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Abstract: Cyanobacteria (blue-green algae) can accumulate to form harmful algal blooms (HABs) on
the surface of freshwater ecosystems under eutrophic conditions. Extensive HAB events can threaten
local wildlife, public health, and the utilization of recreational waters. For the detection/quantification
of cyanobacteria and cyanotoxins, both the United States Environmental Protection Agency (USEPA)
and Health Canada increasingly indicate that molecular methods can be useful. However, each molec-
ular detection method has specific advantages and limitations for monitoring HABs in recreational
water ecosystems. Rapidly developing modern technologies, including satellite imaging, biosensors,
and machine learning/artificial intelligence, can be integrated with standard/conventional methods
to overcome the limitations associated with traditional cyanobacterial detection methodology. We
examine advances in cyanobacterial cell lysis methodology and conventional/modern molecular de-
tection methods, including imaging techniques, polymerase chain reaction (PCR)/DNA sequencing,
enzyme-linked immunosorbent assays (ELISA), mass spectrometry, remote sensing, and machine
learning/AI-based prediction models. This review focuses specifically on methodologies likely to be
employed for recreational water ecosystems, especially in the Great Lakes region of North America.

Keywords: cyanobacteria; harmful algal blooms; Great Lakes; cyanotoxins; microcystin; cyanobacteria
lysis; molecular methods

1. Introduction

Cyanobacteria (blue-green algae) are a diverse group of bacteria that, in comparison
to other bacterial communities, can uniquely perform photosynthesis and modulate the
environmental oxygen content [1,2]. Prolific growth under eutrophic conditions leads to the
accumulation of cyanobacterial biomass and the formation of algal blooms in freshwater
ecosystems [3]. Freshwater algal blooms mainly comprise one or more of Aphanizomenon,
Cylindrospermopsis, Dolichospermum, Microcystis, Nodularia, Planktothrix, and Trichodesmium,
which have regulatory impacts on the ecological processes of aquatic ecosystems [3–5].
For example, cyanobacterial species that uniquely utilize carbon dioxide and nitrogen-
dependent metabolism are essential nitrogen-fixing organisms under anaerobic condi-
tions [6,7]. However, bloom-infested freshwater lakes may harbor cyanotoxin-producing
cyanobacterial species, including Microcystis, Dolichospermum (formerly Anabaena), Raphid-
iopsis (formerly Cylindrospermopsis), and Planktothrix, which can impair water quality [8–10].

Favorable environmental factors, including high temperature and availability of mi-
cronutrients, allow the cyanobacterial blooms to propagate, leading to hypoxic/anoxic
conditions as blooms decay and consume oxygen [11,12]. Aside from the over-population/
propagation, cyanobacterial blooms can render freshwater ecosystems unsuitable for drink-
ing water and recreational uses by producing metabolites and metabolic byproducts with
unpleasant olfactory and gustatory properties [13–16]. The predominant density of cyano-
toxigenic species in water bodies leads to the formation of harmful algal blooms (HABs).
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Microcystins, cylindrospermopsins, anatoxins, and saxitoxins are the most common cyan-
otoxins produced by harmful algal blooms, and doses as low as parts per billion can induce
acute toxicity [17,18]. Toxigenic health effects of HAB cyanotoxins can manifest directly
through ingestion or indirectly through consuming contaminated food products, including
fish, mollusks, and agricultural produce [19,20]. Therefore, raw freshwater sources, includ-
ing lakes and rivers, are monitored seasonally for their cyanotoxin potential to avoid health
or economic losses.

The North American Great Lakes, the largest freshwater system in the world, are
important for drinking water, recreation, industry, and agriculture. Due to shallow depths
and temperate weather, these lakes, especially Lake Erie, face seasonal large-scale harmful
algal bloom events [21]. Although Lake Erie experiences the most extensive bloom events
among the Great Lakes, cyanoHABs and cyanotoxins are now also present across all the
Great Lakes [22–25]. Despite the geographical and economic significance of the Great Lakes,
the dynamics of cyanobacterial bloom formation are poorly understood.

