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a b s t r a c t

Freshwater cyanobacterial blooms are becoming increasingly problematic in regions that rely on surface
waters for drinking water production. Microcystins (MCs) are toxic peptides produced by multiple
cyanobacterial genera with a global occurrence. Cyanobacteria also produce a variety of other toxic and/
or otherwise bioactive peptides (TBPs) that have gained less attention including cyanopeptolins (Cpts),
anabaenopeptins (Apts), and microginins (Mgn). In this study, we compared temporal and spatial trends
of four MCs (MCLR, MCRR, MCYR, MCLA), three Cpts (Cpt1020, Cpt1041, Cpt1007), two Apts (AptF, AptB),
and Mgn690 in raw drinking water and at six surface water locations above these drinking water intakes
in a eutrophic lake. All four MC congeners and five of six TBPs were detected in lake and raw drinking
water. Across all samples, MCLR was the most frequently detected metabolite (100% of samples) followed
by MCRR (97%) > Cpt1007 (74%) >MCYR (69%) > AptF (67%)>MCLA (61%) > AptB (54%)>Mgn690 (29%)
and Cpt1041 (15%). Mean concentrations of MCs, Apts, and Cpts into two drinking water intakes were
3.9± 4.7, 0.14± 0.21, and 0.38± 0.92, respectively. Mean concentrations in surface water were signifi-
cantly higher (p< 0.05) than in drinking water intakes for MCs but not for Cpts and Apts. Temporal trends
in MCs, Cpts, and Apts in the two raw drinking water intakes were significantly correlated (p< 0.05) with
measures of cell abundance (chlorophyll-a, Microcystis cell density), UV absorbance, and turbidity in
surface water. This study expands current information about cyanobacterial TBPs that occur in lakes and
that enter drinking water treatment plants and underscores the need to determine the fate of less
studied cyanobacterial metabolites during drinking water treatment that may exacerbate toxicity of
more well-known cyanobacterial toxins.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Increased occurrence of cyanobacterial blooms, commonly
known as blue-green algae, has created growing concerns over
global freshwater sustainability. Cyanobacterial blooms negatively
affect fisheries, recreational angling, boating and swimming,
Public Health, University of
Ave, Milwaukee, WI, 53211,
property values, and animal and human health. Recent evidence
indicates that an increasing number of lakes and rivers in the
United States are becoming hypereutrophic and thus, capable of
supporting dense and/or frequent cyanobacterial blooms (Dodds
et al., 2009). Furthermore, climate and land use change pre-
dictions suggest increased intensity and occurrence of cyano-
bacterial blooms in freshwater resources worldwide (Balbus et al.,
2013; Paerl and Huisman, 2009).

Bloom-forming cyanobacteria produce a number of linear and
circular peptides with varying degrees of potential toxicity in ani-
mals and humans. Microcystins (MCs) are cyclic heptapeptides that
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inhibit eukaryotic serine/threonine protein phosphatases 1 and 2A
(MacKintosh et al., 1990), primarily in the liver, but also in other
tissues (Feurstein et al., 2009; Fischer et al., 2005). At oral doses
above 40 mg kg�1 body weight, MCs induce cellular lysis of liver
cells and tissue necrosis (Fawell et al., 1999). In addition, some
evidence suggests that MCs can cross the blood-brain barrier acting
as a neurotoxin affecting learning and memory (Feurstein et al.,
2009; Fischer et al., 2005; Li et al., 2014). In repeat oral dose ro-
dent studies, MCs display toxicity to male reproductive organs
(Chen et al., 2011). Ultimately, the tissue types affected by MCs are
dictated by the distribution of organic anion transporting poly-
peptides responsible for MC uptake into eukaryotic cells (Feurstein
et al., 2009; Hagenbuch and Gui, 2008; Meier-Abt et al., 2007).

In addition to their acute effects, MCs are tumor promoters and
possible carcinogens as defined by the International Agency for
Research on Cancer (Agudo et al., 2010). In chronic exposure
studies, MCs have produced tumors in mice and rats (Andrew R.
Humpage 2000, Falconer and Humpage, 1996, Nishiwaki-
Matsushima et al., 1992), and an increasing number of human
epidemiological studies have suggested that chronic, low-dose
exposure to MC may contribute to the burden of liver and colo-
rectal cancers in some populations (Fleming et al., 2002; Li et al.,
2011; Lun et al., 2002; Svircev et al., 2009; Zhou et al., 2002).
Mechanistic studies of phosphatase inhibitors have shown that
tumor production is due to a disruption in cellular signaling
pathways leading to unbalanced cell growth (reviewed in
(Gehringer, 2004)).

Cyanobacteria that form blooms in lakes also produce hundreds
of other peptides with molecular targets in eukaryotic cells that
may or may not be considered toxic (Sivonen et al., 2010; Welker
and von Dohren, 2006). For purposes of this study, we call these
“toxic or otherwise bioactive peptides” or TBPs. Approximately 90%
of the currently known TBPs can be classified as anabaenopeptins,
aeruginosins, cryptophycins, cyanopeptolins, cyclamides, micro-
ginins, and microviridins (Chlipala et al., 2011). Many of these TBPs
inhibit one or more proteases in eukaryotes and have been
explored as potential sources of new drugs. For example, aerugi-
nosins have been shown to inhibit trypsin, thrombin, and plasmin
and therefore, may be useful in treating myocardial infarction and
stroke (Ersmark et al., 2008; Radau et al., 2003). The linear penta-
peptide microginin-690 (Mgn690) has been shown to inhibit
angiotensin-converting enzyme (Okino et al., 1993) and thus, may
be useful in treating high blood pressure in humans (Bagchi et al.,
2015). Anabaenopeptins have been found to inhibit carboxypepti-
dase A and like MCs also inhibit protein phosphatases but with ten-
fold lower potency (Namikoshi and Rinehart, 1996; Sano et al.,
2001). The cyanopeptolins (Cpt) inhibit serine proteases such as
human kallikrein and chymotrypsin, which may be useful in
treating certain cancers (Borgono and Diamandis, 2004) or as anti-
viral agents (Singh et al., 2011).

While some of these TBPs may be promising sources of new
drugs, their occurrence in surface waters is potentially problematic
for ecological and human health. For example, one of the most
prevalent bloom forming genera are Microcystis species, which
possesses at least 15 genetic loci coding for non-ribosomal peptide
synthetases and polyketides (Kaneko et al., 2007). As such, in
addition to MCs, a variety of other TBP classes of potential impor-
tance to human health have been isolated fromMicrocystis species.
For example, recently cyanopeptolin-1020 (Cpt1020) isolated from
M. aeruginosa UV-006 was shown to affect chitin synthesis in
freshwater fairy shrimp (Gademann et al., 2010) and displayed
neurotoxicity in a zebra fish study at levels similar to other acutely
acting cyanotoxins (e.g. MCs) (Faltermann et al., 2014). Similarly,
two new cyclamides isolated from Microcystis species display
toxicity against the freshwater crustacean Thamnocephalus
platyurus with a potency approximately an order of magnitude
lower than that of MCs (Portmann et al., 2008). While anabaeno-
peptins inhibit protein phosphatases at lower potencies, in recent
studies, they have been shown to co-occur with MCs at equal or
higher levels (Beversdorf et al., 2017). Thus, multiple TBPs may be
produced by bloom-forming Microcystis species in addition to the
well-described MCs, and some of these TBPs may be considered
emerging cyanotoxins.

