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ABSTRACT: The risk of human exposure to cyanotoxins is
partially influenced by the location of toxin-producing cyanobacteria
in waterbodies. Cyanotoxin production can occur throughout the
water column, with deep water production representing a potential Eplimoion
public health concern, specifically for drinking water supplies. Deep 2
cyanobacteria layers are often unreported, and it remains to be seen
if lower incident rates reflect an uncommon phenomenon or a
monitoring bias. Here, we examine Sunfish Lake, Ontario, Canada
as a case study lake with a known deep cyanobacteria layer.
Cyanotoxin and other bioactive metabolite screening revealed that
the deep cyanobacteria layer was toxigenic [0.03 pg L™' micro-
cystins (max) and 2.5 ug L' anabaenopeptins (max)]. The deep
layer was predominantly composed of Planktothrix isothrix
(exhibiting a lower cyanotoxin cell quota), with Planktothrix rubescens (exhibiting a higher cyanotoxin cell quota) found at
background levels. The co-occurrence of multiple toxigenic Planktothrix species underscores the importance of routine surveillance
for prompt identification leading to early intervention. For instance, microcystin concentrations in Sunfish Lake are currently below
national drinking water thresholds, but shifting environmental conditions (e.g, in response to climate change or nutrient
modification) could fashion an environment favoring P. rubescens, creating a scenario of greater cyanotoxin production. Future work
should monitor the entire water column to help build predictive capacities for identifying waterbodies at elevated risk of developing
deep cyanobacteria layers to safeguard drinking water supplies.

KEYWORDS: cyanobacteria, cyanotoxins, deep cyanobacteria layer, Planktothrix, water security

1. INTRODUCTION Deep cyanobacteria layers represent a ubiquitous concern in
lakes worldwide.”'” However, research points to geographical
biases in reporting, with only 18% of reported deep
cyanobacteria layers in North America and 77% in Europe
(Figure 1). Of the 136 articles identified in our literature
survey, 43% arise from exploring two significant European

Near-surface cyanobacteria proliferations have drawn consid-
erable public attention due to their visibility."” However, not
all cyanobacteria proliferations occur near the surface.’™> A
prime example is the “deep cyanobacteria layer”. These are

cyanobacteria communities located below the surface where waterbodies (e.g, Lake Ziirich, Switzerland, and Lac du
sufficient light penetrates and the disturbance effects of wind Bourget, France). The early 2000s signifies the onset of
mixing are meager. These deep-water proliferations of increasing scientific literature focused on deep cyanobacteria
cyanobacteria are often unreported due to their inconspicuous layers. Wood and colleagues’ literature survey on cyanobacteria
nature.”” Sometimes referred to as metalimnetic cyanobacteria occurrences between the years 2008 and 2018 shows
layers,”” metalimnetic blooms,'”'" or deep chlorophyll approximately 150 publications on benthic cyanobacteria and
maxima or layers (a general term used for all phycological 1100 publications on planktonic cyanobacteria.” Of those
groups),12 these deep-water abundances often occur within the planktonic reports, we identified only 47 deep cyanobacteria
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relatively narrow metalimnetic region. Unlike near-surface

cyanobacteria proliferations, deep cyanobacteria layers seldom Received: September 22, 2022
lead to public responses.'® Yet deep cyanobacteria layers may Revised: ~ November 8, 2022
consist of toxin-producing genera, posing risks to drinking Accepted: November 9, 2022
water," ¢ as drinking water withdrawal systems are often Published: November 22, 2022
constructed at depths that may align with potential deep
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Figure 1. Cumulative number of published scientific articles focused
on deep cyanobacteria layers (gray circles), the proportion of
literature from different continents, and the proportion of literature
focused on Planktothrix rubescens. Data were extracted from the
following scientific databases: Web of Science Core Collection,
Scopus, Google Scholar, and ScienceDirect. The keywords used are
presented in Table SL.1. Articles were reviewed to confirm evidence of
a deep cyanobacteria layer. Articles that referenced a previously
identified deep cyanobacteria layer were excluded from the tally.

layer publications over that decade (representing less than 5%
of all planktonic cyanobacteria articles). Cyanobacteria
research has become increasingly focused on opposing ends
of lakes (i.e, the top and bottom). Notably absent is the
“middle”, which leads to a biased assessment of water quality,
which may in turn underestimate the risks of cyanobacteria to
public health.