The water quality of the Great Lakes is monitored by both the United States Envi-
ronmental Protection Agency (USEPA) and Environment and Climate Change Canada,
as well as other Federal, State, and Provincial programs [26]. For cyanobacterial monitor-
ing, USEPA and Health Canada identify commonly used methods based on microscopy,
enzyme-linked immunosorbent assays (ELISA), protein phosphatase inhibition assays
(PPIA), and high-performance liquid chromatography coupled with either mass spec-
trometry (LCMS) or ultraviolet/photodiode array detectors for cyanotoxin detection and
quantification [27,28]. For microcystin detection in recreational waters, the USEPA recom-
mends LCMS- and ELISA-based methods [29–31]. LCMS- and ELISA-based methods are
highly sensitive to microcystin detection, but ELISA-based methods cannot distinguish
microcystin congeners [29–31]. The USEPA and Health Canada also indicate molecular bi-
ology methodology, including conventional polymerase chain reaction (PCR), quantitative
real-time PCR (qPCR), and microarrays/DNA chips that can be useful for cyanobacterial
monitoring [27,28]. However, standardized molecular biology protocols have yet to be
established for detecting harmful algal blooms or cyanotoxins. Alternative high-throughput
techniques for assessing freshwater ecosystems, including atomic force microscopy (AFM)
and biomonitoring, are currently available [32,33]. AFM can visualize microcystin strand
formation in the presence of metal ions and can also examine the nanomechanical/adhesion
properties of algal cells [34,35]. Biomonitoring can determine the nutrient and metal compo-
sition in water samples, which directly impacts algal populations [36]. This review focuses
on the applications, advantages, and limitations associated with the molecular biological
techniques for harmful algal bloom monitoring in recreational water ecosystems, including
the Great Lakes.

This review will evaluate new molecular methods for harmful algal bloom monitoring
in the Great Lakes ecosystems. Objectives of this comparative review are: (1) assessing cell
lysis methods for extracting biomolecules from bloom-infested water samples; (2) evaluat-
ing molecular methods for cyanobacterial and cyanotoxin detection; and (3) addressing the
benefits and limitations associated with molecular methods.

2. Methods for the Disruption and Lysis of Algal Bloom Cyanobacteria

Cyanobacterial density can be monitored by direct (cell mass) or indirect (intracellu-
lar biomolecules) methods [37]. However, USEPA guidelines for monitoring cyanotoxin
require data for the total cyanotoxin concentration, including both extracellular and intra-
cellular concentrations [27]. Complete lysis of cyanobacterial cells is necessary to obtain an
accurate estimate of intracellular cyanotoxin concentrations. Unlike the cell walls of other
bacteria, cyanobacterial cell walls have a much thicker and highly crosslinked peptidogly-
can layer, presenting a challenging obstacle for molecular detection methods that require
cell lysis [38–40]. This section evaluates the mechanisms, limitations, and benefits of lysis
methods for cyanobacterial cells.
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2.1. Chemical Cell Lysis

Chemical lysis employs detergents, enzymes, or organic solvents to disrupt the cell
membrane. Detergents are the most common chemical agents that break down non-
covalent interactions for cell lysis [41]. However, using a detergent-only lysis buffer may
be insufficient; for Microcystis aeruginosa, this method only disrupts 37% of the total cell
wall material (Table 1) [42]. For cyanobacterial cells, the addition of proteolytic enzymes
(proteinase K and lysozyme) and reducing agents (dithiothreitol and β-mercaptoethanol)
can further disrupt stabilizing covalent interactions and increase the lysis efficiency to near
100% (Table 1) [43]. Chemical lysis methods yield a high recovery of intact nucleic acids with
lower contamination from non-target biomolecules [43–45]. Evaluation of DNA extraction
following chemical lysis with a chemical lysis buffer (Tris-Urea) provided yields from 230
to 479 µg/mL of intact DNA from species of Rivularia, Dolichospermum, Synechocystis, and
Synechococcus [46].

Chemical lysis can provide a higher yield of the targeted biomolecule. However, it
can also result in chemical contamination that can cause interference in the downstream
analysis [47,48]. Detergents (e.g., Triton-X 100) or organic solvents (e.g., phenol) degrade or
stop the DNA polymerase from binding to the DNA template during PCR [49]. Hence, the
greater yield of DNA from enzyme-based methods may be negated by the potential inhibi-
tion of downstream diagnostic protocols, including PCR [49]. Additionally, contaminating
phenol absorbs at 230 nm UV, which may lead to over-estimation or false positives [50].

2.2. Ultrasonic Cell Lysis

Ultrasonication uses rapidly changing sonic pressure to cause cavitation, which agi-
tates and disrupts cellular membranes and cell walls [51,52]. For some filamentous strains,
sonication can break down the filaments into smaller structures or single cells [53,54]. In
the treatment of smaller samples, sonication can be achieved through an ultrasonic bath
or probe, with the latter being more efficient in lysis [55] (bath sonication of Microcystis
aeruginosa resulted in 73% lysis after 30 min (Table 1) [42], while probe sonication can yield
80% lysis after 5 min (Table 1) [56]).

An advantage of ultrasonic lysis is the elimination of potential chemical contaminants
(associated with chemical lysis), so there is little interference of downstream diagnostic
PCR assays by enzymatic inhibition. Although probe sonication increases the cell lysis
efficiency with reduced sonication time, a fraction of cells can remain intact even with
an increase in sonication time, and overexposure to sonication can cause nucleic acid
fragmentation [46,56]. In addition, cellular debris and biomolecules remain in the lysate,
which can interfere with subsequent analytical techniques [49]. For cyanobacterial cells, a
longer processing time and subsequent purification steps may be required to obtain higher
yield and purity [55].

