
Sciences, Buckinghamshire, UK) and submerged in bead solution storage buffer (Mo Bio
Laboratories, Inc., Carlsbad, California) before being stored at —80 °C. Before extraction,
filters were thawed at 4 °C, and DNA extractions were performed with the PowerLyzer
PowerSoil DNA isolation kit (Mo Bio Laboratories, Inc., Carlsbad, California) according

to the manufacturer’s instructions. The Nanodrop 8000 (Thermo Scientific, Wilmington,
Delaware, USA) was used to assess DNA yield.

Discrete grab samples for cyanobacterial identification and relative abundance via
microscopy were collected simultaneously with the other discrete samples in a 1.5-L

HDPE bottle and stored in an incubator overnight at the Southern California Coastal Water
Research Project, at 21 °C and an irradiance of 150 pmol photons m 2 s 1 (12:12 light:dark
cycle). Samples were analyzed live the following day.

Passive sampling devices, called Solid Phase Adsorption Toxin Tracking, SPATT
(MacKenzie et al., 2004; Lane et al., 2010; Kudela, 2011, 2017), provided time-weighted
dissolved cyanotoxin measurements. SPATT were deployed in one location of the lake in
2015 and 2016 determined by the accessibility and ease of deployment, usually under a
floating dock (see Fig. 1 for locations in both lakes). SPATT were continuously deployed,
and one SPATT sampler was retrieved at each sampling timepoint at which time a new
SPATT sampler was deployed. SPATT were used as a complement to traditional water grab
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samples to elucidate toxin dynamics by revealing the persistence of toxins while alleviating
the limitations of temporal and spatial resolution associated with traditional water grab
samples. SPATT samplers were constructed using Diaion HP20 resin (Mitsubishi Chemical
Corporation) following standard operating procedures as described in Kudela (2017) and
deployed monthly in 2015 and for 2-week timeperiods in 2016. The results are reported as
ng of toxin per 1 g of resin (ng g71).

2.3. Cyanotoxin analysis

2.3.1. Discrete water sample cyanotoxin analysis—Discrete grab samples were
extracted, processed and analyzed for cyanotoxins at the University of California, Santa
Cruz, California, according to methods described in Mekebri et al. (2009) and Kudela
(2011). Samples were stored frozen until extraction and analyzed by liquid chromatography/
mass spectrometry (LCMS) with electrospray ionization (ESI) with selected ion monitoring
(SIM) on an Agilent 6130 instrument equipped with a Phenomenex Kinetex C18

column (microcystins and nodularin) or Agilent Polaris-Ether C18 column (anatoxin-a and
cylindrospermopsin).

Four microcystin congeners (MC-LA, MC-LR, MC-RR, MC-YR) were analyzed with

the modifications described in Miller et al. (2010) and Kudela (2011). The 2017 sample
analysis also included an additional congener, MC-LF. Method detection limits for all
microcystins and nodularin were 0.10 ng mL~1. Anatoxin-a and cylindrospermopsin were
analyzed according to EPA Method 545 modified to account for differences in the analytical
equipment (U.S. EPA, 2015). Samples from 2015 were also analyzed for anatoxin-a using

a Cogent diamond hydride column. Water samples were processed for anatoxin-a by
sonicating water and syringe-filtering (using a 0.2-pm Teflon filter) with direct-injection of
20 pL of sample. The analytical method followed Cogent KnowledgeBase article AA-00807
using anatoxin-a dissolved in 7:93 MeOH:H,0 with 0.1% formic acid (National Research
Center Canada) as the reference. Cogent, AA-00807, was accessed at http://kb.mtc-usa.com/
article/AA-00807/0/Anatoxin-a-ANTX-A.html. Method detection limits for anatoxin-a and
cylindrospermopsin were 0.05 ng mL~1 and 0.28 ng mL™1, respectively. For all toxins,
blanks were analyzed for every 10 samples, and standard curves were run at the beginning
and end of each set of samples using 6-10 standards at 1-500 ng mL~1. Standards were
obtained from National Research Council Canada, Sigma-Aldrich, and Enzo Life Sciences.
Matrix spike recoveries were completed with each sample run and exceeded 93% for all
toxins.

Water samples were analyzed for saxitoxin using the BIOO Scientific MaxSignal ™
Saxitoxin (PSP) Enzyme-Linked Immunosorbent Assay (ELISA) test kit (BIOO Scientific
Corp., Austin, Texas, Cat. No. 1034), following the manufacturer’s instructions for sample
extraction and analysis.

Additional analyses were conducted on a subset of samples using UPLC® analyses
performed with a Waters Acquity Ultra Performance LCMS system (UPLC/MS/MS; Waters
Corporation, Massachusetts, USA) at Northern Kentucky University. The method used small
particle technology and separation of several microcystins and other toxins in a single

run by UPLC/MS/MS using a previously published method (Oehrle et al., 2017). The
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separation of 11 congeners of microcystins and other toxins in a single run included in

the analysis were MC-LR, MC-RR, MC-YR, MC-LA, MC-LF, MC-LY, MC-LW, MC-WR,
MC-DAsp-LR, MC-DAsp-RR, MC-HTYR, as well as anatoxin-a and cylindrospermopsin.
The triple quad mass spectrometer (MS/MS) used was a model TQS mass detector (Waters).
The various toxins were detected via multiple reaction monitoring (MRM), which monitors
a specific precursor ion and fragment ion (product ion) for each toxin. For all toxins the
main fragment ion (loss of ADDA group, mass 135) was monitored as well as one additional
fragment ion for confirmation. In addition, several toxins produced both singly and multiply
charged molecular ions (M+H" or M+2H*). In those cases, both were monitored and

used for compound confirmation with the singly charged form being used for calibration.
Calibration was done using standards for each toxin (purchased from Sigma-Aldrich or
Alexis Chemical) with a 5-point curve from 0.5 to 500 ppb being generated. Typical
correlation coefficients for the curve (r2) of 0.99x were obtained where x had a value of

6 or better. The detection limits for all toxins in this analysis were <0.5 ppb. Samples

were either run at full strength or with various dilutions (1-1, 1-20, 1-50 or 1-100 with
deionized (DI) water) depending upon toxin levels detected and/or foreseen to allow the
monitored levels to fall within the calibration curve range. UPLC separation was achieved
on an Acquity UPLC HSS T3 column (100 mm x 2.1 mm, i.d., 1.8-um particle size, 130

A pore size, Waters) and maintained at 35 °C. A 12-min gradient using a 0.1% formic acid
(aqueous) and 0.1% formic acid (acetonitrile) mobile phase was used at a flow rate of 0.45
mL/min. The acidified acetonitrile was initially run at 2% for 0.80 min, increased to 70%
over 9 min, washed with 80% acetonitrile for 1 min and returned to 2% for 2 min prior to the
next injection.

2.3.2. SPATT cyanotoxin analysis—SPATT samples were analyzed at the University
of California, Santa Cruz for four microcystin congeners, MC-LA, MC-LR, MC-RR, and
MC-YR, and nodularin-R by LCMS with electrospray ionization (ESI) with SIM on an
Agilent 6130 with a Phenomenex Kinetex C18, 2.1 x 100 mm, 2.6-um column. The

method was adapted from Mekebri et al. (2009) with minor modifications to account for
the choice of column and LCMS/SIM instead of tandem mass spectrometry (Kudela, 2011).
Anatoxin-a and cylindrospermopsin were analyzed as described above. The samples were
prepared as described in Kudela (2011). Analysis included replicates and matrix-additions,
with the quantification based on external standards. The methodological detection limit for
SPATT analyses was 0.05 ng g~2 for all congeners. The percent recovery was reported in
Kudela (2011) and was ~58-100% for the congeners using a standardized recovery method,
with MC-RR being lowest followed by MC-LR (~88%), MC-YR (~100%), and MC-LA
(~100%). Nodularin-R and anatoxin-a were not evaluated previously, but laboratory analysis
following the same methods provided recovery of 70 and 90%, respectively.

2.3.3. Cyanobacteria cultures cyanotoxin analysis—Cyanobacteria cultures were
isolated from environmental samples collected from Lake Elsinore and Canyon Lake
between July and September 2016. Single cyanobacteria were isolated by micropipetting
from a natural sample through a series of three washes in GF/F filtered and microwave
sterilized source water, resulting in the isolation of a single cell or colony into a single well
of a 24-well plate. The cyanobacteria were cultured using a BG-11 derivative and harvested
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during stationary phase. The culture material was analyzed for cyanotoxins at the Organic
Geochemistry Laboratory in the U.S. Geological Survey Kansas Water Science Center

by LC/MS/MS including anatoxin-a, cylindrospermopsin, nodularin, and 10 congeners of
microcystin (MC-HIiLR, MC-HtYR, MC-LA, MC-LF, MC-LR, MC-LW, MC-LY, MC-RR,
MC-WR, and MC-YR) adapted after a method reported in Loftin et al. (2016). Sample
preparation included three sequential freeze/thaw cycles to lyse cells, filtration by 0.7-um
filter, and a mini-extraction of the filter using acidic methanol to improve recovery of the
cyanotoxins. Analysis was performed using an Agilent 1260 Bioinert LC coupled with

an Agilent 6460 Triple Quadrupole Mass Spectrometer. Separation was achieved using an
Atlantis T3 Column C18, 3 x 150 mm, 3-um column. Mobile phase A consisted of water,
0.1% formic acid, and 2 mM ammonium formate. Mobile phase B consisted of 50/50 (v/v)
methanol/acetonitrile, 0.1% tetrahydrofuran, and 2 mM ammonium formate. Electrospray
ionization was used to ionize analytes, and MRM was used to detect precursor and fragment
ions for each analyte. At least one quantifier MRM and one qualifier MRM were used

for each analyte. Calibration standards were prepared for each analyte using standards
purchased from National Research Council Canada or Enzo Life Sciences from 0.01 to 5.00
g L1, Stacked injection was used to simultaneously inject 94 L of sample, standard,

or blank along with 2 uL of simetone (internal standard, 100 pg L™1 solution), 2 pL of
ethylenediaminetetraacetic acid (EDTA, complexing agent, 5 mM solution), and 2 pL of
either DI water (for samples, blanks, and standards) or toxin mixture (for standard addition
injections, 50 pg L1 mixture). Results are available via ScienceBase (Donovan et al., 2020).