The temporal and spatial distribution of TBPs other than MCs in
lakes has not been well-described. Many studies to date have used
non-targeted mass spectrometry approaches (e.g. MALDI-TOF) to
characterize peptide diversity in cultures, single samples of bloom
material, or cyanobacterial colonies (Welker et al., 2004a; Welker
and Erhard, 2007; Welker et al., 2002; Welker and von Dohren,
2006); (Fastner et al., 2001). These studies have revealed that
cyanobacteria produce a great diversity of bioactive peptides.
Among those studies providing some spatial or temporal data, in a
study of 165 individual colonies from seven lakes on two dates in
Germany, Welker et al. identified 46 different cyanobacterial pep-
tides, the majority of which were MCs, Apts, Cpts, microginins, and
aeruginosins including some novel peptides (Welker et al., 2004b).
Gkelis et al. surveyedMCs and Apts in 36 lakes using HPLC on either
multiple dates or one date and found that in addition to MC-RR and
MC-LR, Apt-B and Apt-A were dominant in some lakes, but relative
to MCs occurred more sporadically (Gkelis et al., 2015). In a previ-
ous study of six eutrophic lakes using tandem mass spectrometry
we showed that the production of Apts and Cpts in lakes is highly
variable over time and do not necessarily follow the same temporal
trajectory and spatial distribution as MCs (Beversdorf et al., 2017).

In this study, we describe the concentration and co-occurrence
of MCs and a suite of TBPs at drinking water intakes and at six
surface water locations in eutrophic Lake Winnebago, Wisconsin,
with two of the locations sampled at depths above the drinking
water treatment plant (DWTP) intake pipes (Fig. 1). We simulta-
neously monitored these MCs and TBPs in raw intake water prior to
any chemical addition from the two DWTPs along with seventeen
water quality parameters that are typically already measured by
DWTPs. Our goal was to 1) compare lake water and raw intake
drinking water concentrations of MCs and TBPs; 2) determine the
rate of co-occurrence between MCs and TBPs in lake and intake
water, and 3) identify any water quality parameters indicative of
the occurrence of MCs and TBPs in raw intake water using multiple
regression analysis. Indicators of particularly MCs in raw intake
water may be useful given recent health advisories for these
particular cyanotoxins in finished drinking water (D'Anglada and
Strong, 2016). Our data suggest that multiple TBPs co-occur with
MCs in lake and intake water. In this location, some standard water
quality parameters were indicative of MCs and TBP concentration
in raw intake water.

2. Materials and methods

2.1. Study site and sample collection

Lake Winnebago is a eutrophic lake located in eastern Wis-
consin. It is the largest freshwater lake within Wisconsin at
557.3 km2 (6.4mmean depth) and is primarily fed by the upper Fox
and Wolf River Basins through Lakes Poygan, Winneconne and
Butte des Morts. Lake Winnebago suffers from chronic, noxious
cyanobacterial blooms due to nonpoint source pollution and also
contributes approximately 20% of Lake Michigan's annual phos-
phorus loading via the Green Bay and lower Fox River (Klump et al.,
1997; Robertson and Saad, 2011). In addition to being a major hub
for recreational activities and fisheries, including one of the world's
largest lake sturgeon population, Lake Winnebago serves as a



Fig. 1. Map of Lake Winnebago, WI, and the six sites surveyed in this study. Sites 1 and 3 are the locations of drinking water treatment plant (DWTP) intake pipes A and B,
respectively.
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drinking water source for over a quarter million people in the
Oshkosh-Neenah-Menasha-Appleton metropolitan areas.

Weekly surface lake water samples were collected at 0.5m
depth from six Lake Winnebago sites near the cities of Neenah,
Menasha, and Appleton between June 26th and September 25th,
2013 (Fig.1). Two of the six surface lakewater sites were sampled at
depths above the intakes for two different DWTPs labeled DWTP-A
and DWTP-B. The intake for DWTP-A is close to the surface while
DWTP-B intake is approximately 2m from the lake bottom. The
mean intake rate in the summer for DWTP-A and DWTP-B is 75.7
and 30.3 million liters per day (Wisconsin Department of Natural
Resources, 2003), respectively.

The drinking water treatment trains at DWTP-A and DWTP-B
consist of podered activated carbon addition, lime softening, dual
media filtration at DWTP-A, granulated activated carbon filtration
at both plants, ultraviolet irradiation at DWTP-A or membrane
filtration at DWTP-B followed by chlorine disinfection at both
plants. Permanganate is added at the intake to raw drinking water
at both plants to inhibit the growth of dreissenids in the crib and
intake pipes.

Water samples were collected at the intakes of DWTP-A and
DWTP-B, herein referred to as “raw water” on the same dates lake
samples were collected. Samples at the intake were taken using the
low lift pumps used to transfer water to the plant. Samples are
collected using a sampling pump and piping, which extends out to
the intakes prior to chemical addition. Samples from DWTP-A and
-B were frozen in glass amber bottles and shipped on ice to the
laboratory where they were immediately transferred to a �20 �C
freezer for later analysis. Similarly, surface lake water samples were
collected in amber bottles, placed in coolers on ice and then frozen
at �20 �C once transported back to the laboratory.

2.2. Cyanotoxin and peptide standard materials

MCLR was purchased from the National Research Council of
Canada Biotoxins program (Halifax, Nova Scotia) as a certified
reference material. MCLA (purity> 95%), MCYR (>90%), and MCRR
(>90%) were purchased from Sigma-Aldrich (Milwaukee, WI). Six
TBPs were analyzed including anabaenopeptin (Apt) B (>95%) and
AptF (>95%), cyanopeptolin (Cpt) 1007 (>95%), Cpt1020 (>95%),
and Cpt1041 (>95%), andmicroginin (Mgn) 690 (>95%), all of which
were purchased from MARBIONC (Wilmington, NC).

2.3. Extraction and analysis of cyanotoxins and TBPs

MCs and TBPs were quantified in samples of raw drinking water
and all six surface water sites. All peptides were extracted from
10mL water samples after lyophilization with 67% methanol as
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previously described (Beversdorf et al., 2017). Thus concentrations
reported represent the sum of both intracellular and extracellular
toxin. Briefly, samples were partially thawed overnight at 4 �C and
then to completion in a 50 �C water bath. Precisely 10mL of sample
was transferred to a 50mL conical tube and frozen at �80 �C. Once
completely frozen, the samples were lyophilized (Labconco Free-
Zone 6L) to dryness, and the dry mass then resuspended in 1mL of
0.1% formic acid and subjected to three freeze/thaw cycles of�80 �C
for 30min and 50 �C for 5min, respectively. After the final thaw,
2mL of 100% methanol (MeOH) was added to each sample and
sonicated for 10min at 45 �C (SharperTEK Stamina XP Heated Ul-
trasonic Cleaner). The samples were vortexed and centrifuged for
15min at 5000� g. A 1mL aliquot of sample was drawn from the
top and stored at �20 �C in amber vials until analysis.

MCs and TBPs were analyzed by liquid chromatography tandem
(MS/MS) mass spectrometry on an ABSciex 4000 QTrap mass
spectrometer equipped with a TurboV electrospray ion source and
a Shimadzu HPLC Model 20A. Peptides were separated on a reverse
phase C18 column (Phenomenex Luna 3 mm, 100 Å, LC Column
150� 3mm) using mobile phases A) HPLC water with 0.1% formic
acid and 5mM ammonium acetate, and B) 95% acetonitrile with
0.1% formic acid and 5mM ammonium acetate. Gradient elution
was used for the C18 method consisting of 30% B for 3min,
increasing on a linear gradient to 95% B at 9min, held at 95% B until
15min, and returned to 30% B until 20min.

Mass spectrometry conditions were optimized for each com-
pound separately. A 1000 mg L�1 standard of each compound in 50%
methanol/0.1% formic acid was syringe infused into the mass
spectrometer at 10 mLmin�1 and product ion spectra recorded
(Figs. S1, and S2). The product ion spectra were compared to pre-
viously published spectra of each compound to confirm identity.
Optimal compound specific parameters including collision energy,
collision cell exit potential, entrance potential, and declustering
potential (Table S3) were determined using Analyst 1.5 (Sciex,
Concord, Ontario). Flow injection analysis was used to select
optimal ion source gas flow rates, ionization energy, and temper-
ature (Table S4). Two daughter ions were chosen for each com-
pound based on maximum signal-to-noise ratios in
chromatographic runs (Figs. S3 and S4). Total MC, total Apt, and
total Cpt in a given sample is represented by the sum concentration
of all congeners detected in those peptide classes.

