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Abstract: Under the Climate Change scenario, the occurrence of Harmful Cyanobacterial Blooms
(HCBs) is an increasingly concerning problem. Particularly for inland freshwaters, that have human
populations depending on them for consumption or recreation, HCBs can lead to serious ecological
damages and socio-economic impacts, but also to health risks for local communities. From satellite
imagery to molecular data, there is an increasing number of methodological approaches that can
help improve the monitoring and prediction of cyanobacterial blooms. However, although each
methodology has its own strengths and limitations, generally there is a lack of data addressing
specific and intraspecific information, which has implications for the modelling and prediction of the
real dynamics and toxicity of HCBs. The present review intends to make a quick overview on current
approaches to monitor cyanobacterial blooms and provide a tier-based integrative perspective for
their application. A transversal monitoring at a wide scale should be enhanced but cannot rely only
on pigment levels but rather include the specific and intraspecific diversity information that can be
obtained from modern molecular tools. This is crucial to achieve the effective prediction, monitoring
and management of HCBs under their increasing occurrence and severity trends in freshwaters.
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1. Introduction

Cyanobacteria are ancient photoautotrophic bacteria, and their occurrence is ubiqui-
tous throughout aquatic bodies, although they can also be found in terrestrial ecosystems
or in symbiosis with other organisms, or even in extreme environments such as in hyper-
saline lakes, hot springs, polar regions, and deserts [1–4]. However, in freshwaters, the
study of the cyanobacterial community has been the focus of particular interest due to the
occurrence of Harmful Cyanobacterial Blooms (HCBs), resulting from the massive growth
of cyanobacteria that are potentially toxic, with impacts on both aquatic and terrestrial
organisms, leading to serious health impacts or even death [5–16]. Moreover, under a
climate change scenario, the concern with HCBs is growing due to their spread and in-
creased persistence worldwide [17–22], with major changes on the ecosystems [8,13,23,24]
but also posing risks to human health [5,25,26] and leading to socio-economic impacts in
local communities [18,27–32].

In fact, many bloom-forming cyanobacteria have been reported as toxic, with the
production of a wide range of toxins generally classified into hepatotoxins, neurotoxins,
cytotoxins and dermatotoxins/irritant toxins [26,33,34]. Nevertheless, the list of new cyan-
otoxins is still increasing [11,14,35,36]. The most reported cyanotoxins include: microcystins
and nodularin (hepatotoxins); saxitoxins, anatoxins and β-methylamino-L-alanine (neuro-
toxins); cylindrospermopsin (cytotoxin); lyngbyatoxins and aplysiatoxins (dermatotoxins);
and lipopolysaccharides (irritant toxins) [14,15,22,37–40]. For a long time, most attention
has been given to microcystins, mainly due to its global spread occurrence and impacts
on human health, either by acute or chronic exposure [5,39,41–44]. However, neurotoxic
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saxitoxins and anatoxin-a also pose significant health risks due to their rapid and acute
poisonings [39,45,46] as well as the potential for chronic effects by extended exposure to
low doses [47]. Cylindrospermopsin is another very frequent cyanotoxin [48,49], responsi-
ble for cytotoxic [26] and neurotoxic effects [50,51]. In fact, the proposed guideline value
for long-term exposure to cylindrospermopsin in drinking water is 0.7 µg/L, which is
even lower than the same guideline for microcystins (1.0 µg/L) [52]. Additionally, both
hepatotoxins and neurotoxins can persist in water for long periods of time (from days up
to several weeks) until its degradation [26,53], which increases the concern for extended
exposure. The bioaccumulation of these toxins has also been addressed for aquatic organ-
isms such as molluscs and fish [49,54–57] but also for crops irrigated with contaminated
water [12,35,58–60], highlighting the risk range and potentially wider effects of cyanotoxins’
occurrence. The most common exposure routes to cyanotoxins include the consump-
tion/drinking of contaminated water, but recreational exposure can also occur through the
accidental water swallowing, skin contact or even inhalation of scum aerosols [33,45,61,62].