2.4. Cyanobacteria identification and analysis

2.4.1. Morphological identification—Cyanobacteria were identified to genus (species
when possible) using an Olympus CKX41 inverted microscope (Olympus America, Center
Valley, Pennsylvania, USA) at the University of Southern California according to Komarek
(Komérek, 1992; Komarek and Komarkova, 2002; 2003; 2004; Koméarek and Zapomg;lova,
2007; Komarek et al., 2010). Briefly, samples were homogenized by successive inversions
and an aliquot was poured into 20-mL tissue culture dishes and settled overnight. The
relative abundance index (RAI), a qualitative index of the abundance of phytoplankton

and cyanobacteria, was used to evaluate trends and community compaosition as described

in Jester et al. (2009). The RAI was developed by the California Department of Public
Health and has been used for marine HAB monitoring in California since at least 2000
(Jester et al., 2009). Each cyanobacterial genus and/or species was assigned a relative
abundance code based on its numerical percentage of community composition of the
sample. Relative abundance codes were as follows: dominant (D) (>50% of community
composition), Abundant (A) (25-49% of community composition), Common (C) (10-24%
of community composition), Present (P) (1-9% of community composition), and Rare (R)
(<1% of community composition).

2.4.2. Cyanobacteria identification using DNA sequences—Amplicon library
preparation and quantification of pooled libraries was performed at Laragen, Inc. (Culver
City, California, USA). Briefly, the V4 region of the 16S rRNA gene was amplified using
universal Bacteria/Archaea primers 515 F/806 R according to the Earth Microbiome Project
(EMP) recommended protocols (Caporaso et al., 2011, 2012). Paired-end 2 x 250 basepair
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sequencing from barcoded amplicon products was performed on an Illumina MiSeq platform
(IMlumina, San Diego, California, USA). Sequences were processed using the Illumina
MiSeq Recorder software to remove adapter, barcode, and primer sequences.

Sequences were further processed using QIIME 2 2018.11 (Bolyen et al., 2018). Sequences
were demultiplexed and quality filtered using the g2-demux plugin followed by denoising
and chimera removal with DADA2 using g2-dada2 (Callahan et al., 2016). Taxonomy

was assigned to resulting amplicon sequence variants (ASVs) using g2-feature-classifier
(Bokulich et al., 2018) with classify-consensus-blast (Camacho et al., 2009; Edgar, 2010)
against SILVA v138 taxonomy database (Yilmaz et al., 2014) prepared for use with

QIIME 2 (Bokulich, n.d.; Bokulich et al., 2018). Analysis of Similarity (ANOSIM),
permutational multivariate analysis of variance using distance matrices (adonis), and non-
metric multidimensional scaling (NMDS) analyses were performed with R package vegan
(McMurdy and Holmes, 2013;0Oksanen et al., 2013) using Bray-Curtis distances to examine
community structure across samples.

Taxonomic assignments for cyanobacteria ASVs are provided in Supplemental Table 3. Raw
DNA sequences were deposited in Genbank under ProjectID PRINA681629.

2.5. Chlorophyll-a analysis

Samples for the analysis of chl-a were collected in 2016 and 2017 and analyzed within

2 weeks of collection following EPA Method 445.0 (Arar and Collins, 1997). Samples
were extracted in 90% acetone for 24 h at —20 °C in the dark and analyzed using a

Turner Trilogy fluorometer (Turner Designs, Sunnyvale, California, USA) at the Southern
California Coastal Water Research Project.

Logistic regression was used to determine if chl-a (log 10 transformed) was a significant
predictor of cyanotoxins. Statistical packages of RStudio, version 1.1.423 were used and the
significance was set at 0.05 for all statistical analysis.

3. Results

3.1. Lake Elsinore cyanotoxins

All cyanotoxin results are presented in Supplemental Table 1.

3.1.1. Multiple cyanotoxins—Two or more cyanotoxins were detected in 84% of
samples, and three or more cyanotoxins were detected in 42% of samples when data

from all three years were considered. In 2016 (when frequent monitoring occurred for 6
months), 92% and 53% of samples had two or more and three or more cyanotoxins detected,
respectively (Fig. 2).

There were multiple toxins detected from both sample dates in 2017, three cyanotoxins
from August 21, 2017 and two cyanotoxins from 09 Sept 2017. Only one date out of four
sampling dates had multiple toxins in 2015, however fewer cyanotoxins were included in the
analysis in that year.
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3.1.2. Microcystins—For all three years combined, microcystins were detected in 93%
of water, scum and foam samples; of those samples with toxin detected, 61% exceeded the
Danger Tier 11 health threshold, 7% exceeded the Warning Tier | health threshold, and 17%
exceeded the Caution Action health threshold (Fig. 3, Tables 1 and 2).

The concentrations from water samples ranged from below detection (bd) to 5,665 ug L™1,
and foam and scum samples ranged from 35 to 45,300 pug L™ (Fig. 2, Tables 2 and 3,
Supplementary Table 1). All SPATT samplers deployed continuously throughout the study
in 2015 and 2016 detected microcystins ranging from 1.3 ng g~ to 850 ng g~ (Fig. 2 and
Supplementary Table 1).

Microcystins were not detected in the monthly water samples collected in August,
September, and October during 2015, however, SPATT results indicated low concentrations
of microcystins ranging from 1.4 ng g1 to 41 ng g~ (Supplementary Table 1).

Microcystins were detected in all water, foam, scum, and SPATT samples collected during
2016 (Fig. 2 and S1, Tables 2 and 3, Supplementary Table 1). All water, foam and scum
sample concentrations exceeded the California recreational health thresholds except for one
collected on 09 May 2016 (0.6 ug L™1). Water sample concentrations ranged from 0.6

to 5,665 g L1, foam and scum samples ranged from 35 to 45,300 ug L1, and SPATT
concentrations were 5.7-845 ng g~1. The most common microcystin congener detected
from water, scum, and foam samples (of the four congeners analyzed via LCMS) was
MC-RR (91% of samples), followed by MC-LR (78%), MC-YR (65%), with MC-LA only
detected in one sample from October 24, 2016 (Supplementary Figure S1A). SPATT results
were similar, as MC-RR was the most common congener detected (91%), followed by
MC-LR (82%), MC-YR (54%), with MC-LA only detected from the same date as the water
samples as noted above (Supplementary Figure S1B). The most predominant microcystin
congener in the subset of samples analyzed by UPLC/MS/MS for 11 microcystin congeners
was MC-WR, followed by MC-RR. The congener, MC-WR, comprised 16—-100% of the
total concentration of microcystins, and MC-WR comprised more than 30% of the total
microcystins in 80% of the samples (Table 3).

Microcystin concentrations also exceeded California recreational health thresholds in 2017,
with concentrations ranging from 1.3 to 355 pg L1 in water, foam, and scum samples (Table
2, Supplementary Table 1). The water samples collected on 21 August 2017 ranged from 1.3
to 149 ug L1 and 6.9-355 ug L1 on 06 Sept 2017. The congeners, MC-LR and MC-RR,
were detected in all six samples collected on 21 August 2017 and in all three samples
collected on 06 Sept. The MC-LA and MC-LF congeners were included in the analysis,
however, neither of these congeners were detected in the 2017 samples.

3.1.3. Anatoxin-a—Anatoxin-a was detected in 30% of water, scum, and foam samples
and 21% of SPATT samplers for all three years combined (Figs. 2 and 3, Table 2 and
Supplementary Table 1). Water sample concentrations ranged from bd to 0.58 ug L™1 and
foam and scum samples ranged from bd to 37 pg L™1 (Fig. 2, Table 2, Supplementary Table
1). The Danger Tier Il human health threshold was never exceeded; however, the Warning
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Tier I and Caution Action health thresholds were exceeded in 23% and 6% of samples,
respectively (Fig. 3).

Anatoxin-a was not detected in any of the four water samples collected in 2015 but was
detected in one SPATT sample retrieved on 14 Oct 2015 (4.9 ng g~1). In 2016, anatoxin-a
was detected in 26% of the water, foam, and scum samples and ranged from bd to 37 ug L1
(Table 2, Supplementary Table 1). Only two SPATT samples in 2016 detected anatoxin-a,
on 07 Aug and 14 Nov, and concentrations ranged from bd to 300 ng g1 (Fig. 2B).
Anatoxin-a exceeded the Caution Action health threshold on one sample collection date in
2017. Anatoxin-a was not detected in any of the samples collected in 2017.