Deep cyanobacteria layers are a relatively understudied
phenomenon. Knowledge of deep cyanobacteria layers is based
mainly on studies from a few lakes (e.g,, Lake Ziirich and Lac
du Bourget), a narrow geographic distribution (i.e,, European
empbhasis), and a single species [i.e., Planktothrix rubescens (P.
rubescens), with 77% of research focused on this cyanobacte-
rium (Figure 1)]. Although this research has advanced our
scientific understanding of this deep-water phenomenon,”"
establishing scientific consensus from a narrow research scope
overlooks the inherent variability of deep cyanobacteria layers
within and among lakes. As a result, there is limited knowledge
regarding the global prevalence, taxonomic composition, and
toxin-producing potential of these deep-water phenomena.
These knowledge gaps underscore the need for increased
research focused on assessing public health risks, especially in
an era of unprecedented global change.

Deep cyanobacteria layers are designated as “known
unknowns” in risk management. A known unknown is a
concern that society (or the scientific community) has
recognized. Yet the impacts of that risk remain unrecognized,
often the result of inadequate research.”” The known unknown
distinction suggests a blind spot in cyanobacteria management,
and research priorities need to broaden to incorporate the
whole lake to avoid “missing the middle”.'® Further research
on deep cyanobacteria layers, particularly outside of Europe
and including organisms aside from P. rubescens, will advance
our understanding of these deep-water events and help build
predictive capabilities for identifying waterbodies at propor-
tionately higher risk.

This study was carried out in Sunfish Lake, Ontario, Canada.
Duthie and Carter”' previously encountered a deep cyanobac-
teria layer composed predominately of Planktothrix sp.
(previously Oscillatoria sp.) in the late 1960s at Sunfish Lake.
Further, the paleorecord suggests a contemporary increase in
cyanobacteria abundance, specifically Planktothrix sp.”” The
aims of this study are to (a) characterize the deep
cyanobacteria layer in Sunfish Lake, (b) evaluate the presence
of toxins associated with the deep cyanobacteria layer to
establish potential health risks, and (c) isolate the dominant
cyanobacteria species and characterize the toxin-producing
potential of these species to establish toxin—producer relation-
ships.

2. MATERIAL AND METHODS

2.1. Site Description. Sunfish Lake (43°28'25"N,
80°38'01”W) is situated in the township of Wilmot, adjacent
to Waterloo, Ontario, Canada. A small surface area (about 19
ha) paired with an unusually steep shoreline creates a lake
morphology that supports meromixis”"** (Figure 2). A 1,000
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Figure 2. Bathymetry and surrounding landscape of Sunfish Lake
(adapted from Ontario Ministry of Natural Resources and Forestry,
Bathymetry, Line, 1968).

m buffer surrounding the lake is dominated by farmland
(54.6% area) followed by mixed deciduous forests (36.4%
area).”” The shoreline is well developed, with high cottage
development occurring around the 1970s.”® Sunfish has one
major outflow in the northeast corner (start of Laurel Creek)
and two small outflows in the southwest portion.”" The lake is
mesotrophic (i.e., average total phosphorus during the open
water season of about 10 ug L™'), narrow, and has two deep
recesses. The northwestern facing recess reaches a maximum
depth of 19.8 m, and the southeastern recess reaches a
maximum depth of 16.0 m.**

2.2, Lake Sampling and Processing. In 2017 and 2019,
water samples were collected monthly throughout the open
water season (May—October). In-situ measurements of
temperature (°C), dissolved oxygen (mg L7'), chlorophyll,
and phycocyanin (PC) fluorescence (ug L™") were recorded at
I-m intervals using a YSI EXO2 Multiparameter Sonde
(Yellow Springs, Ohio, USA). Water samples were collected
using a Van Dorn water sampler using a discrete profile
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sampling approach. In-situ PC measurements determined the
depth of the deep cyanobacteria layer. Samples (1 L) were
collected above the deep cyanobacteria layer (1, 3, and S m), at
the deep cyanobacteria layer (7, 8, and 9 m), and below the
deep cyanobacteria layer (11 m). Sub-samples (50 mL) were
used to calculate Planktothrix filament counts using the
Utermohl method.”* Secchi depth was used to estimate the
compensation depth by multiplying Secchi depth by 2.5, which
corresponds to 1% light irradiance relative to surface waters.”®
Extractions of phycobiliproteins were analyzed using a
modified method described in Erratt et al*® Sub-samples
(500 mL) were passed through a Whatman GF/F filter and
kept at —20 °C prior to analysis. Phycobiliproteins were
extracted with phosphate buffer (0.1 M, pH of 6.8) solvent.
Filters were submerged in 5 mL solvent and macerated using a
bead beater (3 X 10 s cycles) supplied with 0.1 and 0.5 mm
zirconia/silica beads. The macerated product was stored at 4
°C for 24 h followed by purification through centrifugation
(10,000 g for 5 min). The supernatant was passed through a
0.22 pm syringe filter and PC (620 nm) and phycoerythrin
(PE) (545 nm) were measured using spectrophotometry.
Phycobilin concentrations were estimated using equations
described in Lawrenze et al.”’ Relative thermal resistance
(RTR) was calculated using Wetzel and Likens,”® where RTR
is the relative difference of energy involved in mixing two water
layers and therefore is dimensionless (equation 1): RTR = [(d,
- d) x 106]/ 8, where water temperature values were
converted to density values using standard conversion tables
(https://www.simetric.co.uk/si_water.htm), d, is the density
of water in the upper S m portion of the water column, and d,
is the density of water below the deep cyanobacteria layer (i.e.,
>8 m from surface).”