Table 1. Cyanobacterial cell lysis methods.

Lysis Method Lysis Efficiency Advantages Limitations

Chemical
Detergent 37% [43] High efficiency, high yield,

low DNA degradation
Deposit contaminants that

interfere with downstream assaysDetergent-enzyme
cocktail 100% [43]

Ultrasonic
Bath sonication 73% [42] Avoids chemical contaminants, increases

purity of extracted biomolecule
Long processing time, incomplete

lysis, DNA shearingProbe sonication 80% [56]

Mechanical Bead beating 50–99% [42,43] Avoids chemical contaminants, increases
purity of extracted biomolecule

DNA shearing (requires optimal
bead beating parameters),

inconsistent lysis efficiency
depending on cell morphology

Cryogenic

Freeze-thaw 19–100% [42,56] Avoids chemical contaminants, increases
purity of extracted biomolecule Inconsistent lysis efficiency

Lyophilization 92–98% [42]
High efficiency, avoids chemical

contaminants, increases purity of extracted
biomolecule

Long waiting times can limit the
use of rapid detection methods
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2.3. Physical Cell Lysis

Physical cell lysis methods apply external forces, including bead beating, to rupture
the cell membrane and cell wall. The types of physical lysis discussed can be divided
into two categories: mechanical and cryogenic (Table 1). A commonly used method of
mechanical lysis is bead beating, for which ceramic or glass beads are agitated together with
the cell sample to achieve cell lysis [57]. Bead beating for 3 min with 0.5 mm glass beads
can result in the lysis of 99% of M. aeruginosa cells (Table 1) [42]. However, for Synechocystis,
only 50% of the total cells can be lysed after bead beating [43]. Cryogenic methods include
freeze–thawing and lyophilization. During cycles of freezing in either dry ice or a freezer,
cell swelling and ice formation on the cellular membrane and cell wall cause structural
disruption when the samples are thawed [41]. Lyophilization is similar in principle in
that cyanobacterial samples are frozen and then dehydrated using a freeze-dryer under a
vacuum [42]. Lysis is ultimately achieved upon rehydration [42]. For M. aeruginosa, three
freeze–thaw cycles (−70 ◦C for 10 min, then 37 ◦C for 5 min) resulted in the lysis of only
19% of total cells (Table 1) [42]. However, another trial demonstrated that almost no M.
aeruginosa cells remained intact after one extensive freeze–thaw cycle (−20 ◦C for 12 h, then
25 ◦C for 2–4 h) (Table 1) [56]. On the other hand, lyophilization had very high efficiency,
disrupting 92% and 98% of total cells after rehydration with deionized water and methanol,
respectively (Table 1) [42].

Similar to ultrasonication, physical cell lysis methods also circumvent the issue of
chemical contamination. Despite the inconsistencies in efficiency, bead beating remains a
standard method for most cell lysis protocols [58–61]. DNA extraction from bead-beaten
benthic cyanobacteria resulted in a concentration of 15 µg/mL [55], a lower recovery than
the chemical lysis method. The efficiency of bead beating can differ widely depending
on the morphology and characteristics of the cyanobacterial cells (e.g., benthic species of
cyanobacteria are challenging to disrupt due to their protective sheaths and mucilage [55]).
For bead beating, the yield of the biomolecules can be increased by adjusting parameters,
including beat size, bead count, and time [62,63]. Non-optimized parameters can lead to
extensive DNA shearing, which may compromise the integrity of downstream analysis [46].
Compared to bead beating, cryogenic lysis, particularly lyophilization, provides high lysis
efficiency approximately equal to that of chemical lysis with an optimized buffer cock-
tail [42,46]. Despite the higher lysis efficiency, lyophilization requires a long waiting time
(upwards of days) for the freeze drying to be complete [42], thus limiting the application
for routine, rapid monitoring.

2.4. Combinatorial Cell Lysis Methodologies

Lysis efficiency depends on the characteristics and morphology of the cells [64]. For
cyanobacteria, employing several lysis methods in succession may be helpful to ensure
maximum lysis or to break down cells of highly resilient species. Combining bead beating
with an optimized chemical lysis cocktail can achieve a 2–3-fold increase in efficiency
for Synechocystis and Synechococcus spp., allowing for maximal lysis of cyanobacterial
cells [43]. In addition, combining cryogenic and enzyme lysis methods increases DNA
yield for filamentous Arthrospira species [65]. Additionally, including chemical lysis buffer,
lysozyme, and proteinase K to bead beating can provide a 2-fold increase in extracted
DNA compared to bead beating alone [55]. Complementarity of cell lysis methods with
each other can increase lysis efficiency and DNA yield, as well as reduce the limitations
associated with each method.