2.4. Analytical and cell count measurements

Surface water quality parameters were measured in samples
taken from the six lake surface water sites. Chlorophyll-a was
measured spectrophotometrically after extraction of biomass on
filters with 90% buffered acetone as previously described (Tett et al.,
1975). Total phosphorous (TP) was measured as described by
Valderrama (1981). All glassware and caps used were acid-washed
with 10% HCl prior to analysis. Briefly, samples were thawed
partially at room temperature and then to completion in a ~30 �C
water bath. A 10% addition of “Valderrama reagent” was added to
the sample and then autoclaved for 60min (121 �C). After the
samples reached room temperature, combined reagent was added
and the color was allowed to develop for 30min before standards
and samples were read at 880 nm on a UVeVis spectrophotometer
(ThermoScientific, Genesys 10S).

Ammonium (Nessler/Hach method 8038), silica (Hach test kit
SI-5), color (Hach method 8025), alkalinity, (Hach method 10239)
and manganese (Hach method 8034) were measured using a Hach
DR 2800 spectrophotometer. Turbidity was measured using a Hach
2100N benchtop turbidimeter. Conductivity was determined using
a Hach HQ14d conductivity meter. Absorbance was measured at
254 nm (ThermoScientific, Genesys 10UV) in filtered samples and
hardness was measured using the Hach test kit model HAC-DT.
Escherichia coli and coliform counts were determined using the

standard Colilert-18® assay with Quanti-Tray®/2000 (IDEXX Labo-
ratories). For cyanobacterial identification and cell counts, 10mL of
unfiltered water was pressure “crushed” in a syringe and then spun
down in a centrifuge at 10,000 rpm for 10min (Eppendorf 5804R).
The supernatant was decanted, and the pellet was resuspended in
1mL BG11 media. For cell counts, 980 mL was loaded into a
Sedgewick-Rafter chamber and counted on a Nikon Eclipse E200
microscope, following Sukhanova (1978). The remaining 20 mL was
reserved in case a higher magnification was needed to identify
cyanobacteria, which were identified to genus focusing on the
dominant groups: Dolichospermum, Aphanizomenon, and
Microcystis.

2.5. Statistical analysis

All analyses were conducted in MATLAB. Site comparisons were
analyzed using the Kruskal-Wallis test and analysis of variance
(ANOVA), and comparisons explicitly between raw water and
drinking water were compared using the Wilcoxon test. Pearson
correlations were used to compare temporal variability of cyano-
toxins to TBPs and to environmental variables. Prior to the analysis
anon-detects were set to one-half of the estimated detection limit
and all variables log-transformed.

3. Results

3.1. Spatiotemporal variation in lake surface water characteristics

All six surface water sites were located at the north end of Lake
Winnebago (Fig. 1); some sites were pelagic with others near shore,
and water depths ranged from 1.0 to 4.5m. Despite these differ-
ences, little spatial variability was observed in the 18 environ-
mental parameters and nine MCs/TBPs detected and quantified
between the six sites sampled (Fig. 2, Tables S1 and S2). Only
manganese and E. coli concentrations had significant differences
between the six sites (p< 0.05; Kruskal Wallis; Table S1). Similarity
between sites could likely be due to the lake being shallow and
polymictic (i.e. well-mixed). Water temperature was above 20 �C at
all sites for the duration of the study, with the exception of the last
date sampled (September 25th) (Fig. 2). Over the same time period,
chlorophyll-a increased to 135 mg L�1 on August 21st and then
declined, which significantly correlated with trends in Aphanizo-
menon (R2¼ 0.58; p< 0.01), Microcystis (R2¼ 0.23; p< 0.05), and
total cyanobacterial abundance (R2¼ 0.72; p< 0.001). Surprisingly,
ammonium concentrations were relatively high, despite high
biomass, and ranged from 0.22 to 1.25mg L�1 suggesting phyto-
plankton growth was most likely P limited. Absorbance (254 nm),
turbidity, and water color trended with cyanobacterial abundance,
while other water quality indicators such as alkalinity, conductivity,
hardness, and pH were highly variable throughout the study
(Fig. 2). Similarly, no obvious trends existed for total coliforms
measured or E. coli concentrations.

At surface water sites, at least one MC congener was detected on
all dates with mean and max total MC concentrations of 10.2 and
107 mg L�1, respectively, across all sites. On average, total MC was
greater than the United States Environmental Protection Agency's
(EPA) draft recreational water quality criteria guideline level of
4 mg L�1 (D'Anglada and Strong, 2016) on 57% of sampling dates.
Based on these criteria, Lake Winnebago should have been closed
for recreation for nearly half the summer. MCLR was the most
abundant MC congener with mean and max levels ranging from 7.3
to 10.2 and 42e103 mg L�1, respectively, depending on surfacewater
location (Fig. 3, Table S2). MCLRwas detected in 100% of all samples



Fig. 2. Average water quality parameters measured in lake surface water across six sites in Lake Winnebago. Concentrations were not signicantly different across sites except for
measures of manganese and E. coli. Error bars represent the standard error of the mean.
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from all sites. MCRRwas also detected in 100% of all samples, except
in a few samples at one site, and average concentrations
(0.73 mg L�1) were approximately ten-fold lower than MCLR. MCYR
and MCLA were detected less frequently and at average concen-
trations approximately 100-fold lower than MCLR.

All TBPs except Cpt1020 were detected in at least one surface
water sample, in some cases at relatively high maximum concen-
trations compared to MC congeners. For example, while mean
levels of Cpt1007 (0.84 mg L�1) were low and nearly the same as
MCRR, the maximum concentration of Cpt1007 detected
(14.4 mg L�1) was higher than all MC congeners except for MCLR. In
addition, the maximum concentration of Cpt1041 at Site 1 was
similar to that of MCRR, or over three times that of MCLA and
MCYR. Average concentrations of Apts F and Bwere similar toMCLA
and MCYR. However, on average across all surface water sites, AptF
was the third most frequently detected cyanobacterial metabolite.
Thus, Apts persisted at a low, but constant background level.
Mgn960 was detected infrequently and never exceeded 0.5 mg L�1

with a mean of 0.04 mg L�1 across all sites.
No significant differences existed between the six sites with

regard to abundance of MCs or TBPs using ANOVA. However, some
obvious temporal differences did exist for total MC, Apt, and Cpt
(Fig. S5). For example, on day 191 (July 10th), lake water at site 1
had approximately three times the concentration of observed MC,
Apt, and Cpt than any of the other lake water sites. Conversely, on
days 254 (September 11th) and 261 (September 18th), Site 4 lake
water contained the maximum amount of MC, Apt, and Cpt con-
centrations observed of any site. Thus, while no statistically sig-
nificant differences were observed between sites over the course of
the entire sampling season, it was clear that some days at the
beginning and end of the season experienced major, daily
differences.
3.2. MCs and TBPs in raw DWTP water

Of the four MC variants measured, MCLR was the most promi-
nent in the DWTP raw water, followed by MCRR, MCYR, and MCLA
at both intakes (Fig. 4). In total, 74% of all raw DWTP samples had
MC concentrations above 0.3 mg L�1 (D'Anglada and Strong, 2016).
There were 11 sample dates (79% of samples) at DWTP-Awhere the
total MC concentration in raw water was higher than 0.3 mg L�1.
Similarly, MC concentrations were greater than 0.3 mg L�1 on 9
dates (69% of samples) at DWTP-B. No regulations or preliminary
guideline values currently exist for Mgn690, Apts, and Cpts; how-
ever, Cpt1007 concentrations did average above 1 mg L�1 at both
DWTPs (Table S2, Fig. 4). Cpt1007 was the most abundant and
commonly detected TBP in the DWTPs raw water occurring in 62%
and 92% of samples collected from DWTP-A and B, respectively.