2.3. Cell Isolation and Identification. Two phenotypi-
cally distinct Planktothrix species—P. isothrix (PC-rich) and P.
rubescens (PE-rich)—were isolated from the deep cyanobac-
teria layer. Planktothrix cultures were maintained as non-
axenic, unialgal strains on Wright’s Cryptophyte medium®® at
20 + 2 °C under a continuous light flux of 10 + 1 pmol
photons m™ s~ (daylight fluorescent light). Isolates were
gently hand-stirred daily to aid in cell development.
Cyanobacteria isolates were sent to Algal Taxonomy and
Ecology Inc. (Winnipeg, MB, CA) for taxonomic identifica-
tion.

2.4. Toxin and Bioactive Metabolites. Microcystin and
cyanopeptide standards and samples were analyzed using a
Thermo Scientific TSQ Altis triple quadrupole mass
spectrometer (Waltham, MA, USA) with a TriPlus RSH
EQuan 850 system. For online concentration analysis,
standards and samples were loaded onto a concentration
column (Thermo Scientific Hypersil GOLD Q 2.1 X 20 mm,
12 ym) using a TriPlus RSH autosampler equipped with a 10
mL sampling syringe, at a flow rate of 1.5 mL/min using 0.1%
formic acid in water. One milliliter of the standard or samples
was loaded onto the concentrator column, and the column was
washed with mobile phase for the first minute. Then, after 1
min, the switching valve enabled the concentrator column to
be back flushed with the analytical column gradient onto the
analytical column (Hypersil GOLD C18 column 2.1 X 50 mm,
1.9 um), where the analytes were separated in under 6 min.
Gradient programs and mass spectrometer instrument settings
are in Supporting Information. Retention times, precursor and
quantification and qualification ions are listed in the
Supporting Information (Figure S2.1). Standard curve

dynamic range, detection limits, minimum reporting limits, %
relative standard deviation, and % recovery are in the
Supporting Information (Figures $2.1—2.4).

Anatoxins and cylindrospermopsin standards were analyzed
using a Thermo Scientific TSQ_ Altis triple quadrupole mass
spectrometer (Waltham, MA, USA) with a TriPlus RSH Equan
850 system. A 10 uL injection volume was used for analysis.
Analytes were separated on a Hypersil GOLD aQ C18 2.1 X
100 mm, 1.9 ym. Mobile phases used are (i) 100 mM acetic
acid in water and (ii) 100 mM acetic acid in methanol.
Gradient program and instrument settings are in the
Supporting Information. Retention times, precursor, and
quantification and qualification ions are listed in the
Supporting Information (Figure S$2.5). Standard curve
dynamic range, detection limits, minimum reporting limits, %
relative standard deviation, and % recovery are in the
Supporting Information (Figures $2.5—2.8).

Control samples and analytical standards were quantified
after every 20 samples during each run. Control standards
included a negative control (blank) and positive control as well
as duplicate and fortified samples. For each standard, a
quantitative and qualitative ion transition was chosen for use
with selected reaction monitoring (SRM). Supporting
Information (Figures S2.1 and 2.5) provides a list of the
SRM transitions for each cyanotoxin and cyanopeptide.
Quantification was accomplished using TraceFinder EFS 5.1
(Thermo Fisher Scientific, Waltham, MA, USA, 2021).