3. Methods and Technologies for Cyanobacterial and Cyanotoxin Monitoring

Conventional strategies include biological assays and chromatographic technologies
for determining cyanotoxin concentration, as well as quantitative enumeration of cyanobac-
terial cells. Recent advancements in molecular biology and computer science led to rapid
improvements in PCR, DNA sequencing, microfluidics, and machine learning methods
to probe and monitor cyanobacterial density/activity in recreational waters. This section
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will introduce methods for cyanobacteria/cyanotoxin monitoring, evaluate their current
advantages and disadvantages, and evaluate each method’s sensitivity or specificity in
detecting harmful algal blooms. The focus is on the diagnostic molecules of microcystins
and DNA, as they remain stable after extraction [66]. The sensitivities, benefits, and lim-
itations of cyanotoxin quantification methods are summarized in Table 2, while those of
cyanobacterial cell quantification methods are summarized in Table 3.

3.1. Conventional Methods and Techniques

The simplest protocol for cyanobacterial cell counting by microscopy is the Utermöhl
method (for phytoplankton), in which sedimentation of cyanobacterial cells is performed
before enumeration using an inverted microscope [67,68]. In addition to simplicity, micro-
scopic methods can provide high specificity and allow for identification up to the genus
and species levels [69,70]. However, microcystin levels are only weakly correlated with
microscopic cell counts and may not fully account for the cyano-toxicity of the recreational
waters [71]. Direct enumeration can also be time-consuming [70]; the Utermöhl method
requires 24–48 h of sedimentation time, limiting its applicability to real-time, rapid moni-
toring [67,68]. Enumeration and identification of cyanobacteria via microscopy also require
trained expertise in the field, and reliability can significantly vary depending on the ana-
lyst’s skill. Expertise limitation for microscopic cyanobacterial counting can be overcome
by integrating computational models (e.g., PhytoNumb3rs [72]) or automated microscopy
(e.g., FlowCam Cyano (Yokogawa Fluid Imaging Technologies, Scarborough, ME, USA)) for
cyanobacterial morphology. Atomic force microscopy can visualize even a single molecule
in ultra-high resolution and can be used along with conventional microscopic techniques
to robustly examine the properties of both microcystin and cyanobacterial cells [32,34,35].
AFM enables assessments in liquid media that mimic intracellular environments. How-
ever, AFM requires sample immobilization [73,74]. Overall, quantitative enumeration can
provide a suitable reference for more advanced monitoring technologies, but it can be
somewhat inconsistent and timely when used by itself.

Enzyme-linked immunosorbent assays (ELISAs) can be used to quantify cyanotoxins
using competitive binding between antibodies and the targeted toxins [75]. The current
standard for microcystin detection is an assay that recognizes the β-amino acid, ADDA,
(4E, 6E 3-amino-9-methoxy-2, 6, 8-trimethyl-10-phenyldeca-4, 6-dienoic acid) that is present
in most of the penta- and heptapeptide congeners of microcystins and nodularins [76,77].
The ADDA-based ELISA method is rapid (2–3 h) and can be performed without pre-
concentration of lake water samples. It is highly sensitive, being able to detect a minimum
of 0.02–0.07 ng/mL of microcystins (Table 2), which is below the Health Canada guideline
for microcystin-LR of 1.5 ng/mL [78]. Commercially available ADDA-microcystin ELISA
kits (Manuals available at: https://www.enzolifesciences.com/ALX-850-319/microcyst
ins-adda-specific-elisa-kit/ (accessed on 18 February 2023) and https://www.cayman
chem.com/product/502000/microcystin-elisa-kit (accessed on 18 February 2023)) report
sensitivities ranging from 0.1–0.196 ng/mL (Enzo Life Sciences, Inc., New York, NY, USA,
Cayman Chemical, Ann Arbor, MI, USA) (Table 2). USEPA testing of the Abraxis ELISA
Microcystins Strip Test (Gold Standard Diagnostics Horsham Inc. Warminster, PA, USA)
provided a minimum reporting limit of 0.30 ng/mL (Table 2) [31]. Commercially available
kits can vary in terms of detection sensitivity/limit. Therefore, a comparative validation of
ELISA kits should be performed to determine the optimal sensitivity for a recreational water
ecosystem. One limitation of ELISA-based methods is their inability to distinguish between
different congeners of microcystins and nodularins present in a sample [76,79]. Lack of
specificity is reflected in common cross-reactions with microcystin degradation byproducts
and metabolites, which can lead to overestimation/false-positive of cyano-toxicity [80–83].