3.1.4. Cylindrospermopsin—Cylindrospermopsin was detected in 35% of water,
scum, and foam samples throughout all years combined, and exceeded the Danger Tier

Il health threshold in almost a quarter of samples, while an additional 10% and 2.4% of
samples exceeded the Warning Tier | and Caution Action Trigger thresholds, respectively
(Fig. 3 and Supplementary Table 1). The concentrations in water samples ranged from bd to
21 pug L1 and foam and scum sample concentrations ranged from bd to 273 pug L™ (Fig.
2A, Table 2, Supplementary Table 1). Cylindrospermopsin was detected in 57% of SPATT
samples, and concentrations ranged from bd to 4,500 ng g1 (Fig. 2B).

In 2015 cylindrospermopsin was not detected in any samples (Supplementary Table 1).

By contrast, cylindrospermopsin was detected in 52% of water, foam, and scum samples
collected in 2016, and concentrations ranged from bd to 273 ug L1 (Fig. 2A, Table 2).
SPATT detected cylindrospermopsin in 73% of samples collected in 2016 and concentrations
ranged from bd to 4,466 ng g1 (Fig. 2B). Cylindrospermopsin was detected from samples
collected on 21 Aug 2017 and ranged from bd to 11 pg L™ and was not detected in samples
collected on 06 Sept 2017.

3.1.5. Other cyanotoxins (nodularin and saxitoxin)—For all three years combined,
nodularin was detected in 22% of water, scum and foam samples and ranged from bd to

18 pug L1 and was not detected in any of the SPATT samples (Supplementary Table 1).
Nodularin was only analyzed for one water sample collected in 2015 on 14 Oct (result was
below detection). In 2016, nodularin was analyzed on all samples collected, but was not
detected from SPATT samples. Water samples ranged from bd to 0.90 ug L1 and foam and
scum samples ranged from bd to 19 pg L™1 (Table 2 and Supplementary Table 1). In 2017,
nodularin was detected in one foam sample collected on 21 Aug 2017 (0.08 pg L™1).

Saxitoxin was analyzed in water samples in 2016 (samples from May through August only)
but was not included in 2017 analyses due to the lack of toxin detected in previous years.
Saxitoxin was not detected in any water samples collected during 2016.

3.2. Lake Elsinore cyanobacterial community composition, identification of cyanotoxin
producers and chlorophyll-a concentration

The results of microscopy-based determination of relative abundances (RAI) in Lake
Elsinore indicated that the most abundant and dominant cyanobacterial genera were
Aphanizomenon, Aphanocapsa, Cylindrospermopsis, Planktothrix, and Microcystis (Fig.
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4). Commonly observed genera included Merismopedia, Planktolyngbya, Aphanizomenon
cf. flos-aquae, Pseudanabaena and Raphidiopsis. In both years, the early season was
characterized by abundant Aphanizomenontaxa. In 2016, the cyanobacterial community
exhibited a distinct shift in species between 23 June and 20 July, with a Planktothrix-
dominant community transitioning to a Microcystis-dominant community (Fig. 4B).

The DNA sequencing results from 2016 generally agreed with the microscopy analyses,
revealing a Planktothrix-dominant cyanobacterial community in May and June (Fig. 5). The
Planktothrix sequences were primarily from a single ASV that comprised approximately
24% of the total sequence reads in early May and matched Planktothrix agardhii

reference sequences (Supplemental Table 3). Other abundant ASVs in early season samples
were identified as Sphaerospermopsis aphanizomenoides (previously, Aphanizomenon
aphanizomenoides), a potentially toxic cyanobacterium that thrives at high temperatures
(Horecka and Komarek, 1979; (Zapomélova et al., 2011); Cires and Ballot, 2016). In
agreement with the microscopy analyses, the DNA results revealed a shift on July 20,

2016 to a cyanobacterial population dominated by two Microcystis ASVs, that at their
peak (August 29, 2016) comprised approximately >50% of the total microbial sequence
reads. Nodosilineaand Cyanobium also comprised >1.0% of the microbial population at
various points throughout the summer season, and Cy/indrospermosis was abundant in late
July through early September. Both the cyanobacteria and total microbial community were
strongly structured by sampling month, and weakly associated with chl-a concentrations,
which peaked in August, and cylindrospermopsin concentrations which peaked in July
(Table 4).

Isolation of cyanobacteria from water samples collected between 12 July and September 16,
2016 resulted in cultured isolates of Aphanizomenon, Cylindrospermopsis, Merismopedia,
Microcystis aeruginosa, Planktolyngbya, Planktothrix, Phormidium, and Raphidiopsis
(Table 5). Two separate Microcystis aeruginosa cultures were positive for MC-LR, MC-RR,
MC-WR, and MC-YR and one culture additionally had a detection of MC-HiLR. Individual
microcystin concentrations, when detected, ranged from 0.24 to 500 pg L™1. Anatoxin-a and
cylindrospermopsin were not detected in any of these isolates.

Chl-a results from 2016 ranged from 25 to 1,100 pg L1 with highest concentrations
observed in August and September when concentrations exceeded 600 pg L1
(Supplementary Figure S2). Chl-a results from 2017 were 140 ug L™ on 21 Aug 2017
and ranged from 140 to 290 ug L1 on 06 Sept 2017 (data not shown). Statistical analysis
revealed that chl-a was a significant predictor of microcystins from water samples (p-value
< 0.002) but not from SPATT samples (p-value < 0.1). Additionally, chl-a was not a
significant predictor for cylindrospermopsin, anatoxin-a, or nodularin for either water or
SPATT samples (p values > 0.05 for water samples and SPATT samples).

3.3. Canyon Lake cyanotoxins

All cyanotoxin results are presented in Supplemental Table 2.
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3.3.1. Multiple cyanotoxins—Across all three years, 35% of water samples and 27%
of SPATT samples detected two or more cyanotoxins and 6% and 7% of water and SPATT
samples indicated three or more cyanotoxins, respectively (Fig. 2).

3.3.2. Microcystins—For all three years combined, microcystins were detected in 76%
of water samples with concentrations ranging from bd to 1.6 pg L1 (Figs. 2C and 3B and
Supplementary Table 2) and in 57% of SPATT samples, with concentrations ranging from
bd to 34 ng g~ (Fig. 2D, Supplementary Table 2). Water samples collected during 2015
had undetectable microcystins in Canyon Lake. Microcystins detected in SPATT samples
from Canyon Lake were consistently low in 2015, with concentrations ranging from 4.5

to 34 ng g~ (Supplementary Table 2). All four microcystin congeners were detected from
SPATT, with MC-RR detected in all samples, MC-LR, MC-YR and MC-LA in three, two,
and one of the samples, respectively. In 2016, microcystins were detected in 90% of water
samples and 36% of SPATT samples and concentrations ranged from bd to 1.6 ug L1 (Fig.
2C) and bd to 1.5 ng g1 (Fig. 2D) respectively. MC-RR was the only congener detected
from SPATT. MC-RR was the predominant congener detected in 63% of water samples
and MC-LR was detected in 36% of samples with MC-YR only detected in 1 sample, and
MC-LA not detected. MC-RR was the only congener detected in the 2017 water samples
collected on 22 Aug 2017 and 12 Sept 2017 and concentrations were 0.19 ug L1 and 0.14
g L1, respectively.

3.3.3.  Anatoxin-a—Anatoxin-a was detected in 53% of water samples across all three
years and ranged from bd to 9.3 pg L™ (Figs. 2C and 3B, Supplementary Table 2). SPATT
samples indicated anatoxin-a detected in 14% of samples and concentrations ranged from bd
to 730 ng g1 (Fig. 2D). Anatoxin-a was not detected in any of the water or SPATT samples
collected in 2015 (Supplementary Table 2). In 2016, anatoxin-a was detected in 27% of
water samples and concentrations ranged from bd to 9.4 pg L™1 and 18% of SPATT samples,
ranging from bd to 735 ng g1 (Fig. 2). The 22 Aug 2017 sample was 0.63 pg L1 which
exceeded the California Caution Action health threshold for anatoxin-a concentration (Table
1) and no anatoxin-a was detected in the 12 Sept 2017 sample.

3.3.4. Cylindrospermopsin—Cylindrospermopsin was detected in 12% of all water
samples and in 46% of SPATT samples across all three years of sampling (Fig. 3B).
Concentrations ranged from bd to 18 pg L1 from water samples (Fig. 2C) and from bd to
141 ng g~1 from SPATT (Fig. 2D and Supplementary Table 2). Cylindrospermopsin was not
detected in samples collected in 2015 and 2017.

3.3.5. Other cyanotoxins (nodularin and saxitoxin)—Nodularin was not analyzed
in water samples collected during 2015 or 2017 but was analyzed in one SPATT sample
collected on 14 Oct 2015, which was below detection. Samples collected in 2016 indicated
nodularin was present in 1 SPATT sample collected on 10 Oct 2016 (0.12 ng g~1) and was
below detection in all water samples. Three samples collected on 07 July 2016, 20 July 2016
and 01 Aug 2016 were below detection for saxitoxin. Other samples collected in 2016 were
not analyzed for saxitoxin (Supplementary Table 2).
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3.4. Canyon Lake cyanobacterial community composition, identification of cyanotoxin
producers and chlorophyll-a concentration

Dinoflagellates dominated the community composition during July 2015 only.
Cyanobacteria were abundant August through October, and included the genera
Cylindrospermopsis spp., Limnothrix, Planktolyngbya, and Pseudoanabaena (Fig. 6A).
Chlorophytes dominated the community composition in May 2016, but the composition
transitioned to cyanobacterial dominance in July with common genera including
Cylindrospermopsis, Limnothrix, and Planktolyngbya. Arthrospirawas abundant in July and
early August, and the community composition transitioned in August to strong dominance
by Pseudanabaena (Fig. 6B).