Fig. 3. Average concentration of microcystins (MC), anabaenopeptins (Apts), and cyanopeptolins (Cpts) measured at six surface water sites in Lake Winnebago. Mean concentrations
were not signicantly different between sites. Error bars represent the standard error of the mean.

Fig. 4. Raw water cyanotoxin and peptide concentrations measured at drinking water treatment plants (DWTP) A and B. MC¼microcystin; Cpt¼ cyanopeptolin; Apt¼ anabae-
nopeptin; Mgn¼Microginin. The red dashed line indicates 0.3 mg L-1, the EPA limit for safe drinking water. Error bars represent the standard error of the mean. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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AptB was the next most abundant TBP, which was observed in 62%
and 54% of samples from DWTP-A and B, respectively. Mgn690 was
only detected once in DWTP-B at 0.06 mg L�1, but interestingly, it
was not detected in the lake surface water above this intake on the
same day.

We examined differences in MC and TBP concentrations be-
tween raw water and surface water Sites 1 and 3 above these in-
takes. On average, total MC was significantly higher in lake water
compared to raw water at both DWTP-A (p¼ 0.03) and DWTP-B
(p¼ 0.04) with average concentration differences of 7.89 (31.5%)
and 6.29 (30.4%) mg L�1, respectively (Fig. 5). On one day, MC in raw
water at DWTP-A was 7.5 mg L�1 higher in raw water than lake
surface water concentrations at Site 1 (July 10th), and MC in raw
water at DWTP-B was 1.1 mg L�1 higher than surface water con-
centrations at Site 3 (August 7th). On average, total Apt was higher
in lakewater than rawwater at DWTPs A and B by concentrations of
0.25 (52.7%) and 0.27 (45%) mg L�1, respectively. The average total
Cpt was higher in lake water than raw water at DWTP-A
(0.83 mg L�1, 50.3%), but not at DWTP-B (�0.38 mg L�1, 142%).
Neither of those relationships with Cpt was significant (p> 0.05)
following a Wilcoxon test.
Fig. 6. Results of pairwise Pearson correlations between total microcystins (MC),
anabaenopeptins (Apt) cyanopeptolins (Cpt) in DWTP intake water of two plants
versus environmental water quality and meterological conditions in Lake Winnebago
surface water above the intakes. X¼ not signi_cant p> 0.05.
3.3. Environmental indicators of MCs and TBPs at two DWTP intake
sites

We compared all surface water and meteorological parameters
to total MC, Apt, and Cpt concentrations at the two DWTPs using a
Pearson correlation coefficient and a significance cutoff of p< 0.05
(Table S5). Not surprisingly, the majority, but not all of the pa-
rameters that were correlates of MCs and TBPs are indicators of
algal biomass. At both drinking water intakes, total MC was
significantly correlated with the largest number of parameters
compared to total Cpt and Apt (Fig. 6). Aphanizomenon, Microcystis,
chlorophyll-a, UV absorbance, water color, silica, odor, turbidity,
Fig. 5. Left panels) Difference in total microcystin (MC), anabaenopeptin (Apt), and cyanope
Right panel) Boxplot comparison between total MC, Apt, and Cpt concentrations in lake surf
water comes from Site 3. The black dot indicates the median value, whiskers indicated 25t
and manganese all significantly correlated with total MC at DWTP-
A. Except in a few cases, variables significantly correlating with
total MCs at DWTP-B overlapped with variables that significantly
correlated with total MC at DWTP-A. Total Apt had similar, but less
ptolin (Cpt) between lake water and drinking water treatment plant (DWTP) raw water.
ace water versus DWTP water. DWTP A raw water comes from Site 1, and DWTP B raw
h and 75th percentiles, and circles indicate outliers.
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correlating variables than total MC, and at DWTP-B, only Micro-
cystis cell counts were significantly correlated to total Apt. Total Cpt
was significantly correlated to Microcystis, absorbance, odor, co-
liforms, and wind at DWTP-B, whereas at DWTP-A total Cpt was
significantly correlated with only absorbance, color, and turbidity.

4. Discussion

To our knowledge, this is the first study to investigate individual
MC congeners plus multiple TBPs in DWTP raw water and surface
water. Some TBPs display toxicity in animal models or as in the case
of Apts also inhibit protein phosphatases like MCs, albeit at lower
toxicity. Much attention has been paid to the occurrence of MCs in
lakes and drinking water for good reason, but by comparison, TBPs
have been largely ignored with respect to drinking water treat-
ment. Results presented here show that cyanobacterial blooms
produce a mixture of peptide classes that enter DWTPs. The com-
bined toxicity of this mixture is unknown. Furthermore, we have
likely only measured a small percentage of the diversity of this
peptide mixture. More research is needed to delineate the range of
TBPs produced by cyanobacterial blooms, their combined toxicity
thresholds, and removal efficiency by DWTP processes.

One of the goals of this study was to survey several sites along
northern Lake Winnebago for future drinking water intake loca-
tions. Currently, DWTP-A has an intake in the pelagic area of Lake
Winnebago where the max depth is around 4m, and the intake sits
about 2m above the lake bottom. DWTP-B has an intake pipe at the
surface of a baffled embayment of the lower Fox River Basin. To our
surprise, very little spatial variability was observed at these sites
despite having different lake depths and physical characteristics.

More concerning may be that each surface water site had MC
concentrations greater than the EPA draft water quality advisory for
recreational usage for half the season. All MC and TBP concentra-
tions were highly temporally variable, both in the lake surface
water locations and especially in the raw drinking water. For
example, a sample taken at DWTP-A on day 184 (July 3rd) was
<1 mg L�1 for total MC measured in raw water, but was >20 mg L�1

only a week later (Fig. 5). Total MC dropped to near detection days
after. Thus, in order to determine public health risk and respond
appropriately, daily measurements would be needed, putting a
huge economic and energetic cost on the DWTP. For example, the
extraction and quantification of even a single cyanotoxin can be
extremely costly (e.g.> $200 a sample using LC-MS/MS) and take
several hours to analyze appropriately. For this reason, several
studies have identified environmental parameters that are indica-
tive of toxin concentrations (reviewed in (Neilan et al., 2013)).

The concentration of MCs reported here are comparable or
higher than those reported in other similar lakes in this region. In
this study, the average concentration of MC across all surface water
sites and in raw drinking water was 11± 19 mg L�1 and
3.2± 4.7 mg L�1. Studies of Lake Erie, Green Bay, and various sites in
Ohio show that the concentration of MCs varies from 1 to 3 mg L�1

on average in surface water, with large outliers of >1000 mg L�1

common under heavy bloom scenarios and 0.1e6 mg L�1 in raw
Table 1
Average loading per day of total MC, Apt, and Cpt at each DWTP.

Average Characteristic

Intake Rate (million liters day�1)
Mean Total MC (mg L�1)
Mean Total Cpt (mg L�1)
Mean Total Apt (mg L�1)
Mean Total MC load (g day�1)
Mean Total Cpt load (g day�1)
Mean Total Apt load (g day�1)
drinking water (as reviewed by (Miller et al., 2017)). It is not clear
how concentrations of the other TBPs reported here compare to
other lakes. Most studies of cyanobacterial peptide diversity have
used semi-quantitative approaches with exact mass instruments,
or have quantified peptides in biomass alone whereas in this study
we quantified the total peptide concentration in both the biomass
and dissolved phase.