2.5. DNA Extraction and PCR Amplification. DNA was
isolated using the Qiagen DNeasy Powerwater kit according to
kit instructions. Quantitative PCR (qPCR) was used for the
detection and quantification of gene copy numbers for three
toxins, namely, microcystin (mycE), cylindrospermopsin
(cyrA), and saxitoxin (sxtA). The Phytoxigene kit (Diagnostic
Technology, Australia) was used for the qPCR assays and was
carried out following the manufacturer’s protocol. The
lyophilized master mix containing all necessary PCR
components was reconstituted in nuclease-free water and
aliquoted into separate PCR tubes. Each qPCR reaction
consisted of 20 yuL of the rehydrated master mix and 5 uL of
template DNA (10—50 ng) and was performed in a Bio-Rad
CFX96 cycler (Bio-Rad, Hercules, CA). The PCR cycling
conditions consisted of an initial denaturation at 95 °C for 2
min, then denaturation at 95 °C for 15 s and 40 cycles, and
annealing-extension at 60 °C for 40 s. Gene copies per sample
were determined using a standard curve (target gene copy
number vs Ct) constructed for each target gene. Standard
curves for all target genes were developed using five standards
(100—1,000,000 copies) purchased from Phytoxigene.

Digital PCR (dPCR) was used to provide absolute
quantification of anabaenopeptin gene copies. The forward
and reverse primers used for detecting the anabaenopeptin
gene were apnDTe-F (5'- GACACGCCTTCTATTTTCGA-
GA -3’) and apnDTe-R (5'- ACGCGAAATAAAACAA-
TAGGGG -3').” Each dPCR reaction consisted of 7.5 uL
of QuantStudio 3D dPCR master mix v2 (Thermo Fisher
Scientific, Canada), 0.75 uL of 250 nM probe, 1.4 uL of each
900 nM forward and reverse primers, 2 uL of template DNA
(10—50 ng), and 1.95 uL nuclease-free water. The reaction
mixtures were loaded onto a QuantStudio 3D dPCR 20 K chip
v2 (Thermo Fisher Scientific, Canada) with the aid of a
QuantStudio 3D chip loader (Thermo Fisher Scientific,
Canada). A ProFlex thermocycler (Thermo Fisher Scientific,
Canada) was used for PCR amplification with the cycling
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Figure 3. Depth profiles of select phycological variables on July 7, 2017: (A) chlorophyll-a (gray circles) and Planktothrix filaments (closed circles);
(B) phycoerythrin (gray circles) and phycocyanin (closed circles); and (C) phytoplankton community composition with dominant genera
identified. The dashed line represents compensation depth (1% irradiance).

conditions consisting of 96 °C for 10 min, 40 cycles of 60 °C
for 2 min, 98 °C for 30 s, and a final step of 60 °C for 2 min.
The chips with amplified products were read on a QuantStudio
3D dPCR instrument and the results were analyzed using the
QuantStudio AnalysisSuite software (v3.2, 2019) (Thermo
Fisher Scientific, Canada).

3. RESULTS AND DISCUSSION

3.1. Deep Cyanobacteria Layer and Its Phycological
Composition. A deep cyanobacteria layer was observed in
Sunfish Lake at 8 m (Figure 3A) and P. isothrix was the
dominant cyanobacterium. P. isothrix was largely confined to
the metalimnion, between 6 to 9 m, with maximum abundance
(~1,500 filaments mL™"') observed at 8 m (Figure 3A). A
similar phenomenon was observed in Sunfish Lake roughly 50
years prior, with a deep cyanobacteria layer dominated by P.
isothrix (~1,000 filaments mL™") occurring at 8 m.>' The
phycological composition of Sunfish Lake was comparable to
earlier reports,”’ with low biomass reported in the surface
waters during summer, consisting mainly of cyanobacteria:
Synechococcales (e.g., Aphanocapsa, Cyanodictyon, and Coelo-
spaerium). Other notable phytoplankton genera found at
appreciable abundance were diatoms (e.g, Fragilaria and
Stephanodiscus), cryptophytes (e.g,, Cryptomonas and Rhodo-
monas), and chlorophytes (Perdinomonas), with the latter
predominately residing at lower depths (>8 m) (Table S1).
Sunfish Lake displayed cyanobacteria dominance (>50%
phytoplankton assemblage) throughout the water column,
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apart from greater depths (>11 m) where chlorophyte
abundance increased (Figure 3C).