Isolation of cyanobacteria from water samples collected between 20 August and 12
September 2016 resulted in cultured isolates for Cy/lindrospermopsis and Pseudanabaena.
No cyanotoxins were detected from these isolates (Table 5).

Statistical analysis revealed that chl-a was not a significant predictor of microcystins,
cylindrospermopsin, anatoxin-a, or nodularin from water samples collected from Canyon
Lake (p-values ranged from 0.1 to 0.6), nor from SPATT samples (p-values ranged from
0.3 to 0.6). The chl-a concentrations ranged from 2.5 to 25 ug L1 in 2016 and the peak
concentrations were 25 pg L™ on 07 July 2016 and 23 pg L™1 on 24 Oct 2016 (Figure S2).

4. Discussion

4.1. Persistent cyanotoxin detections that frequently exceeded health thresholds in Lake

Elsinore

Cyanotoxins were detected at concentrations that frequently exceeded California
recreational health thresholds (Table 1) and were persistently detected throughout the study
period. The cyanotoxin concentrations detected during this study are currently the highest
recorded concentrations of microcystins, anatoxin-a, and cylindrospermopsin in southern
California lakes and estuaries (Magrann et al., 2015; Howard et al., 2017; Tatters et al.,
2019), and among the highest reported within California lakes (Kudela, 2011). The sea otter
mortality event reported in Miller et al. (2010) documented microcystin concentrations in
Pinto Lake of 2,900 pg L™1, substantially lower than the maximum concentrations detected
in Lake Elsinore.

Cylindrospermopsin has rarely been detected in California and the exceedance of California
recreational health thresholds was unexpected, and further study would be beneficial to
better characterize the temporal occurrence of this toxin and to investigate the sources of
production (Loftin et al., 2016; Howard et al., 2017; Tatters et al., 2019).

Studies of the health implications of human exposure were beyond the focus of this
assessment study and there was no formal system in California for reporting blooms

or illness at the time. However, events such as those reported here have led to an

illness response program and documentation system being formalized in California to
investigate human, wildlife, and pet illness and mortality as a result of bloom exposure.
The concentration of microcystins detected in Lake Elsinore exceeded concentrations that
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have been reported to result in human illnesses. For example, microcystin concentrations
in Uruguay that resulted in a family becoming ill, including acute liver failure requiring
a liver transplant, had maximum concentrations ranging from 56 to 8,200 pg L1 (Vidal
etal., 2017). This range of concentrations is 5.4 to 800-fold lower than the maximum
concentrations detected in Lake Elsinore in this study (5,665 to 45,300 pg L™1).

Water, scum, foam, and SPATT samples collected from Lake Elsinore yielded predominance
of the same microcystin congeners dominating the composition of total microcystins
(Supplementary Figure S1). The subset of samples analyzed via UPLC/MS/MS, that
included an additional seven MC congeners, indicated that MC-WR was a predominant
congener detected in all samples (Table 3). This indicates the total concentration of
microcystins from water, scum, foam, and SPATT samples analyzed via LCMS (that
excluded MC-WR) was likely underestimated.

Cyanotoxin measurements from cultured isolates from environmental samples collected

at Lake Elsinore on 16 Sept 2016 indicated that Microcystis aeruginosa was capable

of the production of MC-LR, MC-RR, MC-WR, MC-YR and MC-HiLR (Table 5). The
cyanobacteria producing cylindrospermopsin, anatoxin-a, and nodularin were not identified
and could be a focus of future studies.

In addition to high concentrations detected in Lake Elsinore, cyanotoxins were also
chronically detected in water and SPATT samples, across multiple months and seasons,
similar to findings in other studies of California waters (Kudela, 2011; Gibble and Kudela
2014; Gibble et al., 2016; Howard et al., 2017; Peacock et al., 2018; Tatters et al., 2019).
Microcystins exceeded one of the three California health thresholds in most samples and
recreational swimming was not recommended 68% of the time because of recreational
health threshold exceedance (Table 1). The recreational uses of Lake Elsinore were severely
impacted due to both the exceedance of health thresholds and the chronic detections at

the most accessible recreational locations indicating a high risk for immediate impacts to
human, wildlife, and domestic pet health.

The Federal Water Pollution Control Act of 1972 (the Clean Water Act) requires the
California Water Boards to assess and identify surface waters that do not meet water
quality standards (Section 303(d) of the Clean Water Act). The assessment and impairment
determination is governed by the Water Quality Control Policy for developing California’s
Clean Water Act Section 303(d) (https://www.waterboards.ca.gov/board_decisions/
adopted_orders/resolutions/2015/020315_8 a mendment_clean_version.pdf). The current
study results for Lake Elsinore could be included in the next assessment of cyanotoxin

and cyanoHAB waterbody impairments similar to other waterbodies within California and
the U.S. (North Coast Regional Water Quality Control Board, 2010; Michigan Department
of Environmental Quality, 2017; Davis et al., 2019).

Future investigations are warranted to identify the environmental drivers of toxin
production and community composition as well as to identify the species responsible for
cylindrospermopsin, anatoxin-a, and nodularin production in Lake Elsinore.
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4.2. Persistent cyanotoxin detections that occasionally exceeded health thresholds in
Canyon Lake

In contrast to Lake Elsinore, microcystins were persistently detected in Canyon Lake at
concentrations that only occasionally exceeded California recreational health thresholds.
These findings indicate relatively low but persistent microcystin concentrations detected
across multiple months and seasons. There have been reports of significant health
consequences from chronic exposure to microcystins for human and wildlife globally (Bury
et al., 1995; Wiegand et al., 2000; de Figueiredo et al., 2004; Jacquet et al., 2004; Malbrouk
and Kestemont, 2006; Backer et al., 2008, 2009; Li et al., 2011, 2016; Trevino-Garrison et
al., 2015). Cylindrospermopsin and anatoxin-a were detected half of the time and, similar
to microcystins, only occasionally exceeded California recreational health trigger thresholds
in Canyon Lake. The chronic risk of exposure to cyanotoxins in Canyon Lake supports the
need for future monitoring in order to minimize the risk and better understand the potential
impacts to humans, domestic pets, and wildlife.

4.3. Multiple cyanotoxins were frequently detected

Co-occurring cyanotoxins were frequently detected in both lakes investigated in this study
(Fig. 2). The health consequences and risks from exposure to co-occurring cyanotoxins

is poorly characterized because health thresholds are typically based on exposures to a
single cyanotoxin (Table 1). Due to differing chemical structures and resulting inherent
bioactivities, the various co-occurring classes of cyanotoxins may act as synergistic or
antagonistic physiological stressors. A recent study has also shown that for MC-LR and
anatoxin-a specifically, the response can be synergistic or antagonistic, depending on the
test organism (Metcalf and Codd, 2020). The co-occurrence of multiple cyanotoxins from

a single location has been documented in other studies, both within and outside the United
States (Graham et al., 2010; Gkelis and Zaoutsos, 2014; Rodriquez et al., 2014; Sabart et al.,
2015; Pekar et al., 2016), and in California (Howard et al., 2017; Tatters et al., 2017, 2019;
Bouma-Gregson et al., 2018; Peacock et al., 2018). Studies characterizing the consequences
of exposure to multiple cyanotoxins for human, wildlife, and ecological health would help
address this gap in knowledge.

4.4. Multiple potential cyanotoxin producing cyanobacteria identified

The cyanobacterial genera and species observed in this study indicated a high risk for

the production and co-occurrence of multiple cyanotoxins in these ecosystems. Given the
range of taxa observed, the detection of multiple cyanotoxins in this study is not surprising.
Previous studies of cyanobacterial species identifications in Lake Elsinore also indicated
the historical presence of multiple potential toxin-producing species identified in 2003

and 2010 (cyanotoxins were not analyzed) (Oza, 2003; Tobin, 2011). Overall, multiple
cyanotoxin producers were present, and other cyanotoxins outside the scope of this work
were potentially present based on cyanobacterial identifications including lyngbyatoxin-a,
BMAA, homoanatoxin-a, neosaxitoxins.

The identification of cyanobacterial species using DNA barcode sequencing for taxonomic
identification has been applied in the Sacramento-San Joaquin Delta and Clear Lake
systems in California (Kurobe et al., 2013). Microscopy and DNA barcoding conducted
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in this study were in relative agreement with respect to cyanobacterial genera/species
detected and their relative abundances. There was good agreement with respect to broad
community composition results between both methods indicating that DNA barcoding could
be used on a routine basis to determine the relative abundance of dominant cyanobacterial
taxa. Both approaches identified the shift in cyanobacterial taxa in mid-July, from
Planktothrix to Microcystis dominance, during which time the microcystin concentrations
simultaneously increased by one-thousand-fold. Additionally, DNA barcoding detected
considerable microdiversity (beyond that possible by microscopy) and therefore may
eventually be useful in distinguishing toxic species, or closely-related strains that differ

in their capacity to produce toxins. These results highlight the importance of pursuing
molecular identification for complex species assemblages. Developing a DNA-based library
for toxic cyanobacteria could allow for the future development of genetic screening tools for
biotoxin tracking and quantitative polymerase chain reaction (qPCR) assays. Additionally,
metabarcode sequencing of associated microbial communities might also help inform the
triggers and timing of cyanobacterial bloom events and toxin production. DNA barcoding
offers a unique perspective that may prove useful for community characterization and
cyanotoxin management.