The most frequent cyanobacterial genera reported to have toxic strains include Mi-
crocystis, Anabaena/Dolichospermum, Aphanizomenon/Cuspidothrix/Sphaerospermopsis, An-
abaenopsis, Cylindrospermopsis/Raphidiopsis, Oscillatoria/Planktothrix, Phormidium, Gloeotrichia,
Lyngbya, Nodularia, Nostoc and Synechococcus [22,28,39,63–73]. Nonetheless, an increasing
number of toxic bloom-forming species and strains has been recorded over the past two
decades and it is predicted that HCBs can become more frequent and persistent under a cli-
mate change scenario, with the extension of warmer seasons [74–79], along with increased
atmospheric CO2 levels and hydrological alterations due to extreme weather events such
as floods or droughts [22,28–30,80]. The spread of invasive tropical bloom-forming species,
including Raphidiopsis raciborskii, Cuspidothrix issatschenkoi and Sphaerospermopsis aphani-
zomenoides, has already been recorded at higher latitude regions across the globe [70,81–89]
and with cyanotoxins’ production [90–93].

However, not all strains within harmful cyanobacterial species are toxic and species-
specific and intraspecific information can thus have a crucial role for modelling and
management programmes. Presently, there are numerous approaches aiming to moni-
tor cyanobacterial blooms [7,14], but most of these are used independently, with major
information limitations, and are still generally not considering detailed specific data on
dominant cyanobacteria as essential to better understand the ecological dynamics of HCBs.

2. Impact of Intraspecific Variability on Blooms’ Ecology and Toxicity
2.1. Classical Taxonomy vs. Phylogenetic Approaches

Most historical records and ecological studies concerning cyanobacterial blooms have
been based on the identification of bloom-forming cyanobacteria using classical taxonomy
mainly sustained by phenotypic features, which can be tricky due to several reasons, namely
the diversity of strains/ecotypes [94]. Moreover, with the rise of DNA-based molecular
approaches (using mostly 16S rRNA gene sequences), the polyphyletic nature of some gen-
era has become controversial [65,95–97] and several taxonomical revisions have been made
for several species and even genera [94,98–103], using polyphasic approaches to integrate
morphological, biochemical and molecular information [99,101,103]. This re-classification
into new genera and species also amplified the confusion regarding the taxonomy of
blooming cyanobacteria and their correct identification, particularly for Nostocaceae gen-
era such as Anabaena and Aphanizomenon, which were divided into new genera including
Dolichospermum, Chrysosporum, Cuspidothrix or Sphaerospermopsis [97,103–105]. For instance,
Sphaerospermopsis aphanizomenoides was formerly known as Aphanizomenon aphanizomenoides
(Forti) Horecká and Komárek and Anabaena aphanizomenoides Forti [98,99,103,106]. Other
examples can be Raphidiopsis raciborskii and Cuspidothrix issatschenkoi, which were formerly
known as Cylindrospermopsis raciborskii (Woloszynska) Seenayya and Subba Raju and Aph-
anizomenon issatschenkoi (Usačev) Proshkina–Lavrenko, respectively [107,108]. Therefore,
many concerns have been raised related to the probability of misidentifications only rely-
ing on morphological characters under a light microscope, particularly when heterocysts
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and akinetes are not visible for nostocacean cyanobacteria [88,109–113]. In fact, although
necessary, the controversy over the past decades on cyanobacterial taxonomy regarding
Nostocales order, in particular, has also increased the confusion for a proper identifi-
cation [65,95–97,99,101,103,114,115]. This can have major implications for the previous
knowledge regarding the distribution and dynamics of species-specific blooms and their
ecology and toxicity [63]. Therefore, polyphasic approaches are crucial for the identification
and characterization of isolated cyanobacterial strains [101,116], allowing ulterior DNA
sequence match and identification through phylogenetic affiliation, along with ecologi-
cal and toxicological features [113,117,118]. This is the basis for a deeper exploration of
global distribution patterns of cyanobacterial species by comparing strains from diverse
geographical origins or from time-dispersed blooms [105,119].