In this study, we describe temporal variability in MCs and TBPs
in surface lake water at DWTP intake sites and simultaneously in
DWTP raw water on the same day. It should be noted that these
measurements include total or bulk water concentrations repre-
senting the sum total of both dissolved and particulate TBP. Few
studies to our knowledge have conducted this type of analysis
targeting individual congeners ofMCs plusmultiple other TBPs. The
concentration of MCs in rawwater was almost always less than that
of lake surface water on the same day (Fig. 5). This might be ex-
pected since cyanobacteria typically present positive buoyancy
until late autumnwhen the rate of carbon ballast metabolism slows
resulting in cells sinking to the benthos. This could be one factor
driving higher total MC in surface water compared to raw drinking
water at the same location. Physical forces (e.g. wind/waves)
pushing cells toward the surface could be another factor. In addi-
tion, a higher rate of MC catabolism by heterotrophic bacteria
might also occur in the benthos. However, complicating these ex-
planations is the fact that the intake at DWTP-B was close to the
lake surface and yet total MC was consistently lower in the raw
water. Thus, other factors at the intake may alter the loading of
toxin into the DWTP. Both DWTP intakes were sampled prior to
permanganate addition, but mechanical screens may alter the type
and/or amount of cyanobacterial biomass and perhaps the amount
of MC entering the intake pipe. In contrast, Cpt and Apt concen-
trations were not significantly lower in rawwater compared to lake
surface water on the same date (Fig. 5), which might be related to
differences in species responsible for producing these compounds.
While Microcystis is the most obvious producer identified in this
study, Dolichospermum has also been shown to produce Cpt and Apt
(Repka et al., 2004). In addition, while it is generally understood
that the majority of MCs remain inside the cell, less is known about
whether Apt and Cpt are actively released from the cells producing
them, or remain in the intact cell similar to MCs.

To our knowledge, no studies have investigated the removal of
TBPs from raw drinking water. This study shows that the amount of
TBP entering drinking water plants is comparable to MCs (Table 1).
For example, based on average intake flow rates for the summer,
mean loadings per day for total MC are 2.75e3.62 g day�1, whereas
those for total Cpt and Apt are only about two-fold less and 6e10
fold less, respectively. Thus, a significant amount of TBPs are
entering these DWTPs.

In a previous study of these plants, MC was removed to below
0.3 mg L�1 in finished drinking water (Karner et al., 2001). However,
at that time mean concentrations in raw water was less than
1 mg L�1, whereas mean concentrations reported here are approxi-
mately 3 mg L�1. Still, it is likely that treatment strategies in both
plants are able to remove MCs. Both DWTP-A and DWTP-B use
DWTP-A DWTP-B

75.7 30.3
3.62 2.75
1.46 1.28
0.65 0.22
274 83
110 38
49 6.5
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powdered activated carbon (PAC), which has been shown to adsorb
microcystins in an exponential manner over time (He et al., 2016).
For example, Ho et al. show that 22 mg/L MC was removed within
30min when at least 100mg L�1 of PAC was used. Both plants also
use GAC, which has been shown to remove MC by biodegradative
and absorption processes at loading concentrations higher than
reported here (Wang et al., 2007). Finally, ozone and membrane
filtration, which are implemented at plants A and B, respectively,
have also been shown to remove residual MCs as tertiary treatment
processes (Chang et al., 2014). The degree to which these processes
are effective in practice may vary with characteristics of the raw
water including organic carbon load, and pH, which has been
reviewed extensively elsewhere (He et al., 2016; Hitzfeld et al.,
2000; Hoeger et al., 2005). It is not clear if Cpts, and Apts would
be removed by these same processes. Given that they are also cir-
cular peptides like MC, it may be that they have similar fate and
transport pathways both in the environment as well as during
drinking water treatment. On the other hand, some cyanopeptolins
like Cpt-1041 are chlorinated, which may make them more recal-
citrant to oxidative processes (e.g. chlorination, ozonation). Future
research is needed in this regard.

A great deal of research has been conducted on cyanobacterial
metabolites such as MC, anatoxin-a (ATX), saxitoxin, and cylin-
drospermopsin (CYL), but recently, much has been learned about
the numerous “bioactive” compounds that accompany the more
well known “toxins” (Briand et al., 2015; Elkobi-Peer and Carmeli,
2015; Gademann et al., 2010; Gkelis et al., 2015; Pereira and
Giani, 2014; Sadler et al., 2014). There are no case studies of hu-
man toxicity caused by these compounds, but all three are protease
inhibitors of eukaryotic enzymes that may alter human physiology
(Silva-Stenico et al., 2012). In addition, like MCs, some Apts also
inhibit protein phosphatases (Sano et al., 2001). Likewise, it has
been shown that MC toxicity is not always accounted for by MC
concentrations alone (Chorus, 2001), suggesting these additional
bioactive compounds could act synergistically with MC to affect
human health. To what extent Apt, Cpt, and/or Mgn concentrations
would have to reach to affect human health is not known, nor do
any regulations or advisories exist for these compounds in recrea-
tional or drinking waters. This study highlights the need for more
information about DWTP processes that may be effective at
removing the diversity of bioactive secondary cyanobacteria me-
tabolites from drinking water. MCs and other TBPs quantified were
not always correlated with each other suggesting that MCs are not
necessarily indicators for the presence of other potentially harmful
TBPs. It should be noted that while the TBPs targeted in this study
have been found to be readily detectable in natural populations
(Gkelis et al. 2006, 2015; Welker et al., 2004a), these represent only
a small portion of the number of TBPs that cyanobacteria are
capable of producing (reviewed in (Chlipala et al., 2011)).

In this study, we asked whether any surface water characteris-
tics correlated to total MC, Cpt, and/or Apt concentrations in raw
drinking water (Fig. 6). Many of the parameters that were signifi-
cantly correlated with TBPs may be considered indicators of
biomass (cell density, chlorophyll-a, absorbance, turbidity) and/or
dissolved organic carbon. Other studies have shown correlations
between measures of cyanobacterial biomass and cyanotoxins
(Francy et al., 2015; Rinta-Kanto et al., 2009;Wicks and Thiel, 1990).
It has even been suggested thatmonitoring algal pigments at DWTP
intakes in Lake Erie may serve as early warning signals for the
presence of toxins.

Using biomass as a direct indicator of toxin concentration is
complicated by a number of interacting factors. The concentration
of MC and TBPs in aquatic systems is under the control of at least
four factors including the rate of synthesis (e.g. transcription,
translation, enzymatic rates), the rate of destruction or half-life of
each compound, the proportion of cells that contain MC or TBP
biosynthetic genes, as well as cyanobacterial abundance, among
others (e.g. predation). Accordingly, our previous studies as well as
those of others in other lakes have shown little to no significant
correlations between cell density, chlorophyll, or even toxin gene
abundance and actual MC concentration, likely due to these inter-
acting factors (e.g. transcriptional regulation and percent toxico-
genic cells) (Beversdorf et al., 2015; Ye et al., 2009). More likely, the
correlating variables found here are indicators of a bloom, and
while they were indicators of MC and TBPs in this particular study,
it remains to be determined whether these could serve as reliable
indicators from season to season.

5. Conclusions

� In this study (June through September 2013), all but one sample
date was conducted when the temperature was >20 �C, Micro-
cystis and Dolichospermum were the most abundant cyanobac-
teria measured, every date had an MC detect, and 74% of raw
drinking water samples had MC concentrations above the new
EPA health advisory of 0.3 mg L�1 (D'Anglada and Strong, 2016),
while 57% of surface waters were over the EPA draft recreational
water quality criteria of 4 mg L�1.

� All TBPs were detected at least once, except Cpt1020, and
loadings into drinking water treatment intakes of Cpts and Apts
were comparable to that of MCs.

� These results suggest that removal efficiency of TBPs by drinking
water treatment processes should be investigated.