4.5. Chlorophyll-a was not a viable screening indicator

Chl-a has been used as a screening indicator for the risk of microcystins in lakes and

has been used to evaluate nutrient pollution and linked to management actions, such as
reduced nitrogen and regulatory thresholds for total nitrogen (Kudela, 2011; Otten and Paerl,
2011; Rinta-Kanto et al., 2009; Yuan et al., 2014; Yuan and Pollard, 2015). The 2007
National Lake Assessment conducted by the U.S. Environmental Protection Agency found
that chl-a overestimated microcystin risk when compared to the World Health Organization
thresholds (Loftin et al., 2016). Additionally, the results from the current study indicate high
frequency of occurrence of multiple cyanotoxins, and chl-a was not a good indicator of
cylindrospermopsin, anatoxin-a, or nodularin. Therefore, chl-a was not a viable screening
indicator for Lake Elsinore or Canyon Lake.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors thank the boat operations crews of the City of Lake Elsinore and the Property Owners Association

at Canyon Lake for providing boat time for sample collection. The authors thank the following inHoward et

al. Toxicon 6535 Supplementary Materials_V3. docdividuals for assistance: Carly Beck and Justin VanderWaal
(sample collection), John Rudolph and Chris Stransky (AMEC Foster Wheeler) and Heather Boyd for project
management. Funding was provided by the State of California Surface Water Ambient Monitoring Program
(SWAMP) and U.S. Geological Survey (USGS) Toxic Substances Hydrology Program (Donovan, Laughrey,
Loftin). Data generated by USGS during this study are available from ScienceBase (Donovan et al., 2020, https://
doi.org/10.5066/P9NNSI38). Any use of trade, firm, or product names is for descriptive purposes only and does not
imply endorsement by the U.S. Government.

Toxicon. Author manuscript; available in PMC 2022 March 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Howard et al.

Page 18

References

Arar EJ, Collins GB, 1997. Method 445.0 in Vitro Determination of Chlorophyll a and Pheophytin
Ain Marine and Freshwater Algae by Fluorescence. U.S. Environmental Protection Agency,
Washington, DC.

Backer LC, Carmichael W, Kirkpatrick B, Williams C, Irvin M, Zhou Y, Johnson TB, Nierenberg
K, Hill VR, Kieszak SM, Cheng Y'S, 2008. Recreational exposure to low concentrations of
microcystins during an algal bloom in a small lake. Mar. Drugs 6, 389-406. [PubMed: 18728733]

Backer LC, McNeel SV, Barber T, Kirkpatrick B, Williams C, Irvin M, Zhou Y, Johnson TB,
Nierenberg K, Aubel M, LePrell R, Chapman A, Foss A, Corum S, Hill VR, Kieszak SM, Cheng
YS, 2009. Recreational exposure to microcystins during algal blooms in two California lakes.
Toxicon 55, 909-921. [PubMed: 19615396]

Backer LC, Landsberg JH, Miller M, Keel K, Taylor TK, 2013. Canine cyanotoxin poisonings in
the United States (1920s-2012): review of suspected and confirmed cases from three data sources.
Toxins 5, 1597-1628. [PubMed: 24064718]

Bokulich NA, Robeson M, Dillon MR, n.d. bokulich-lab/RESCRIPt. Zenodo.

Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, Huttley GA, Gregory Caporaso
J, 2018. Optimizing taxonomic classification of marker-gene amplicon sequences with QIIME 2’s
g2-feature-classifier plugin. Microbiome 6, 90. 10.1186/s40168-018-0470-z. [PubMed: 29773078]

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet C, Al-Ghalith GA, Alexander H, Caporaso JG,
2018. QIIME 2: Reproducible, interactive, scalable, and extensible microbiome data science (No.
€27295v2). PeerJ Inc. 10.7287/peerj.preprints.27295v2.

Bouma-Gregson K, Kudela RM, Power ME, 2018. Widespread anatoxin-a detection in
benthic cyanobacterial mats throughout a river network. PloS One. https://doi. org/10.1371/
journal.pone.0197669.

Brooks BW, Lozorchak JM, Howard MDA, Johnson M-VV, Morton SL, Perkins DAK, Reavie ED,
Scott GI, Smith SA, Stevens JA, 2017. In some places, in some cases, and at some times, harmful
algal blooms are the greatest threat to inland water quality. Environ. Toxicol. Chem. 36, 1125-1127.
[PubMed: 28423202]

Bury NR, Eddy FB, Codd GA, 1995. The effects of the cyanobacterium Microcystis aeruginosa, the
cyanobacterial hepatotoxin microcystin—LR, and ammonia on growth rate and ionic regulation of
brown trout. J. Fish. Biol. 46, 1042—-1054.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP, 2016. DADAZ2: High
resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581-583. 10.1038/
nmeth.3869. [PubMed: 27214047]

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, Madden TL, 2009. BLAST+:
architecture and applications. BMC Bioinf. 10, 421. 10.1186/1471-2105-10-421.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh PJ, Fierer N, Knight
R, 2011. Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample.
Proc. Natl. Acad. Sci. Unit. States Am 108, 4516-4522. 10.1073/pnas.1000080107.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N, Owens SM, Betley J,
Fraser L, Bauer M, Gormley N, Gilbert JA, Smith G, Knight R, 2012. Ultra-high-throughput
microbial community analysis on the lllumina HiSeq and MiSeq platforms. ISME J. 6, 1621—
1624. 10.1038/ismej.2012.8. [PubMed: 22402401]

Carmichael W, 2001. Peer Review of Cyanotoxin Toxicity Criteria and Health Based Water
Concentrations to Protect Human Swimmers, Dogs and Cattle. Prepared for: State Water
Resources Control Board-Division of Water Quality. Wright State University, Dayton, Ohio 45435.

Carmichael W, 2008. A world overview - one-hundred-twenty-seven years of research on toxic
cyanobacteria - where do we go from here? In: Hudnell HK (Ed.), Cyanobacterial Harmful Algal
Blooms: State of the Science and Research Needs. Springer, New York, pp. 105-125.

CCHAB Network (California Cyanobacterial and Harmful Algal Bloom Network), 2020.

California Voluntary Guidance for Response to HABs in Recreational Inland Waters. https://
mywaterquality.ca.gov/habs/resources/habs_response.html. (Accessed 10 December 2020).

Toxicon. Author manuscript; available in PMC 2022 March 01.


https://mywaterquality.ca.gov/habs/resources/habs_response.html
https://mywaterquality.ca.gov/habs/resources/habs_response.html

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Howard et al.

Page 19

Chapman PM, 2015. Harmful algal blooms should be treated as contaminants. Integrated Environ.
Assess. Manag. 11, 523-524.

Chorus I, Bartram J, 1999. Toxic Cyanobacteria in Water: A Guide to Their Public Health
Consequences, Monitoring and Management. Spon Press, London.

Cirés S, Ballot A, 2016. A review of the phylogeny, ecology and toxin production of bloom-forming
Aphanizomenon spp. and related species with the Nostocales (cyanobacteria). Harmful Algae 54,
21-43. [PubMed: 28073477]

Davis TW, Stumpf R, Bullerjahn GS, McKay RML, Chaffin JD, Bridgeman TB, Winslow C, 2019.
Science meets policy: a framework for determining impairment designation criteria for large
waterbodies affected by cyanobacterial harmful algal blooms. Harmful Algae 81, 59-64. [PubMed:
30638499]

de Figueiredo DR, Azeiteiro UM, Esteves SM, Goncalves FJ, Pereira MJ, 2004. Microcystin-
producing blooms-a serious global public health issue. Ecotoxicol. Environ. 59, 151-163.

Donovan AR, Loftin KL, Laughrey ZL, Tatters A, Caron D, Howard M, Kudela R, 2020. Liquid
Chromatography Triple Quadrupole Mass Spectrometry (LC/MS/MS) Analysis of Cyanobacteria
Cultures from Lake Elsinore and Canyon Lake (CA, USA, 2016) for Cyanotoxins and Algal
Toxins. U.S. Geological Survey data release. 10.5066/P9NNSI38.

Edgar RC, 2010. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26,
2460-2461. 10.1093/bioinformatics/btq461. [PubMed: 20709691]

Edwards C, Beattie KA, Scrimgeour CM, Codd GA, 1992. Identification of anatoxin-a in benthic
cyanobacteria (blue-green algae) and in associated dog poisonings at Loch Insh, Scotland. Toxicon
30, 1165-1175. [PubMed: 1440622]

Gibble CM, Kudela RM, 2014. Detection of persistent microcystin toxins at the land—sea interface in
Monterey Bay, California. Harmful Algae 39, 146-153.