The Secchi depth at Sunfish Lake was comparable between
2017 (3.4 m) and 2019 (3.2 m) (Figure 4A,B), suggesting a
compensation depth of approximately 8 m.”™ The deep
cyanobacteria layer was situated near the light compensation
depth (Figure 3A). Deep-living cyanobacteria have evolved to
flourish under low light and cooler temperatures (typical of the
metalimnion). The presence of phycobiliproteins enhances
photosynthetic efficiency under low light, allowing deep-living
cyanobacteria to exist within this relatively uncompetitive
niche.””** Maximum phycobiliprotein content, PC 369 ug L™
and PE S.2 pg L7, coincided with the deep cyanobacteria
layer, with PC levels approximately 60 times greater than PE
(Figure 3B). This finding corroborates our microscopic
enumeration, with P. isothrix being the dominant cyanobacte-
rium and P. rubescens occurring at background levels (Section
3.3).

Cyanobacteria inhabiting the deep layers require the
simultaneous occurrence of three abiotic factors to materialize:
(a) sufficient nutrients; (b) sufficient light; and (c) thermal
stability.”® Mesotrophic conditions provide the “sweet spot”
where there are sufficient nutrients for biomass development
and sufficient light to drive photosynthesis.””'* With further
eutrophy, the potential for forming a deep cyanobacteria layer
is hindered, resulting from insufficient light.6

Both meromictic and holomictic lakes can support deep
cyanobacteria layers.”*' Meromictic lakes are uncommon, but
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Figure 4. Depth profiles of select physical variables: (A) oxygen (gray circles) and temperature (closed circles) on July 7, 2017 (deep cyanobacteria
layer present) with RTR; (B) oxygen (gray circles) and temperature (closed circles) on July 12, 2019 (deep cyanobacteria layer absent) with RTR.

if the three prerequisites for deep cyanobacteria are met (i.e.,
sufficient nutrients, light, and thermal stability), these lakes can
support cyanobacteria accumulating at greater depths. In
meromictic lakes on unmanaged landscapes (without human
activity), the lack of intermixing of water layers inhibits the
periodical recharge of nutrient-enriched deep water into the
surface layer and may restrict deep cyanobacteria layer
development.g'l However, meromictic lakes, such as Sunfish
Lake, situated on managed landscapes (with human activity)
may experience larger external nutrient loads that keep the lake
in a moderately enriched state, supporting deep cyanobacteria
layer development.”” Lake mixing strongly influences nutrient
concentrations and thermal stability, which dictates the
duration and intensity of stratification.”” The lack of deep
water-column mixing in meromictic lakes may favor stable
thermal characteristics, which would be beneficial for deep
cyanobacteria aggregating at depth. However, the nutrient
prerequisite would not be satisfied, hindering deep cyanobac-
teria layer development.

In Sunfish Lake, nutrient and light conditions were similar
between a year where a deep cyanobacteria layer developed
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(2017) and a year where there was no discernable deep
cyanobacterial layer (2019). A notable difference between
2017 and 2019 was altered thermal characteristics. In 2017
(deep cyanobacteria layer present), the maximum RTR was
lower in the water column (6 m) (Figure 4A), suggesting the
depth of stratification was deeper. In 2019 (deep cyanobacteria
layer absent), the maximum RTR was higher in the water
column (4 m), suggesting the depth of stratification was
shallower (Figure 4B). Multiple environmental variables
influence stratification depth, such as temperature, wind, and
chemical composition (e.g, salinity), and these factors remain
to be further explored in Sunfish Lake to help understand the
environmental factors altering thermal characteristics that may
lead to the development of deep cyanobacteria layers. We
propose that greater thermal stability occurring at lower depths
observed in 2017 created an optimal environmental niche for
deep cyanobacteria layer development (i.e, a low turbulent
environment situated at optimal irradiance). Here, we suggest
that the deep cyanobacterial layer may be ephemeral and not
necessarily an integral component of a lake.
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Figure 5. Depth profiles of chemical variables on July 7, 2017: (A) gene copies of microcystin-mycE (gray circles) and anabaenopeptin-apnDTe
(closed circles); (B) concentrations of microcystin (gray circles) and anabaenopeptin (closed circles); and (C) pie charts showing microcystin and
anabaenopeptin congener composition at 8 m. Dashed line represents compensation depth (1% irradiance). Note: The following toxins were not
found or were found below the detection limit: microcystin(MC)-YR, MC-HtyR, MC-LR, MC-HilR, MC-WR, MC-LF, oscillamide Y, micropeptin
1106, cyanopeptolin 1007, cyanopeptolin 1040 MB, nodularin, aeruginosamide B, aeruginosamide C, oscillaginin A, anatoxin-a, dihydroanatoxin-a,
homoanatoxin, L-phenylalanine-DS, cylindrospermopsin, 7-epi-cylindrospermopsin, and 7-deoxy-cylindrospermopsin.