� Surfacewater quality characteristics that significantly correlated
with MCs and TBPs in raw water were measures of cyano-
bacterial biomass (Microcystis cell density and chlorophyll-a)
and/or dissolved organic carbon (UV absorbance and turbidity).

Acknowledgements

This project was funded by a National Institute of Environmental
Health Sciences (NIEHS) grant (Project # 5R01ES022075-03) and a
contract from the City of Menasha.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.watres.2018.04.032.

References

Agudo, A., Cantor, K.P., Chan, P.C., Chorus, I., Falconer, I.R., Fan, A., Fujiki, H.,
Karagas, M., 2010. Ingested nitrate and nitrite and cyanobacterial peptide
toxins. IARC (Int. Agency Res. Cancer) Monogr. Eval. Carcinog. Risks Hum. 94.

Andrew R. Humpage, S.J.H., 2000. Microcystins (cyanobacterial toxins) in drinking
water enhance the growth of aberrant crypt foci in the mouse colon. J. Toxicol.
Environ. Health A 61 (3), 155e165.

Bagchi, S.N., Sondhia, S., Agrawal, M.K., Banerjee, S., 2015. An angiotensin-
converting enzyme-inhibitory metabolite with partial structure of microginin
in a cyanobacterium Anabaena fertilissima CCC597, producing fibrinolytic
protease. J. Appl. Phycol. 28 (1), 177e180.

Balbus, J.M., Boxall, A.B., Fenske, R.A., McKone, T.E., Zeise, L., 2013. Implications of
global climate change for the assessment and management of human health
risks of chemicals in the natural environment. Environ. Toxicol. Chem. 32 (1),
62e78.

Beversdorf, L.J., Chaston, S.D., Miller, T.R., McMahon, K.D., 2015. Microcystin mcyA
and mcyE gene abundances are not appropriate indicators of microcystin
concentrations in lakes. PLoS One 10 (5), e0125353.

Beversdorf, L.J., Weirich, C.A., Bartlett, S.L., Miller, T.R., 2017. Variable cyanobacterial
toxin and metabolite profiles across six Eutrophic lakes of differing physi-
ochemical characteristics. Toxins (Basel) 9 (2).

Borgono, C.A., Diamandis, E.P., 2004. The emerging roles of human tissue kallikreins
in cancer. Nat. Rev. Canc. 4 (11), 876e890.

Briand, E., Bormans, M., Gugger, M., Dorrestein, P.C., Gerwick, W.H., 2015. Changes
in secondary metabolic profiles of Microcystis aeruginosa strains in response to

https://doi.org/10.1016/j.watres.2018.04.032
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref1
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref1
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref1
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref2
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref2
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref2
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref2
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref3
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref3
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref3
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref3
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref3
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref4
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref4
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref4
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref4
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref4
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref5
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref5
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref5
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref6
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref6
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref6
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref7
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref7
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref7
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref8
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref8


L.J. Beversdorf et al. / Water Research 140 (2018) 280e290 289
intraspecific interactions. Environ. Microbiol. 384e400.
Chang, J., Chen, Z.-l., Wang, Z., Shen, J.-m., Chen, Q., Kang, J., Yang, L., Liu, X.-w.,

Nie, C.-x., 2014. Ozonation degradation of microcystin-LR in aqueous solution:
intermediates, byproducts and pathways. Water Res. 63, 52e61.

Chen, Y., Xu, J., Li, Y., Han, X., 2011. Decline of sperm quality and testicular function
in male mice during chronic low-dose exposure to microcystin-LR. Reprod.
Toxicol. 31 (4), 551e557.

Chlipala, G.E., Mo, S., Orjala, J., 2011. Chemodiversity in freshwater and terrestrial
cyanobacteria - a source for drug discovery. Curr. Drug Targets 12 (11),
1654e1673.

Chorus, I., 2001. In: Chorus, I. (Ed.), Cyanotoxins: Occurrence, Causes, Consequences.
Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 1e4.

D'Anglada, L.V., Strong, J., 2016. In: Health and Ecological Criteria Division (Ed.),
Draft Human Health Recreational Ambient Water Quality Criteria or Swimming
Advisories for Microcystins and Cylindrospermopsin. United States Environ-
mental Protection Agency, Washington, DC.

Dodds, W.K., Bouska, W.W., Eitzmann, J.L., Pilger, T.J., Pitts, K.L., Riley, A.J.,
Schloesser, J.T., Thornbrugh, D.J., 2009. Eutrophication of U.S. freshwaters:
analysis of potential economic damages. Environ. Sci. Technol. 43 (1), 12e19.

Elkobi-Peer, S., Carmeli, S., 2015. New prenylated aeruginosin, microphycin, ana-
baenopeptin and micropeptin analogues from a Microcystis bloom material
collected in Kibbutz Kfar Blum, Israel. Mar. Drugs 13 (4).

Ersmark, K., Del Valle, J.R., Hanessian, S., 2008. Chemistry and biology of the aer-
uginosin family of serine protease inhibitors. Angew Chem. Int. Ed. Engl. 47 (7),
1202e1223.

Falconer, I.R., Humpage, A.R., 1996. Tumour promotion by cyanobacterial toxins.
Phycologia 35 (6S), 74e79.

Faltermann, S., Zucchi, S., Kohler, E., Blom, J.F., Pernthaler, J., Fent, K., 2014. Molec-
ular effects of the cyanobacterial toxin cyanopeptolin (CP1020) occurring in
algal blooms: global transcriptome analysis in zebrafish embryos. Aquat. Tox-
icol. 149, 33e39.

Fastner, J., Erhard, M., von Dohren, H., 2001. Determination of oligopeptide diversity
within a natural population of Microcystis spp. (cyanobacteria) by typing single
colonies by matrix-assisted laser desorption ionization-time of flight mass
spectrometry. Appl. Environ. Microbiol. 67 (11), 5069e5076.

Fawell, J.K., Mitchell, R.E., Everett, D.J., Hill, R.E., 1999. The toxicity of cyanobacterial
toxins in the mouse: I microcystin-LR. Hum. Exp. Toxicol. 18 (3), 162e167.

Feurstein, D., Holst, K., Fischer, A., Dietrich, D.R., 2009. Oatp-associated uptake and
toxicity of microcystins in primary murine whole brain cells. Toxicol. Appl.
Pharmacol. 234 (2), 247e255.

Fischer, W.J., Altheimer, S., Cattori, V., Meier, P.J., Dietrich, D.R., Hagenbuch, B., 2005.
Organic anion transporting polypeptides expressed in liver and brain mediate
uptake of microcystin. Toxicol. Appl. Pharmacol. 203, 257e263.

Fleming, L.E., Rivero, C., Burns, J., Williams, C., Bean, J.A., Shea, K.A., Stinn, J., 2002.
Blue green algal (cyanobacterial) toxins, surface drinking water, and liver cancer
in Florida. Harmful Algae 1 (2), 157e168.

Francy, D.S., Graham, J.L., Stelzer, E.A., Ecker, C.D., Brady, A.M.G., Struffolino, P.,
Loftin, K.A., 2015. Water Quality, Cyanobacteria, and Environmental Factors and
Their Relations to Microcystin Concentrations for Use in Predictive Models at
Ohio Lake Erie and Inland Lake Recreational Sites, 2013-14. In: United States
Geological Survey (Ed.) (Reston, Virginia).

Gademann, K., Portmann, C., Blom, J.F., Zeder, M., Juttner, F., 2010. Multiple toxin
production in the cyanobacterium Microcystis: isolation of the toxic protease
inhibitor cyanopeptolin 1020. J. Nat. Prod. 73, 980e984.

Gehringer, M.M., 2004. Microcystin-LR and okadaic acid-induced cellular effects: a
dualistic response. FEBS Lett. 557 (1e3), 1e8.