Gibble CM, Peacock MB, Kudela RM, 2016. Evidence of freshwater algal toxins in marine shellfish:
implications for human and aquatic health. Harmful Algae 59, 59-66. [PubMed: 28073507]

Gkelis S, Zaoutsos N, 2014. Cyanotoxin occurrence and potentially toxin producing cyanobacteria in
freshwaters of Greece: a multi-disciplinary approach. Toxicon 78, 1-9. [PubMed: 24275084]

Graham JL, Loftin KA, Meyer MT, Ziegler AC, 2010. Cyanotoxin mixtures and taste-and-odor
compounds in cyanobacterial blooms from the midwestern United States. Environ. Sci. Technol.
44, 7361-7368. [PubMed: 20831209]

Heisler J, Glibert PM, Burkholder JM, Anderson DM, Cochlan W, Dennison WC, Dortch Q,

Gobler CJ, Heil CA, Humphries E, Lewitus A, Magnien R, Marshall HG, Sellner K, Stockwell
DA, Stoecker DK, Suddleson M, 2008. Eutrophication and harmful algal blooms: a scientific
consensus. Harmful Algae 8, 3-13. 10.1016/j.hal.2008.08.006. [PubMed: 28781587]

Horecka, Komarek J, 1979. Taxonomic position of three planktonic blue-green algae from the genera
Aphanizomenonand Cylindrospermopsis, 51. Preslia, Praha, pp. 289-312.

Howard MDA, Nagoda C, Kudela RM, Hayashi K, Tatters A, Caron DA, Busse L, Brown J, Sutula
M, Stein ED, 2017. Microcystin prevalence throughout lentic waterbodies in coastal southern
California. Toxins 9, 231 (Special Issue, Freshwater HABs and Health in a Changing World).

Hudnell HK, Dortch Q, 2008. Chapter 2: a synopsis of research needs identified at the interagency,
international symposium on cyanobacterial harmful algal blooms (ISOC-HAB). In: Hudnell HK
(Ed.), Cyanobacterial Harmful Algal Blooms: State of the Science and Research Needs. Springer,
New York, pp. 17-43.

Hudon C, De Séve M, Cattaneo A, 2014. Increasing occurrence of the benthic filamentous
cyanobacterium Lyngbya wollei. a symptom of freshwater ecosystem degradation. Freshw. Sci.
33, 606-618.

Jacquet C, Thermes V, de Luze A, Puiseux-Dao S, Bernard C, Joly JS, Bourrat F, Edery M, 2004.
Effects of microcystin-LR on development of medaka fish embryos (Oryzias latipes). Toxicon 43,
141-147. [PubMed: 15019473]

Jester R, Lefebvre K, Langlois G, Vigilant V, Baugh K, Silver MW, 2009. A shift in the dominant
toxin-producing algal species in central California alters phycotoxins in food webs. Harmful Algae
8, 291-298.

Toxicon. Author manuscript; available in PMC 2022 March 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Howard et al.

Page 20

Komarek J, 1992. Diversita a Moderni Klasifikace Sinic (Cyanoprocaryota) [Diversity and Modern
Classification of Cyanobacteria (Cyanoprokaryota). Ph.D. Dissertation, University of Trebon,
Trebon, Czech Republic.

Komarek J, Komarkova J, 2002. Review of the European microcystis-morphospecies
(cyanoprokaryotes) from nature. Czech Phycol 2, 1-24.

Komarek J, Komarkova J, 2003. Phenotype diversity of the cyanoprokaryotic genus
Cylindrospermopsis (Nostocales); review 2002. Czech Phycol 3, 1-30.

Komarek J, Komarkova J, 2004. Taxonomic review of the cyanoprokaryotic genera Planktothrix and
Planktothricoides. Czech Phycol 4, 1-18.

Komarek J, Zapomélova E, 2007. Planktic morphospecies of the cyanobacterial genus Anabaena =
subg. Dolichospermum—1. Part: coiled types. Fottea 7, 1-31.

Komarek J, Jerzerova J, Komarek O, Zapomélova E, 2010. Variability of Chroococcus (Cyanobacteria)
morphospecies with regard to phylogenetic relationships. Hydrobiologia 639, 69-83.

Kudela RM, 2011. Characterization and deployment of solid phase adsorption toxin tracking (SPATT)
resin for monitoring of microcystins in fresh and saltwater. Harmful Algae 11, 117-125.

Kudela RM, 2017. Passive sampling for freshwater and marine algal toxins. Compr. Anal. Chem. 78,
379-409.

Kurobe T, Baxa DV, Mioni C, Kudela RM, Smythe TR, Waller S, Chapman AD, The SJ, 2013.
Identification of harmful cyanobacteria in the sacramento-san Joaquin Delta and Clear Lake,
California by DNA barcoding. SpringerPlus 2, 491. [PubMed: 24133644]

Lane JQ, Roddam CM, Langlois GW, Kudela RM, 2010. Application of Solid Phase Adsorption Toxin
Tracking (SPATT) for field detection of the hydrophilic phycotoxins domoic acid and saxitoxin in
coastal California. Limnol Oceanogr. Methods 8, 645-660.

Lehman PW, Kurobe T, Lesmeister S, Baxa D, Tung A, The SJ, 2017. Impacts of the 2014 severe
drought on the Microcystis bloom in san francisco estuary. Harmful Algae 63, 94-108. [PubMed:
28366405]

Li Y, Chen J, Zhao Q, Pu C, Qiu Z, Zhang R, Shu W, 2011. A cross-sectional investigation of chronic
exposure to microcystin in relationship to childhood liver damage in the three gorges reservoir
region, China. Environ. Health Perspect. 119, 1483-1488. [PubMed: 21561830]

Li X, Xu L, Zhou W, Zhao Q, Wang Y, 2016. Chronic exposure to microcystin-LR affected
mitochondrial DNA maintenance and caused pathological changes of lung tissue in mice. Environ.
Pollut. 210, 48-56. [PubMed: 26706032]

Loftin KA, Graham JL, Hilborn ED, Lehman SC, Meyer MT, Dietze JE, Griffith CB, 2016.
Cyanotoxins in inland lakes of the United States: occurrence and potential recreational health risks
in the EPA National Lakes Assessment 2007. Harmful Algae 56, 77-90. [PubMed: 28073498]

MacKenzie L, Beuzenberg V, Holland P, McNabb P, Selwood A, 2004. Solid phase adsorption toxin
tracking (SPATT): a new monitoring tool that simulates the biotoxin contamination of filter
feeding bivalves. Toxicon 44, 901-918. [PubMed: 15530973]

Magrann T, Howard MDA, Dunbar SG, Sutula M, Boskovic DS, Hayes WK, 2015. Screening
assessment of cyanobacteria and cyanotoxins in Southern California lentic habitats. Environ.
Manag. Sustain. Dev. 4 (2), 2164-7682.

Malbrouk C, Kestemont P, 2006. Effects of microcystins on fish. Environ. Toxicol. Chem. 25 (1),
72-86. [PubMed: 16494227]

McMurdie PJ, Holmes S, 2013. phyloseq: an R package for reproducible interactive analysis and
graphics of microbiome census data. PloS One 8, e61217. [PubMed: 23630581]

Mekebri A, Blondina GJ, Crane DB, 2009. Method validation of microcystins in water and tissue by
enhanced liquid chromatography tandem mass spectrometry. J. Chromatogr. A 1216, 3147-3155.
[PubMed: 19268296]

Metcalf JS, Codd GA, 2020. Co-occurrence of cyanobacteria and cyanotoxins with other
environmental health hazards: impacts and implications. Toxins 12 (10), 629.

Mez K, Beattie K, Codd G, Hanselmann K, Hauser B, Naegeli H, Preisig H, 1997. Identification of a
microcystin in benthic cyanobacteria linked to cattle deaths on alpine pastures in Switzerland. Eur.
J. Phycol. 32 (2), 111-117.

Toxicon. Author manuscript; available in PMC 2022 March 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Howard et al.

Page 21

Michigan Department of Environmental Quality, 2017. Water Quality and Pollution Control in
Michigan, vol. 303 (d), 305(b), and 314 Integrated Report [WWW Document]. URL: (Accessed
07-31-2018). http://www.michigan.gov/documents/deq/wrd-swas-ir2016-report_541402_7.pdf.

Miller MA, Kudela RM, Mekebri A, Crane D, Oates SC, Tinker MT, Staedler M, Miller WA, Toy-
Choutka S, Dominik C, Hardin D, Langlois G, Murray M, Ward K, Jessup DA, 2010. Evidence
for a novel marine harmful algal bloom: cyanotoxin (microcystin) transfer from land to sea otters.
PloS One 5, 1-11.

NCRWQCB (North Coast Regional Water Quality Control Board), 2010. Klamath River Total
Maximum Daily Loads (TMDLs) Addressing Temperature, Dissolved Oxygen, Nutrient, and
Microcystin Impairments in California, the Proposed Site Specific Dissolved Oxygen Objectives
for the Klamath River in California, and the Klamath River and Lost River Implementation Plans.
Final Staff Report. North Coast Regional Water Quality Control Board, Santa Rosa, California.

Oehha, 2012. Toxicological Summary and Suggested Action Levels to Reduce Potential Adverse
Health Effects of Six Cyanotoxins. https://www.waterboards.ca.gov/water_issues/programs/
peer_review/docs/calif_cyanotoxins/cyanotoxins053112.pdf.