3.2. Toxin and Bioactive Metabolite Profiles in the
Deep Cyanobacteria Layer. The deep cyanobacteria layer
coincides with maximum toxin concentrations, with total
microcystin (0.03 ug L™') and anabaenopeptin (2.5 pug L")
peaking at 8 m (Figure SB). Toxin concentrations mirrored
gene copy numbers, with maximum microcystin (13,841 copy
mL™") and anabaenopeptin (103,556 copy mL™") occurring at
8 m (Figure SA). Saxitoxin was detected at 6 m in low copy
numbers (S gene copy mL™"), but cylindrospermopsin was not
detected with qPCR. While understanding total toxin
concentrations (i.e., toxin quantity) is important, under-
standing the congener composition (i.e., toxin quality) is also
important, given the differential toxicities of congeners.
Microcystin congeners exhibit a wide spectrum of toxicity.
For instance, microcystin LA is up to 12 times more toxic than
other frequently encountered variants, such as RR.>* Emerging
research points to other microcystin congeners of concern
(e.g, LW and LF) that exhibit greater toxicity at the cellular
level and require further testing.’>** While the suite of
microcystin congeners present in Sunfish Lake are at low
concentrations, they consist of relatively potent congeners
(Figure 5C).>

Direct water withdrawal paired with a deep cyanobacteria
layer containing toxins creates a scenario of concern due to the
greater potential for human exposure. Roughly half of the
residents of Sunfish Lake draw water directly from the lake
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(i, no central water treatment facility), with most water
withdrawal occurring at depths greater than 3 m. While some
residents still use Sunfish Lake as a drinking water source in
combination with household water purification units, it has
become less common, with more residents using lake water for
non-potable sources (e.g., showers, dishwashing) (K. Thoma-
son, pers. comm., June 13, 2022). An earlier investigation
observed a deep cyanobacteria layer at 8 m during July, 1967,”
aligning with our observations. However, over an 18-month
observation period, the depth of the deep cyanobacteria layer
exhibited a high degree of variability, migrating between 3 and
10 m.*' This variability in the vertical positioning of deep
cyanobacteria layers has been observed in other systems, such
as Lake Ziirich and Lac du Bourget, fluctuating between 8 and
25 m.*>*® Vertical variability observed among deep-living
cyanobacteria reveals that health concerns can migrate
throughout the water column. This observation underscores
the importance of routine monitoring to track cyanobacteria
movement and modify water withdrawal accordingly to
minimize the likelihood of human exposure.

3.3. Managing Risks Associated with Toxins and
Bioactive Metabolites in Deep Cyanobacteria Layers.
Different cyanobacteria exhibit different potentials to produce
toxins.”” Within a cyanobacteria bloom, monospecific pop-
ulations are uncommon.”® Although one type of cyanobacte-
rium may be dominant, cryptic species—endemic taxa

https://doi.org/10.1021/acs.est.2c06928
Environ. Sci. Technol. 2022, 56, 17902—17912


https://pubs.acs.org/doi/10.1021/acs.est.2c06928?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06928?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06928?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06928?fig=fig5&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c06928?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

detected at low concentrations—are also important. While
cryptic species occur at low levels, they may thrive with
changing environmental conditions caused by climate change
or in response to lake management activities.”” In Sunfish
Lake, P. rubescens occurred at low levels in the P. isothrix-
dominated deep cyanobacteria layer (Figure 6B). However,
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Figure 6. (A) Anabaenopeptin (striped) and microcystin (solid)
concentrations of P. isothrix and P. rubescens isolates. (B) Light
micrograph of the Sunfish Lake’s deep cyanobacteria layer collected at
8 m on July 7, 2017. Note the low abundance of the more toxic P.
rubescens (red filaments) in a community dominated by less toxic P.
isothrix (green filaments). Scale bar S0 ym.

toxin profiles of the two Planktothrix isolates revealed that P.
rubescens exhibited 10 times higher microcystin (0.64 fg cell™")
and 25 times higher anabaenopeptin (53.8 fg cell™!) than P.
isothrix (microcystin: 0.06 fg cell™'; anabaenopeptin: 2.1 fg
cell™") (Figure 6A). Microcystin gene copy numbers were
more than two times higher for P. rubescens (92,336 gene copy
mL™") compared to P. isothrix (42,360 gene copy mL™"), while
anabaenopeptin gene copy numbers were close to four times
higher for P. rubescens (2,006,666 gene copy mL™") than for P.
isothrix (520,727 gene copy mL™").