Chromatography purifies compounds (including cyanotoxins) based on hydrophobic,
hydrophilic, ionic, or affinity-based mobility through a separation medium [84]. It can
be coupled with a spectrophotometric detection method for quantification [18]. Liquid
chromatography–mass spectrometry (e.g., liquid chromatography–electrospray ionization–

https://www.enzolifesciences.com/ALX-850-319/microcystins-adda-specific-elisa-kit/
https://www.enzolifesciences.com/ALX-850-319/microcystins-adda-specific-elisa-kit/
https://www.caymanchem.com/product/502000/microcystin-elisa-kit
https://www.caymanchem.com/product/502000/microcystin-elisa-kit
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high-resolution mass spectrometry, ultra-high-performance liquid chromatography–high-
resolution mass spectrometry) can provide a sensitivity as low as 0.000004–0.02 ng/mL
(Table 2) [85,86]. Aside from lower detection limits (high sensitivity), chromatography
coupled with tandem mass spectrometry can differentiate between different cyano-toxin
congeners [87]. As such, chromatography-coupled–mass spectrometry methods are highly
sensitive and can resolve specific congeners of interest. Although, it is essential to note that
chromatographic methods require specific congener standards for qualitative/quantitative
assessment (pure quantity of targeted molecule). However, standards for only a few
naturally occurring microcystins are commercially available [80,88,89]. Additionally, chro-
matography requires highly trained personnel and high recurrent costs [90]. Overall, most
conventional methods have limitations that can be overcome by integrating or coupling
modern molecular biological or computational methods.

3.2. Molecular Methods and Techniques
3.2.1. Polymerase Chain Reaction (PCR) and DNA Sequencing

Conventional polymerase chain reaction (PCR) uses amplification of organism-specific,
genomic DNA sequences for qualitative (absence or presence) analysis, while real-time PCR
or quantitative PCR incorporates DNA binding dye or probe to quantify the DNA target
(cyanobacterial or cyanotoxin gene copy number) in purified DNA (e.g., DNA extracted
from an environmental sample, including algal blooms) [91]. Newer digital PCR techniques
that partition purified DNA samples into thousands of oil droplets or wells on a chip to
quantify the DNA target are also available. The expression of actively transcribed cyan-
otoxin genes can be assessed using reverse transcription qPCR (RT-qPCR) to distinguish
active from quiescent cells [92,93]. Universal gene target (16s rRNA) analysis, which has a
97% conserved region for cyanobacteria, is commonly used for qPCR studies [94–97]. One
assessment reported a detection limit of twenty-five gene copies per reaction (Table 3) [98].
Although the 16s rRNA gene effectively quantifies cyano-toxigenic cyanobacteria, including
Microcystis and Planktothrix spp. [77], it is not specific enough for all cyanobacteria and can
result in overestimation or false positives [99,100]. Attempts have been made to counter
non-specificity by using cyanobacterial barcoding (integrating PCR amplification and next-
generation DNA sequencing ), which can allow the use of downstream bioinformatics to
obtain a higher confidence level of cyanobacterial identification [101–103].

For cyanotoxin detection/quantification, the mcyE (microcystin gene cluster) assay
detects all potential microcystin producers and the nodularin synthetase gene clusters [104].
The mcyA assay covers many, but not all, microcystin-producing strains [9], while the mcyE
and mcyG assays are sensitive and specific to Microcystis and Planktothrix [105–107]. The
detection limit for the mcyE assay was reported to be 3–63 gene copies per PCR reaction
(Table 2) [108]. To increase the PCR detection specificity, conserved signature proteins
(CSPs) and conserved signature indels (CSIs) that are highly specific to a particular clade of
organisms can be used [109]. Thirty-nine cyanobacteria-specific conserved signatures pro-
teins have been identified for cyanobacteria species [110]. These can be used for generating
cyano-specific PCR/qPCR methods.