Oehrle S, Rodriguez-Matos M, Cartamil M, Zavala C, Rein KS, 2017. Toxin composition of the 2016
Microcystis aeruginosa bloom in the st. Lucie estuary, Florida. Toxicon 138, 169-172. 10.1016/
j.toxicon.2017.09.005. [PubMed: 28899665]

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR, O’Hara RB,
Simpson GL, Solymos P, Stevens MHH, Szoecs E, Wagner H, 2013. Vegan: community ecology
package.

Otten TG, Paerl HW, 2011. Phylogenetic interference of colony isolates comprising seasonal
Microcystis blooms in Lake Taihu, China. Microb. Ecol 62, 907-918. [PubMed: 21667196]

Oza HI, 2003. Nutrient Levels and Phytoplankton Abundance in Canyon Lake and Lake Elsinore, CA.
Student Thesis, University of California, Riverside, CA.

O’Neil JM, Davis TW, Burford MA, Gobler CJ, 2012. The rise of harmful cyanobacteria blooms: the
potential roles of eutrophication and climate change. Harmful Algae 14, 313-334.

Paerl HW, 1988. Nuisance phytoplankton blooms in coastal, estuarine, and inland waters. Limnol.
Oceanogr. 33, 823-847.

Paerl HW, Huisman J, 2009. Climate change: a catalyst for global expansion of harmful cyanobacterial
blooms. Environmental Microbiology Reports 1, 27-37. [PubMed: 23765717]

Paerl HW, Otten TG, 2013. Harmful cyanobacterial blooms: causes, consequences, and controls.
Microb. Ecol. 65 (4), 995-1010. [PubMed: 23314096]

Paerl HW, Paul VJ, 2012. Climate change: links to global expansion of harmful cyanobacteria. Water
Res. 46,1349-1363. [PubMed: 21893330]

Paerl HW, Fulton RS, 2006. Ecology of harmful cyanobacteria. In: Graneli TJ,E (Eds.), Ecology of
Harmful Marine Algae. Springer-Verlag, Berlin, pp. 95-107.

Paerl HW, Hall NS, Calandrino ES, 2011. Controlling harmful cyanobacterial blooms in a world
experiencing anthropogenic and climatic-induced change. Sci. Total Environ. 409, 1739-1745.
[PubMed: 21345482]

Paerl HW, Otten TG, Kudela R, 2018. Mitigating the expansion of harmful algal blooms across the
freshwater-to-marine continuum. Environ. Sci. Technol. 52 (10), 5519-5529. [PubMed: 29656639]

Peacock M, Gibble CM, Senn DB, Cloern JE, Kudela RM, 2018. Blurred lines: multiple freshwater
and marine algal toxins at the land-sea interface of San Francisco Bay, California. Harmful Algae
73, 138-147. [PubMed: 29602502]

Pekar H, Westerberg E, Bruno O, Laane A, Persson KM, Sundstrom LF, Thim AM, 2016.

Fast, rugged and sensitive ultra-high-pressure liquid chromatography tandem mass spectrometry
method for analysis of cyanotoxins in raw water and drinking water—first findings of anatoxins,
cylindrospermopsins and microcystin variants in Swedish source waters and infiltration ponds. J.
Chromatogr. A 1429, 265-276. [PubMed: 26755412]

Pouria S, de Andrade A, Barbosa J, Cavalcanti RL, Barreto VTS, Ward CJ, Preiser W, Poon GK, Neild
GH, Codd GH, 1998. Fatal microcystin intoxication in haemodialysis unit in Caruaru, Brazil.
Lancet 352 (9121), 21-26. [PubMed: 9800741]

Toxicon. Author manuscript; available in PMC 2022 March 01.


http://www.michigan.gov/documents/deq/wrd-swas-ir2016-report_541402_7.pdf
https://www.waterboards.ca.gov/water_issues/programs/peer_review/docs/calif_cyanotoxins/cyanotoxins053112.pdf
https://www.waterboards.ca.gov/water_issues/programs/peer_review/docs/calif_cyanotoxins/cyanotoxins053112.pdf

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Howard et al.

Page 22

Preece EP, Moore BC, Hardy FJ, 2015. Transfer of microcystin from freshwater lakes to Puget Sound,
WA and toxin accumulation in marine mussels (Mytilus trossulus). Ecotoxicol. Environ. 122, 98—
105.

Preece EP, Hardy FJ, Moore BC, Bryan M, 2017. A review of microcystin detections in Estuarine
and Marine waters: environmental implications and human health risk. Harmful Algae 61, 31-45.
10.1016/j.hal.2016.11.006.

Quiblier C, Wood SA, Echenique I, Heath M, Humbert JF, 2013. A review of current knowledge on
toxic benthic freshwater cyanobacteria — ecology, toxin production and risk management. Water
Res. 47 (15), 5464-5479. [PubMed: 23891539]

Rigosi A, Carey CC, Ibelings BW, Brookes JD, 2014. The interaction between climate warming and
eutrophication to promote cyanobacteria is depending on trophic state and varies among taxa.
Limnol. Oceanogr. 59 (1), 99-114.

Rinta-Kanto JM, Konopko EA, DeBruyn JM, Bourbonniere RA, Boyer GL, Wilhelm SW, 2009.

Lake Erie Microcystis. relationship between microcystin production, dynamics of genotypes and
environmental parameters in a large lake. Harmful Algae 8, 665-673.

Sabart M, Crenn K, Perriére F, Abila A, Leremboure M, Colombet J, Jousse C, Latour D, 2015.
Co-occurrence of microcystin and anatoxin-a in the freshwater Lake Aydat (France): analytical and
molecular approaches during a three-year survey. Harmful Algae 48, 12-20. [PubMed: 29724471]

Stewart I, Seawright AA, Shaw GR, 2008. Cyanobacterial poisoning in livestock, wild mammals and
birds—an overview. Adv. Exp. Med. Biol. 619, 613-637. [PubMed: 18461786]

Tatters AO, Howard MD, Nagoda C, Busse L, Gellene AG, Caron DA, 2017. Multiple stressors at the
land-sea interface: cyanotoxins at the land-sea interface in the Southern California Bight. Toxins 9.

Tatters AO, Howard MD, Nagoda C, Fetscher AE, Kudela RM, Caron DA, 2019. Heterogeneity
of toxin-producing cyanobacteria and cyanotoxins in coastal watersheds of southern California.
Estuar. Coast 10.1007/s12237-019-00546-w.

Tobin M, 2011. A Characterization of the Phytoplankton, Zooplankton and Benthic Invertebrate
Communities of Lake Elsinore. Master’s thesis, University of California, Riverside.

Trevino-Garrison I, DeMent J, Ahmed FS, Haines-Lieber P, Langer T, Menager H, Neff J, van der
Merwe D, Carney E, 2015. Human illness and animal deaths associated with freshwater harmful
algal blooms — Kansas. Toxins 7, 353-366. [PubMed: 25647780]

U.S. EPA, 2015. Method 545: Determination of Cylindrospermopsin and Anatoxin-A in Drinking
Water by Liquid Chromatography Electrospray lonization Tandem Mass Spectrometry (LC/ESI-
MS/MS). EPA 815-R-15-009.

Van Halderen A, Harding WR, Wessels JC, Schneider DJ, Heine EWP, van der Merwe J, Fourie JM,
1995. Cyanobacterial (blue-green algae) poisoning of livestock in the Western Cape province of
South Africa. J. S. Afr. Vet. Assoc. 66 (4), 260-264. [PubMed: 8691420]

Vidal F, Sedan D, D’Agostino D, Cavalieri ML, Mullen E, Varela MMP, Flores C, Caixach J,
Andrinolo D, 2017. Recreational exposure during algal bloom in Carrasco Beach, Uruguay: a
liver failure case report. Toxins 9, 267. 10.3390/toxins9090267.

Wiegand C, Pflugmacher S, Giese M, Frank H, Steinberg C, 2000. Uptake, toxicity, and effects
on detoxication enzymes of atrazine and trifluoroacetate in embryos of zebrafish. Ecotoxicol.
Environ. 45, 122-131.

Wood SA, Heath MW, Holland PT, Munday R, McGregor GB, Ryan KG, 2010. Identification of a
benthic microcystin-producing filamentous cyanobacterium ( Oscillatoriales) associated with a dog
poisoning in New Zealand. Toxicon 55 (4), 897-903. [PubMed: 20043936]

Wood SA, Wagenhoff A, Young RG, Roygard J, 2014. The effect of river flow and nutrients on
Phormidium abundance and toxin production in rivers in the Manawatu-Whanganui Region.
Prepared for Horizon Regional Council 46.

Yilmaz P, Parfrey LW, Yarza P, Gerken J, Pruesse E, Quast C, Schweer T, Peplies J, Ludwig
W, Gléckner FO, 2014. The SILVA and "All-species living tree project (LTP)" taxonomic
frameworks. Nucleic Acids Res. 42, D643-D648. [PubMed: 24293649]

Yuan LL, Pollard Al, 2015. Classifying lakes to quantify relationships between epilimnetic chlorophyll
aand hypoxia. Environ. Manag. 55 (3), 578-587.

Toxicon. Author manuscript; available in PMC 2022 March 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Howard et al. Page 23

Yuan LL, Pollard Al, Pather S, Oliver JL, D’ Anglada L, 2014. Managing microcystin: identifying
national-scale thresholds for total nitrogen and chlorophyll a. Freshw. Biol. 59 (9), 1970-1981.