In European lakes, Planktothrix populations dominated by
red phenotypes exhibited a higher proportion of toxic
genotypes (specifically microcystin potential), whereas pop-
ulations dominated by green phenotypes or co-occurring (i.e.,
red and green phenotgpes) exhibited a higher proportion of
non-toxic genotypes.4 P. rubescens is often associated with
microcystin production*"** and has been observed to contain
the highest microcystin content per cell relative to other
commonly observed toxigenic cyanobacteria,43 whereas P.

isothrix is often associated with low microcystin production
[i.e., concentrations well below Health Canada’s drinking water
guideline (1.5 ug L™')].”** Here, we showcase that examining
cyanobacterial assemblages is a central feature of monitoring
for current risks and anticipating future risks. For instance,
microcystin levels were below drinking water guidelines on July
7, 2017. However, changes in environmental conditions could
favor the predominance of P. rubescens, creating a scenario
where microcystin levels could rise.

3.4. Managing Risks Associated with Toxins and
Bioactive Metabolites. Despite a correlation between
maximum toxin levels and the depth of the cyanobacteria
layer, uncertainty surrounding the toxin-producing cyanobac-
teria remains. Phytoplankton communities are diverse, and
cryptic species may be responsible for toxin production
(Section 3.3). Isolating cyanobacteria from deep cyanobacteria
layers helps to strengthen the link between toxin presence and
the cyanobacteria producer. In Sunfish Lake, we demonstrated
the toxin-producer link by complementing field data with
screening of corresponding cyanobacteria isolates for cyano-
toxins and other bioactive metabolites. Metabolite profiles
(including microcystins) between lake samples and laboratory
cultured cyanobacterial isolates from the deep cyanobacteria
layer mirrored one another, providing evidence that suggests
Planktothrix isolates were responsible for the microcystins and
anabaenopeptins observed. Using this approach, scientists can
build an inventory of known toxigenic deep-water cyanobacte-
rium (beyond P. rubescens), which would be a useful tool for
lake managers when evaluating potential risks.

Microcystin has been repeatedly used as a universal indicator
of cyanobacterial risk. Monitoring efforts commonly measure
microcystin when assessing deep cyanobacteria layers,'”** with
metalimnion microcystin concentrations showing variability
(0—40 ug L") (Figure 7B). The overreliance on microcystin
as a sole metric for cyanobacterial risk has resulted in other
cyanotoxins such as anatoxins, beta-N-methylamino-L-alanine,
and other bioactive metabolites (e.g, anabaenopeptin and
aeruginosins) to be overlooked in routine monitoring, which
may underestimate public health risks.””** Isolation studies of
deep cyanobacteria layer species have revealed novel micro-
cystin congeners, anatoxin-a,"’ and bioactive metabolites,
such as oscillape<ptin J,* planktocyclin®® aeruginosins, and
anabaenopeptins.”” Despite lacking complementary field data,
these isolation studies illustrate that specific cyanobacterium
within deep cyanobacteria layers have the potential to produce
a variety of cyanotoxins and other bioactive metabolites. A
diverse suite of harmful metabolites produced in deeper waters
suggests scientist and lake managers should incorporate
“vertical tuning” in toxin analyses. Like regional tuning (i..,
modifying toxin screening to reflect frequently encountered
compounds in geographic regions and using scientific advance-
ments to update protocols),” “vertical tuning” would
incorporate toxins and bioactive metabolites commonly
associated with deep cyanobacteria layers. However, as deep
cyanobacteria layers are a relatively understudied topic, further
research is required to build this toxin inventory.