For application in the Great Lakes ecosystems, the USEPA and Health Canada have
identified PCR and qPCR as useful methods for detecting cyanobacteria and cyanotox-
ins [27,28]. PCR methodology has been used for qualitative analysis of bloom-infested
Lake Erie to determine that up to 42% of the total cyanobacterial population comprises
Microcystis, and the measured proportion of total Microcystis demonstrates a strong correla-
tion with total microcystin concentrations [98,111]. qPCR and RT-qPCR have recently been
demonstrated to be useful early warning tools for cyanobacterial blooms and cyanotoxin
production in inland lakes in Ohio [77,112]. Characterization of the spatiotemporal varia-
tion associated with cyanobacterial blooms in Lake Erie has also been assessed using PCR,
followed by high-throughput sequencing of the 16s rRNA gene [113]. These applications
indicate the potential of using PCR/qPCR and DNA sequencing for cyanobacterial identifi-
cation in the Great Lakes ecosystems.
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Compared to traditional methods, including microscopic enumeration, qPCR can be
more rapid and provide results within 3–4 h [77,90]. In addition, by incorporating the
cyanotoxin gene quantification, the cyanotoxin potential of recreational waters, includ-
ing the Great Lakes, can be determined [77]. A limitation of PCR is the potential to be
inhibited by environmental contaminants, including cell debris, humic acids, detergents,
and polysaccharides. These contaminants can degrade or sequester the DNA polymerase
and nucleic acids, thus inhibiting PCR amplification [49]. Furthermore, DNA extraction
efficiency can also be a limiting factor in PCR analysis. The efficiency of DNA recovery
in microbial identification can be approximately 30% or less due to the environmental
matrix interferences and unique resilience of the cyanobacterial cell wall and sheath [91].
Additionally, when using specific target genes for PCR, unknown toxigenic species with
environmental variations in the gene sequence may go undetected (under-representation
of the counts) [114,115]. On the other hand, non-viable cells can get detected when using
universal targets (over-representation of the data) [90]. While these are challenges for
PCR approaches, they can also be addressed through rigorous quality control steps, as
demonstrated by the development of USEPA’s standard Enterococcus qPCR method now
being applied at Great Lakes beaches [116,117]. In conclusion, PCR-based techniques can ef-
ficiently and conveniently monitor cyanobacterial quantity and toxicity, and the associated
limitations can be resolved by integrating other molecular methods.

3.2.2. Microfluidic and DNA Capture Devices

Microfluidic and DNA capture devices incorporate target-specific probes or fluo-
rophores that can bind to the target molecule in the cellular/DNA extract and generate
a signal corresponding to the amount of the targeted molecule [118,119]. A handheld
microfluidic device capable of rapid and onsite detection and identification of microcystins
and other cyanotoxins is available [120,121]. The device performs an automated ELISA
assay, as a disposable microfluidic cartridge, with a detection limit of 0.16 ng/mL (Table 2),
comparable to commercial ELISA kits for laboratory settings [120]. An antibody microarray
chip called CYANOCHIP Is available for cyanobacterial detection in soil and water samples.
It has a detection limit of 100–1000 cells (Table 3) [122,123].

Based on DNA sequence detection, a microfluidic chip biosensor targeting the
cyanopeptolin (a cyanotoxin produced by Planktothrix and Microcystis spp.) can provide
a detection limit of 6 × 10−12 M of target DNA [124]. However, testing was only con-
ducted with purified PCR products for this sensor. Similarly, a cantilever biosensor assay
designed to recognize a conserved region of the 16s rRNA gene in M. aeruginosa can detect
approximately 50 cells/mL in purified DNA and 500 cells/mL for river water samples
(Table 3) [125]. DNA chip assays are also available for both the 16s rRNA and mcyE genes
to monitor microcystin levels [126,127]. These have been tested for environmental samples,
and the detection limit is as low as 1–5 fmol of DNA (Tables 2 and 3) [126].

A significant advantage of microf”Iid’c and chip assays is their portability and mini-
mum sample volume [128]. The devices are also capable of providing rapid detection of
the target molecules. For example, the CYANOchip takes 3 h, including incubation time,
to provide results [123]. For the microarray chip, multiple targets can be monitored and
analyzed simultaneously using 17 antibodies [123], further enhancing its efficiency. These
factors all increase the potential for onsite microfluidics and chip technology applications.
However, testing on environmentally complex samples can reduce the sensitivity due to
the presence of background microorganisms [125]. A possible extension to microfluidic
devices is the biomonitoring tool, which determines analytes impacting algal growth with
high sensitivity and low sample volumes [36]. However, it is often difficult to directly
apply the results of biomonitoring to make predictions on freshwater ecosystems [33,36].
Overall, microfluidic and DNA capture devices can provide portability, but their usage
should be incorporated with the other molecular methods to obtain higher sensitivity.
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Table 2. Cyanotoxin (microcystin) detection and quantification methods.

Method Sensitivity Advantages Limitations

Enzyme-linked
immunosorbent assay

(ELISA)
0.02–0.30 ng/mL [31,76]

Rapid, high sensitivity, the
limit of detection within

Health Canada guidelines

Low specificity,
congener-independent,

cross-reaction with cyanotoxin
metabolites lead to false

positives/overestimation

Liquid
chromatography-mass
spectrometry (LC/MS)

0.000004–0.02 ng/mL [85,86]

High sensitivity, the limit of
detection within Health

Canada guidelines,
congener-specific

Few standards are commercially
available, require highly trained
personnel, high recurrent cost

Quantitative polymerase
chain reaction (qPCR)

targeting mcyE

3–63 gene copies per
reaction [108]

Rapid, allows both qualitative
and quantitative analysis,

allows assessment of
cyanotoxin potential

Environmental contaminants
can inhibit amplification,

species with sequence
variations may go undetected,
detection of non-viable cells

Microfluidic device 0.16 ng/mL [120,121]
Rapid, portable, and suitable

for the field use, requires
minimal sample volume

Reduced sensitivity, interference
from sample background

DNA capture targeting mcyE 1–5 fmol of DNA [126]
Rapid, convenient, potential

for field use, requires minimal
sample volume

Reduced sensitivity, interference
from sample background,
limited testing on complex

environmental samples.