Gkelis, S., Lanaras, T., Sivonen, K., 2006. The presence of microcystins and other
cyanobacterial bioactive peptides in aquatic fauna collected from Greek fresh-
waters. Aquat. Toxicol. 78 (1), 32e41.

Gkelis, S., Lanaras, T., Sivonen, K., 2015. Cyanobacterial toxic and bioactive peptides
in freshwater bodies of Greece: concentrations, occurrence patterns, and im-
plications for human health. Mar. Drugs 13 (10).

Hagenbuch, B., Gui, C., 2008. Xenobiotic transporters of the human organic anion
transporting polypeptides (OATP) family. Xenobiotica 38 (7e8), 778e801.

He, X., Liu, Y.-L., Conklin, A., Westrick, J., Weavers, L.K., Dionysiou, D.D., Lenhart, J.J.,
Mouser, P.J., Szlag, D., Walker, H.W., 2016. Toxic cyanobacteria and drinking
water: impacts, detection, and treatment. Harmful Algae 54, 174e193.

Hitzfeld, B.C., Hoger, S.J., Dietrich, D.R., 2000. Cyanobacterial toxins: removal during
drinking water treatment, and human risk assessment. Environ. Health Per-
spect. 108 (Suppl. 1), 113e122.

Hoeger, S.J., Hitzfeld, B.C., Dietrich, D.R., 2005. Occurrence and elimination of cya-
nobacterial toxins in drinking water treatment plants. Toxicol. Appl. Pharmacol.
203 (3), 231e242.

Kaneko, T., Nakajima, N., Okamoto, S., Suzuki, I., Tanabe, Y., Tamaoki, M.,
Nakamura, Y., Kasai, F., Watanabe, A., Kawashima, K., Kishida, Y., Ono, A.,
Shimizu, Y., Takahashi, C., Minami, C., Fujishiro, T., Kohara, M., Katoh, M.,
Nakazaki, N., Nakayama, S., Yamada, M., Tabata, S., Watanabe, M.M., 2007.
Complete genomic structure of the bloom-forming toxic cyanobacterium
Microcystis aeruginosa NIES-843. DNA Res. 14 (6), 247e256.

Karner, D.A., Standridge, J.H., Harrington, G.W., Barnum, R.P., 2001. Microcystin algal
toxins in source and finished drinking water. J. Am. Water Works Assoc. 93 (8),
72e81.

Klump, J.V., Edgington, D.N., Sager, P.E., Robertson, D.M., 1997. Sedimentary phos-
phorus cycling and a phosphorus mass balance for the Green Bay (Lake Mich-
igan) ecosystem. Can. J. Fish. Aquat. Sci. 54 (1), 10e26.
Li, X., Zhang, X., Ju, J., Li, Y., Yin, L., Pu, Y., 2014. Alterations in neurobehaviors and
inflammation in hippocampus of rats induced by oral administration of
microcystin-LR. Environ. Sci. Pollut. Res. Int. 21 (21), 12419e12425.

Li, Y., Chen, J.A., 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 (10), 1483e1488.

Lun, Z., Hai, Y., Kun, C., 2002. Relationship between microcystin in drinking water
and colorectal cancer. Biomed. Environ. Sci. 15, 166e171.

MacKintosh, C., Beattie, K.A., Klumpp, S., Cohen, P., Codd, G.A., 1990. Cyanobacterial
microcystin-LR is a potent and specific inhibitor of protein phosphatases 1 and
2A from both mammals and higher plants. FEBS Lett. 264 (2), 187e192.

Meier-Abt, F., Hammann-Hanni, A., Stieger, B., Ballatori, N., Boyer, J.L., 2007. The
organic anion transport polypeptide 1d1 (Oatp1d1) mediates hepatocellular
uptake of phalloidin and microcystin into skate liver. Toxicol. Appl. Pharmacol.
218 (3), 274e279.

Miller, T., Beversdorf, L., Weirich, C., Bartlett, S., 2017. Cyanobacterial toxins of the
Laurentian great lakes, their toxicological effects, and numerical limits in
drinking water. Mar. Drugs 15 (6), 160.

Namikoshi, M., Rinehart, K., 1996. Bioactive compounds produced by cyanobacteria.
J. Ind. Microbiol. 17 (5), 373e384.

Neilan, B.A., Pearson, L.A., Muenchhoff, J., Moffitt, M.C., Dittmann, E., 2013. Envi-
ronmental conditions that influence toxin biosynthesis in cyanobacteria. En-
viron. Microbiol. 15 (5), 1239e1253.

Nishiwaki-Matsushima, R., Ohta, T., Nishiwaki, S., Suganuma, M., Kohyama, K.,
Ishikawa, T., Carmichael, W.W., Fujiki, H., 1992. Liver tumor promotion by the
cyanobacterial cyclic peptide toxin microcystin-LR. J. Canc. Res. Clin. Oncol. 118
(6), 420e424.

Okino, T., Matsuda, H., Murakami, M., Yamaguchi, K., 1993. Microginin, an
angiotensin-converting enzyme inhibitor from the blue-green alga Microcystis
aeruginosa. Tetrahedron Lett. 34 (3), 501e504.

Paerl, H.W., Huisman, J., 2009. Climate change: a catalyst for global expansion of
harmful cyanobacterial blooms. Environ Microbiol Rep 1 (1), 27e37.

Pereira, D.A., Giani, A., 2014. Cell density-dependent oligopeptide production in
cyanobacterial strains. FEMS Microbiol. Ecol. 88 (1), 175e183.

Portmann, C., Blom, J.F., Gademann, K., Jüttner, F., 2008. Aerucyclamides A and B:
isolation and synthesis of toxic ribosomal heterocyclic peptides from the
cyanobacterium Microcystis aeruginosa PCC 7806. J. Nat. Prod. 71 (7),
1193e1196.

Radau, G., Schermuly, S., Fritsche, A., 2003. New cyanopeptide-derived low mo-
lecular weight inhibitors of trypsin-like serine proteases. Arch. Pharmazie 336
(6e7), 300e309.

Repka, S., Koivula, M., Harjunp€a, V., Rouhiainen, L., Sivonen, K., 2004. Effects of
phosphate and light on growth of and bioactive peptide production by the
cyanobacterium Anabaena strain 90 and its anabaenopeptilide mutant. Appl.
Environ. Microbiol. 70 (8), 4551e4560.

Rinta-Kanto, J.M., Konopko, E.A., DeBruyn, J.M., Bourbonniere, R.A., Boyer, G.L.,
Wilhelm, S.W., 2009. Lake Erie Microcystis: relationship between microcystin
production, dynamics of genotypes and environmental parameters in a large
lake. Harmful Algae 8 (5), 665e673.

Robertson, D.M., Saad, D.A., 2011. Nutrient inputs to the Laurentian great lakes by
source and watershed estimated using SPARROW watershed Models1. J. Am.
Water Resour. Assoc. 47 (5), 1011e1033.

Sadler, T., Kuster, C., von Elert, E., 2014. Seasonal dynamics of chemotypes in a
freshwater phytoplankton community e a metabolomic approach. Harmful
Algae 39, 102e111.

Sano, T., Usui, T., Ueda, K., Osada, H., Kaya, K., 2001. Isolation of new protein
phosphatase inhibitors from two cyanobacteria species, Planktothrix sp. J. Nat.
Prod. 64, 1052e1055.

Silva-Stenico, M.E., Rigonato, J., Leal, M.G., Vaz, M.G.M.V., Andreote, A.P.D.,
Fiore, M.F., 2012. Non-ribosomal halogenated protease inhibitors from cyano-
bacterial isolates as attractive drug targets. Curr. Med. Chem. 19 (30),
5205e5213.

Singh, R.K., Tiwari, S.P., Rai, A.K., Mohapatra, T.M., 2011. Cyanobacteria: an emerging
source for drug discovery. J. Antibiot. (Tokyo) 64 (6), 401e412.