Zapomelova “E, Hrouzek P, Rezanka T,Jezberova J, 2011.Polyphasic characterization of
Dolichospermum spp. and Sphaerospermopsis spp. (Nostocales, cyanobacteria): morphology, 16S
rRNA gene sequences and fatty acid and secondary metabolite profiles. J. Phycol. 47, 1152-1163.
[PubMed: 27020196]

Toxicon. Author manuscript; available in PMC 2022 March 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Howard et al. Page 24

A Lake Elsinore b, M
¥ Qs
cP © 0204 ¢ ™ On
LaL.mm.sexE%O o o e 6105 8‘\
(o]
O
(e]
o B
o
o O
| _
.
B &
o
) o
5
La Laguna Beach (o) 8 ‘\:
8A
o o Elm Grove Beach o >
h# =
(o]
(o]
O
o (o]
(o]
(o]
a
o 8 ® .
C Canyon Lake

* 000000000
Fedaddtl

°a

Fig. 1.
Map of study area and sampling locations at Lake Elsinore (A), an expanded view of the

northwest part of Lake Elsinore (B) and Canyon Lake (C). Solid Phase Adsorption Toxin
Tracking (SPATT) sampling locations are shown by the black squares. The discrete (grab)
sample locations are shown by the colored circles where the colors indicate collection
timepoints based on the legend in the figure.
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Fig. 2.
Cyanotoxin concentrations detected in (A) water samples and (B) SPATT samples collected

from Lake Elsinore in 2016 and (C) water samples and (D) SPATT samples collected

from Canyon Lake in 2016. Microcystins are shown by the solid black line and circles,
cylindrospermopsin is shown by the blue line and triangles, and anatoxin-a results are shown
by the dotted line and white circles. Note the break on the y-axis for microcystin results
from water samples (A) and the different scales between (A) and (C).

Toxicon. Author manuscript; available in PMC 2022 March 01.

Cylindrospermopsin (ng ')

Anatoxin-a (ug L)

r 350

300

[ 250

200

r 150

100

r 50

Anatoxin-a (ng g")

Microcystins (ug L")

Microcystins (ng ™)

—e— Microcystins
—a— Cylindrospermopsin
«©« Anatoxin-a

0.8 4

06

04

02+

00
May

Jun Jul Aug

Cylindrospermopsin (ug L 1)

Cylindrospermopsin (ng g')

800

600

400

200

Anatoxin-a (ug L")

Anatoxin-a (ng g ")



1duosnuel Joyiny vd3 1duosnue Joyiny vd3

1duosnue Joyiny vd3

Howard et al. Page 26

100%{ A

75% 1
50% 1
0% 1

Anatoxin Cylindros;')ermopsin Micro'cystin

2015-2017

California Recreational
Health Threshold Levels

Danger Tier Il
Warning Tier |
Caution Action Trigger

Below Health Threshold

Cyanotoxins Detected (%)

100%{ B

75% 1
California Recreational
Health Threshold Levels
Danger Tier Il
50%1 Warning Tier |
Caution Action Trigger
Below Health Threshold
25% A

Ana{oxin Cylindros;'nermopsin Micro'cystin

2015-2017

Cyanotoxins Detected (%)

Fig. 3.

Thge percentage of cyanotoxin samples that were positive from (A) Lake Elsinore and (B)
Canyon Lake from samples collected in 2015-2017. The percent of cyanotoxin samples

that were positive but below California Recreational Health Thresholds are indicated in

blue and samples above California Recreational Health Thresholds are indicated by yellow,
orange, or red corresponding to the Caution Action Trigger, Warning Tier |, and Danger Tier
11, respectively (Table 1). Samples that were below the methodological detection limit are
excluded from the figure.
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Relative abundance index of cyanobacteria, diatoms,
collected in (A) 2015 and (B) 2016. Relative abundance categories are the following
percentages of the community composition: Rare <1%, Present 1 - <10%, Common 10 -
<25%, Abundant 25-<50%, Dominant 50-100% and are indicated by different color shades
in the figure. White spaces or a lack of color indicate no observations of the corresponding
phytoplankton categories or genera indicated on the y-axis.
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and dinoflagellates from Lake Elsinore
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Fig. 5.
Relative abundances of cyanobacterial genera in surface water samples as a percentage of

total 16S sequence reads throughout the Lake Elsinore 2016 season.
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Relative abundance index of cyanobacteria, diatoms, and dinoflagellates from Canyon Lake
collected in (A) 2015 and (B) 2016. Relative abundance categories are the following
percentages of the community composition: Rare <1%, Present 1 - <10%, Common 10 -
<25%, Abundant 25-<50%, Dominant 50-100% and are indicated by different color shades
in the figure. White spaces or a lack of color indicate no observations of the corresponding
phytoplankton categories or genera indicated on the y-axis.
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Table 1
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United States Environmental Protection Agency and California cyanotoxin criteria and health thresholds (in pg

Anatoxin-a  Cylindrospermopsin

L1y,

Microcystins
U.S. EPA Recreational Criteria® 8.0
U.S. EPA Drinking Water Advisoryb‘d 03
U.S. EPA Drinking Water Advisowb'e 16
California Caution Action Triggerc 08
California Warning Tier 1 60

20

California Danger Tier ne

None

None

None

Detection

20

90

1.0

4.0

17

a https://www.epa.gov/sites/production/files/2019-05/documents/hh-rec-criteria-habs-document-2019.pdf
b S - .
https://www.epa.gov/cyanohabs/epa-drinking-water-health-advisories-cyanotoxins.

cCaIifomia Cyanobacteria Harmful Algal Bloom Network, 2016 (My Water Quality: California Harmful Algal Blooms (HABs)).

dlnfants and young children.

ESchooI aged children and adults.
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Table 2

Results from scum and foam samples analyzed for cyanotoxins collected from Lake Elsinore in 2016 and
2017. Microcystins (MC, congeners included are MC-LR, MC-LA, MC-YR, MC-RR), Anatoxin-a (ANA),
Cylindrospermopsin (CYL) and Nodularin (NOD) are reported in ug L™ and were analyzed via LCMS.
Samples analyzed via UPLC/MS/MS included additional MC congeners (MC-LF, MC-LY, MC-LW, MC-WR,
DAsp-LR, DAsp-3RR, HTyR) and are indicated by the asterisk. The concentrations that exceeded California’s
Tier 111 Danger health threshold are in bold type (no threshold currently exists for nodularin). Microcystin and
cylindrospermopsin concentrations that exceeded United States Environmental Protection Agency recreational
criteria are italicized.

Sample Collection Date Typeof sample MC ANA CYL NOD

20 July 2016 Scum 45300 18 46 bd
25 July 20163 Scum 12,000 bd bd NA
01 Aug 2016 Scum 1802 12 103 bd
15 Aug 2016 Scum 1132 bd 182 10
15 Aug 2016 Foam 16,623 bd 113 1.7
18 Aug 20167 Scum 35 bd bd NA
28 Aug 20163 Scum 12,000 bd bd NA
29 Aug 2016 Foam 9053 bd 37 bd
12 Sept 2016 Foam 10,955 hd 273 19
26 Sept 2016 Scum 9634 37 bd bd
11 Oct 2016 Foam 489 bd bd bd
21 Aug 2017 Scum 71 bd 5.6 bd
21 Aug 2017 Foam 93 bd 11 0.08

NA = not analyzed; bd = below detection.

aSampIes analyzed via UPLC/MS/MS and include additional MC congeners (MC-LF, MC-LY, MC-LW, MC-WR, DAsp-LR, DAsp-3RR, HTyR).
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Table 3

Page 32

Results from Lake Elsinore water samples collected in 2016 analyzed by UPLC/MS/MS. The congeners
included in analysis were MC-LR, MC-RR, MC-YR, MC-LA, MC-LF, MC-LY, MC-LW, MC-WR, DAsp-LR,
DAsp-3RR, HTyR; however, only those for which toxin was detected are shown. Results are in ug L1 and
sample depths are either surface (S), depth integrated composite sample (DI), and shoreline at La Laguna

Beach (LLS).

Sample Collection Date SampleDepth LR RR YR WR Dasp-3RR Total MC
25 July DI 2.9 4.8 1.2 12 bd 21
18 Aug LLS <0.50 0.60 0.50 49 bd 6.0
18 Aug S bd <0.50 bd 48  bd 48
18 Aug DI bd <0.50 04 4.7 bd 5.0
29 Aug S bd 25 <0.50 20 bd 45
29 Aug DI bd 17 0.8 1.4 bd 3.1
29 Aug S bd 14 <0.50 1.2 <0.50 2.6
29 Aug DI bd 14 <0.50 1.0 <0.50 24
29 Aug S bd 50 4.7 27 <0.50 81
29 Aug LLS bd 490 91 130 8.6 730
29 Aug LLS bd 2100 183 430 bd 2700

bd = below detection.
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Table 4

Statistical analyses of the DNA sequencing results. ANOSIM R statistic and significance (in parentheses).
Permutational multivariate analysis of variance using distance matrices (adonis) F statistic and significance (in
parentheses).

All ASVs CyanobacteriaASVs  Test
By month 0.76 (p <0.001) 0.65 (p <0.004) ANOSIM
Total microcystins 1.07 (p<0.354) 1.29(p<0.24) adonis
Cylindrospermopsin ~ 3.02 (p < 0.33) 3.84 (p < 0.036) adonis
Chlorophyll-a 3.47 (p<0.014) 4.43(p<0.024) adonis
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