4. Future Directions
4.1. Remote Sensing/Satellite Imaging

Satellite imaging and remote sensing algorithms allow coverage of a larger geographi-
cal area than the methods based on water sample collection. Standard sensors for monitor-
ing bloom dynamics include Landsat, Moderate Resolution Imaging Spectroradiometer
(MODIS), Medium Resolution Imaging Spectrometer (MERIS), and Ocean and Land Color
Instrument (OLCI) due to their optimum temporal, spatial, and spectral resolutions [70,129].
A novel method is available to determine the magnitude of cyanoHABs across the United
States using data from MERIS; the method has been extended to OLCI [130]. The cur-
rent Cyanobacteria Index (CI), which uses MERIS and OLCI data, identifies cyanotoxin-
producing cyanobacteria with 84% accuracy and a detection limit of 1 CI value (determined
based on chlorophyll-a absorption at and around 681 nm) (Table 3) [131,132]. Cyanotox-
ins cannot be directly measured using remote sensing, as the concentration can only be
determined indirectly by detecting the surrogate pigments, including phycocyanin or
chlorophyll-a [133]. To appropriately measure these pigments, band ratio algorithms in the
red and near-infrared spectral regions can be employed [129]. Evaluation of twenty-seven
algorithms for cyanobacterial biovolume determination indicates that both chlorophyll-a-
and phycocyanin-based algorithms achieved high detection accuracy, with phycocyanin
being slightly more sensitive than chlorophyll methods [134].

Remote sensing can especially be useful for inland water bodies [129], including the
Great Lakes. The Cyanobacteria Assessment Network (CyAN) project by the USEPA aims
to develop an early warning indicator system for cyanobacterial blooms in freshwater
systems using satellite data records [135]. The project utilizes products for MERIS, OLCI, as
well as MODIS. For this purpose, the potential for phytoplankton exposure at a Great Lakes
beach was determined using two remote sensing methods: the MODIS ocean chlorophyll-a
algorithm and the MERIS CI. As part of the EOLakeWatch (Earth Observation Lake Watch)
program, Environment and Climate Change Canada monitors the water quality of lakes
across Canada (including the Great Lakes) using satellite imagery [136]. Chlorophyll-a
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algorithms are applied to MERIS and OLCI data, from which algal bloom indices are
derived [137].

There are specific challenges accompanying the application of remote sensing for
bloom monitoring, a major one being the need to identify surrogate pigments. Variability in
the correlation between chlorophyll-a/phycocyanin and cyanotoxins can make it difficult
to accurately infer water toxicity from satellite imagery, especially for microcystins [133].
Remote sensing is also limited to water systems that cover large surface areas, and it
may be inaccessible for smaller, more secluded areas for recreation [70]. Additionally,
differing cyanobacteria composition and optical properties in parts of Lake Erie can lead
to misidentification by remote sensing algorithms [138]. Although remote sensing and
satellite imaging provide a broader geographical range of detection, this methodology may
be unable to distinguish between harmful algal blooms and other cyanobacterial biomass.
Integrating remote sensing with cyanotoxin quantification can overcome the specificity
limitation and provide more robust information.

4.2. Artificial Intelligence and Machine-Learning-Based Prediction Tools

Following the ever-increasing volume of available data on aquatic ecosystems, artificial
intelligence and machine-learning algorithms can become valuable tools in making predic-
tions on cyanobacterial bloom activities. There are multiple ways in which these algorithms
can be applied to cyanobacterial monitoring, including cell imaging and water quality pre-
diction deep learning algorithms [139–142]. Microscopic images of cyanobacterial samples
can be processed for enumeration and species identification using imaging-based detection
software. A fast regional convolutional neural network (R-CNN) was able to identify five
major species of cyanobacteria (including Microcystis spp.), with average precision values
ranging from 0.890 to 0.973 [141]. In the same study, a basic convolutional neural network
(CNN) was able to quantify populations of 50–250 cyanobacterial cells accurately (Table 3).
Another deep learning-based method for qualitative microscopic image processing using a
convolution fusion network (CFN) outperformed classic CNN models in terms of accuracy
with a prediction rate of 99.36% in classifying cyanobacterial cells [142]. A multi-objective
hybrid evolutionary algorithm (MOHEA) can provide crucial threshold exceedances of
local cyanobacterial outbreaks and forecast cyanobacterial activity seven days before bloom
events [139]. Chlorophyll-a, a compound necessary for photosynthesis, can be used to train
machine-learning algorithms and predict the onset of cyanobacterial blooms. For example,
an auto-regressive integrated moving average (ARIMA) model was developed to predict
the chlorophyll-a level in Lake Taihu, China. This model demonstrates the potential for use
as a cyanobacterial bloom warning system [140].