Sivonen, K., Leikoski, N., Fewer, D.P., Jokela, J., 2010. Cyanobactinsdribosomal cyclic
peptides produced by cyanobacteria. Appl. Microbiol. Biotechnol. 86 (5),
1213e1225.

Sukhanova, I., 1978 (especially sections 2.1, 5.1, 5.2, 7.1. 1, 7.1. 2, and 7.2. 2). In:
Sourina, A. (Ed.), Phytoplankton Manual. Monographs on Oceanographic
Methodology, sixth ed. UNESCO, Paris.

Svircev, Z., Krstic, S., Miladinov-Mikov, M., Baltic, V., Vidovic, M., 2009. Freshwater
cyanobacterial blooms and primary liver cancer epidemiological studies in
Serbia. J. Environ. Sci. Health C Environ. Carcinog. Ecotoxicol. Rev. 27 (1), 36e55.

Tett, P., Kelly, M.G., Hornberger, G.M., 1975. A method for the spectrophotometric
measurement of chlorophyll a and pheophytin a in benthic microalgae. Limnol.
Oceanogr. 20 (5), 887e896.

Valderrama, J.C., 1981. The simultaneous analysis of total nitrogen and total phos-
phorus in natural waters. Mar. Chem. 10 (2), 109e122.

Wang, H., Ho, L., Lewis, D.M., Brookes, J.D., Newcombe, G., 2007. Discriminating and
assessing adsorption and biodegradation removal mechanisms during granular
activated carbon filtration of microcystin toxins. Water Res. 41 (18), 4262e4270.

Welker, M., Brunke, M., Preussel, K., Lippert, I., von Dohren, H., 2004a. Diversity and
distribution of Microcystis (Cyanobacteria) oligopeptide chemotypes from
natural communities studied by single-colony mass spectrometry. Microbiology

http://refhub.elsevier.com/S0043-1354(18)30322-1/sref8
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref8
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref9
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref9
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref9
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref9
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref10
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref10
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref10
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref10
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref11
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref11
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref11
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref11
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref12
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref12
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref12
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref13
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref13
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref13
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref13
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref14
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref14
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref14
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref14
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref15
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref15
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref15
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref16
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref16
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref16
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref16
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref17
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref17
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref17
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref18
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref18
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref18
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref18
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref18
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref19
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref19
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref19
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref19
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref19
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref20
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref20
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref20
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref21
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref21
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref21
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref21
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref22
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref22
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref22
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref22
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref23
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref23
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref23
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref23
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref24
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref24
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref24
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref24
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref24
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref25
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref25
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref25
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref25
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref26
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref26
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref26
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref26
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref27
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref27
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref27
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref27
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref28
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref28
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref28
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref29
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref29
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref29
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref29
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref30
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref30
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref30
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref30
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref31
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref31
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref31
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref31
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref32
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref32
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref32
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref32
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref33
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref33
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref33
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref33
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref33
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref33
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref33
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref34
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref34
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref34
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref34
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref35
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref35
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref35
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref35
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref36
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref36
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref36
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref36
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref37
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref37
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref37
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref37
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref37
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref38
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref38
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref38
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref39
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref39
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref39
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref39
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref40
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref40
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref40
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref40
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref40
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref41
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref41
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref41
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref42
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref42
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref42
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref43
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref43
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref43
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref43
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref44
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref44
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref44
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref44
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref44
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref45
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref45
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref45
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref45
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref46
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref46
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref46
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref47
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref47
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref47
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref48
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref48
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref48
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref48
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref48
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref49
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref49
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref49
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref49
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref49
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref50
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref50
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref50
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref50
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref50
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref50
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref51
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref51
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref51
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref51
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref51
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref52
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref52
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref52
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref52
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref53
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref53
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref53
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref53
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref53
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref54
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref54
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref54
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref54
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref55
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref55
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref55
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref55
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref55
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref56
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref56
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref56
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref57
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref57
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref57
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref57
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref57
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref58
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref58
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref58
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref59
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref59
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref59
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref59
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref60
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref60
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref60
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref60
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref61
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref61
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref61
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref62
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref62
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref62
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref62
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref63
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref63
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref63


L.J. Beversdorf et al. / Water Research 140 (2018) 280e290290
150 (Pt 6), 1785e1796.
Welker, M., Brunke, M., Preussel, K., Lippert, I., von D€ohren, H., 2004b. Diversity and

distribution of Microcystis (Cyanobacteria) oligopeptide chemotypes from
natural communities studied by single-colony mass spectrometry. Microbiology
150 (6), 1785e1796.

Welker, M., Erhard, M., 2007. Consistency between chemotyping of single filaments
of Planktothrix rubescens (cyanobacteria) by MALDI-TOF and the peptide pat-
terns of strains determined by HPLC-MS. J. Mass Spectrom. 42 (8), 1062e1068.

Welker, M., Fastner, J., Erhard, M., von Dohren, H., 2002. Applications of MALDI-TOF
MS analysis in cyanotoxin research. Environ. Toxicol. 17 (4), 367e374.

Welker, M., von Dohren, H., 2006. Cyanobacterial peptides - nature's own combi-
natorial biosynthesis. FEMS Microbiol. Rev. 30 (4), 530e563.
Wicks, R.J., Thiel, P.G., 1990. Environmental factors affecting the production of
peptide toxins in floating scums of the cyanobacterium Microcystis aeruginosa
in a hypertrophic African reservoir. Environ. Sci. Technol. 24 (9), 1413e1418.

Wisconsin Department of Natural Resources, 2003. In: Bureau of Drinking Water
and Groundwater (Ed.), Source Water Assessment for Menasha Electric and
Water Utilities (Menasha, WI).

Ye, W., Liu, X., Tan, J., Li, D., Yang, H., 2009. Diversity and dynamics of micro-
cystindproducing cyanobacteria in China's third largest lake, Lake Taihu.
Harmful Algae 8 (5), 637e644.

Zhou, L., Yu, H., Chen, K., 2002. Relationship between microcystin in drinking water
and colorectal cancer. Biomed. Environ. Sci. 15, 166e171.

http://refhub.elsevier.com/S0043-1354(18)30322-1/sref63
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref63
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref64
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref64
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref64
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref64
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref64
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref64
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref65
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref65
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref65
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref65
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref66
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref66
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref66
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref67
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref67
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref67
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref68
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref68
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref68
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref68
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref70
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref70
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref70
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref71
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref71
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref71
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref71
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref71
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref72
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref72
http://refhub.elsevier.com/S0043-1354(18)30322-1/sref72

	Analysis of cyanobacterial metabolites in surface and raw drinking waters reveals more than microcystin
	1. Introduction
	2. Materials and methods
	2.1. Study site and sample collection
	2.2. Cyanotoxin and peptide standard materials
	2.3. Extraction and analysis of cyanotoxins and TBPs
	2.4. Analytical and cell count measurements
	2.5. Statistical analysis

	3. Results
	3.1. Spatiotemporal variation in lake surface water characteristics
	3.2. MCs and TBPs in raw DWTP water
	3.3. Environmental indicators of MCs and TBPs at two DWTP intake sites

	4. Discussion
	5. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