There is a growing need to evaluate the prevalence and
inherent risk of compounds other than microcystin."’ For
example, anabaenopeptins were reported at concentrations
(2.5 ug L") comparable to other North American and
European waterbodies.">" Zastepa et al.""’s investigation of P.
isothrix-dominated deep cyanobacteria layers in Georgian Bay,
Canada presents a similar narrative to Sunfish Lake, with deep
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Figure 7. (A) Box—whisker plot of the vertical distribution of deep
cyanobacteria layers reported in published studies (n = 52). (B) Box—
whisker plot of microcystin levels reported in the deep cyanobacteria
layers in the same published studies (n = 12). Data compiled from the
134 research articles collected for Figure 1. Data collected by
examining the following scientific databases: Web of Science Core
Collection, Scopus, Google Scholar, and ScienceDirect. Keywords
used are presented in Table SL1. Percent depth is calculated by
dividing the maximum depth of the sampling location by the depth of
the deep cyanobacteria layer. This value indicates where the deep
cyanobacteria layer was situated in the water column (i.e., lower
values indicate higher in the water column, while higher values (e.g.,
80%) indicate lower in the water column) relative to the sampling

depth.

cyanobacteria layers forming around 7—9 m with a larger
proportion of anabaenopeptins (max. 6.6 ug L") relative to
microcystin (max. 0.4 ug L7'). Despite not having any
documented adverse toxicological effect on humans or larger
vertebrates, anabaenopeptins and many other bioactive
metabolites produced by cyanobacteria are known to interact
with more proximal members of aquatic ecosystems.”**> For
example, anabaenopeptins have been hypothesized to function
as an antiparasitic mechanism, with protease inhibition
impeding the digestive processes of cyanobacterial parasites.>”

When managing cyanobacteria-associated risks, one critical
aspect is developing a predictive understanding of where and
when cyanobacteria dominance will occur. Deep cyanobacteria
layers are challenging to monitor as they show considerable

vertical variation. For example, our literature survey indicates
deep cyanobacteria layers occurred between 13.3 and 79.6%
depth relative to the sampling depth (Figure 7A). The seasonal
and year-to-year incidence and duration of deep cyanobacteria
layers are largely unknown, aside from a few study lakes. Even
when we are cognizant of these deep-water events, monitoring
programs can miss capturing deep cyanobacteria layers. For
example, in Europe, the European Union Water Framework
Directive protocol is to sample the euphotic zone, defined as
2.5 X Secchi depth, as an integrated sample, which has been
demonstrated to overlook deep cyanobacteria layers.>”

3.5. Filling the Gap: The Importance of Comprehen-
sive Monitoring. Deep cyanobacteria layers remain a
clandestine component of aquatic environments. Without
surface scum or visible water discoloration, it becomes a case
of “out of sight, out of mind”. For example, despite earlier
documentation of a deep cyanobacteria layer in Sunfish Lake,”’
lake monitoring at lower depths remained absent for over 50
years. Local knowledge regarding these deep-water phenomena
was largely forgotten. Community awareness was revived when
a comprehensive lake survey conducted by the authors
rediscovered the deep cyanobacteria layer in 2017, which
sparked concern as residents withdraw water directly from
Sunfish Lake. Our findings raise awareness about improper
monitoring in lakes with drinking water supplies, which can
overlook deep cyanobacteria layers, creating a hidden public
health concern. Further, we highlight the importance of
cataloguing cyanobacteria community composition, as different
cyanobacteria exhibit different toxigenic potential and under-
standing these differences can assist in determining risks.

Historically, scientific interest has been in near-surface
cyanobacterial proliferations and benthic cyanobacteria.”>*
Concentrating research and management efforts on the top
and bottom of lakes contributes to “missing the middle” in risk
assessments. Avoidance depends on awareness; without
adequate monitoring, important phycological features may go
unnoticed. Technological advancements can now facilitate the
rapid evaluation (presence or absence) of deep cyanobacteria
layers. The ever-increasing use and availability of high
frequency sensors capable of monitoring the entire water
column (e.g., vertical profilers and autonomous underwater
vehicle) will become an indispensable tool to reveal and
characterize deep cyanobacteria layers.

Without a predictive understanding of when and where deep
cyanobacteria layers will manifest, comprehensive lake
monitoring assessments [examining the whole depth of the
system (i.e., top to bottom)] are essential for better
representing the risks associated with cyanobacteria through-
out the water column, especially for waterbodies functioning as
drinking water sources. This holistic monitoring approach is
multifaceted by (a) safeguarding human health by uncovering
deep cyanobacteria layers and prompting risk avoidance
measures; (b) supplementing existing knowledge, which will
in turn aid in building predictive capacities, uncovering more
potentially toxigenic cyanobacterium; and (c) revealing how
human and climate-mediated change influence deep cyanobac-
teria layers. New insight into deep cyanobacteria layers is
crucial for developing a comprehensive understanding of the
risks of cyanobacteria to public health, and the basis of suitable
cyanobacteria mitigation or adaptation strategies.
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