Unlike conventional or molecular biology methods, models rooted in artificial intel-
ligence and machine learning can solve more complex problems with a greater number
of variables [143]. Once proper algorithms have been developed and implemented, it can
reduce the need for onsite expertise in cyanobacterial monitoring [70]. However, these
technologies also possess many challenges in their current state of development. For ex-
ample, to reach an accurate and reliable prediction, it is necessary to integrate multiple
algorithms [144]. The dataset size needed is also an issue, as most collected data (70–80%)
are used as a training set [145]. Only the remaining 20–30% is used as test data to measure
prediction accuracy, creating a need for an immensely more extensive and diverse dataset
to observe all the possible environmental patterns [145]. The AI/machine learning models
produced under such strict guidelines may not be applicable across geospatial differences
or in environments with drastically different physical and chemical differences. These
limitations must first be addressed for the widespread adoption of AI and machine learning
technologies to be feasible.
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Table 3. Cyanobacterial detection and quantification methods.

Method Sensitivity Advantages Limitations

Microscopic enumeration Not applicable Simplicity, identification up to
the genus and species levels

Time-consuming, requires trained
personnel, and accuracy is

dependent on the skill of the analyst

Quantitative polymerase
chain reaction (qPCR)
targeting 16 s rRNA

25 gene copies per
reaction [98]

Rapid, allows both qualitative
and quantitative analysis

Non-specificity of a target gene,
environmental contaminants inhibit

amplification, detection of
unviable cells

Antibody microarray chip
(CYANOCHIP) 100 cells [122,123]

Rapid, convenient, potential
for field use, requires minimal

sample volume

Reduced sensitivity, interference
from sample background

Biosensor assay 50–500 cells/mL [125]
Rapid, convenient, potential

for field use, requires minimal
sample volume

Reduced sensitivity, interference
from sample background

DNA capture device targeting
16 s rRNA 1–5 fmol of DNA [126]

Rapid, convenient, potential
for field use, requires minimal

sample volume

Reduced sensitivity, interference
from sample background

Remote sensing 1 Cyanobacteria Index
(CI) value [132]

Extensive coverage of the
geographical area, useful for

inland bodies of water

Variability in the correlation
between surrogate pigment and
toxicity, inaccessible for smaller

areas, and differing cyanobacterial
composition leads to

misinterpretation

Artificial intelligence
(convolutional neural

network)
50 cells [141]

Capable of complex analysis,
reducing the need for onsite

expertise

Need to integrate multiple
algorithms for high reliability,
requires extensive and diverse
datasets, not applicable across

geospatial differences

5. Conclusions

Cyanobacterial harmful algal blooms threaten the conservation of essential freshwater
ecosystems, including the North American Great Lakes. Conventional/standard molecular
methods for cyanobacterial detection are available. However, specific limitations are
associated with each method.

1. Cyanobacterial cells resist disruption methods making quantitative recovery of po-
tential diagnostic molecules difficult. However, optimizing protocol parameters and
combining multiple lysis methods can lead to complete disruption

2. ELISA-based toxin detection methods (including microfluidic devices) alone cannot
resolve or quantify all microcystin congeners. Chromatography–mass spectrometry
methods can unambiguously identify microcystins and other cyanotoxins. However,
the obtained information is difficult to incorporate into a public health response due
to the lack of commercially available standards.

3. DNA diagnostic methods (PCR, DNA capture devices) targeting the 16 s rRNA gene,
while useful for other bacteria, is of limited value for cyanobacteria due to insufficient
specificity. This obstacle can be countered by metabarcoding or targeting a toxin gene
such as the Mcy (microcystin synthetase) gene cluster.

4. Bloom monitoring may be aided by novel technologies, particularly in quickly es-
tablishing spatiotemporal characteristics of specific events. These technologies can
augment traditional characterization methods in producing a public health response.
However, while ongoing, standardization of common tools for this ancillary informa-
tion still needs to be completed.
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5. Newer/modern technologies, including satellite imaging, biosensors, and machine
learning/artificial intelligence methods, can be integrated with the conventional/
standard molecular methods to overcome the problems associated with cyanobacterial
detection in recreational water ecosystems, including the Great Lakes.
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