2.2. Co-Dominance and Dynamics of Cyanobacterial Blooms

Cyanobacterial blooms are frequently co-dominated by several species (some of which
can be very similar under a microscope and difficult to distinguish and identify cor-
rectly [88,120]). Moreover, it is known that growth requirements can vary greatly between
different cyanobacterial species [19,22,52,121]. For instance, in spite of the relationship
frequently reported between the occurrence of cyanobacterial blooms and eutrophication,
blooms can occur under low levels of inorganic nitrogen and/or phosphorus, depending
on the dominant species [22,75,113,122]. Then again, climate change conditions produce
variations in the physiological responses of cyanobacterial cells and lead to important
changes in the composition of bloom-dominating strains and, consequently, impact the
whole dynamics and toxicity potential of a cyanobacterial bloom [30,123]. Nitrogen-fixing
cyanobacteria, in particular, can take special advantage of warmer and CO2-rich condi-
tions from climate change [123,124] and increase their geographic range of proliferation
in the near future. In fact, as referred above, several Nostocales invasive diazotrophic
and potentially toxic species (such as Raphidiopsis raciborskii, Cuspidothrix issatschenkoi and
Sphaerospermopsis aphanizomenoides) have already been increasingly reported at higher lat-
itudes [81,85,86,89,125–127]. On the other hand, during a bloom, the co-occurrence of
different strains from a same species is also common, which makes it impossible to differ-
entiate them exclusively using morphological features [88,118]. The phenotypic plasticity
of some species (namely the invasive R. raciborskii and S. aphanizomenoides) can also corre-
spond to intraspecific genetic heterogeneity even among strains from the same geographical
origin [118,128], suggesting a microevolution that can provide these species an increasing
expansion potential. These species-specific strains may diverse significantly in their eco-
logical requirements and/or toxic potential [106,113,117,129–131], with implications not
only for the bloom development and dynamics, but also for the toxicity outcomes and
health risks, depending on the ratio of non-toxic vs. toxic strains. Therefore, the search
for intraspecific information is becoming more and more important to understand local
to global biogeographical, ecological and toxicity patterns. Here, DNA-based molecu-
lar methodologies play a crucial role not only by helping to overcome misidentifications
based on morphological features but also by providing strain-specific data to track vari-
ations of cyanobacterial strains from geographically different regions [82,105,132,133] or
re-incidences of blooming strains over time in the same water body [88,118,134,135].

2.3. Intraspecific Cyanotoxin Production Potential

As discussed above, the taxonomic confusion and controversy has also had an im-
pact on the characterization of which cyanotoxins can be produced by each cyanobacterial
species [65]. Additionally, each species can have toxic and non-toxic genotypes [69,136–138],
which brings even more entropy into toxicological studies. The synthesis of different cyan-
otoxins relies on the presence of specific gene clusters [139–141], and some cyanobacteria
can also have biosynthesis gene clusters for more than one cyanotoxin [11], meaning that
cyanobacterial blooms can be also co-dominated by multiple-toxin-producing strains, as
previously reported [142,143]. Additionally, the regulation of cyanotoxins production
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varies at the strain level and can be affected by environmental factors such as temperature,
light, pH and concentration of nutrients such as iron and nitrogen [139] as well as the
bacteria present in water [144,145]. For instance, increased water temperature can influence
the toxic potential of a bloom by promoting a shift of dominance from non-toxic to toxic
cyanobacterial strains; at the same time, it can also increase toxin expression in the toxic
strains [136,146]. All these genetic and physiological variations at the species and strain
levels have implications on the overall toxicity of a bloom and toxicity assessment for
a particular species [147]. This highlights the need for more studies using polyphasic
approaches at the strain level combining at least a molecular characterization along with
geographical distribution, as the genotype differentiation in specific niches can be also
attributed to a selection from environmental factors [69].

3. Current Monitoring and Assessment Tools for Cyanobacterial Blooms
3.1. Methodologies Not Considering the Diversity of Cyanobacteria Nor Cyanotoxicity
3.1.1. Remote Sensing

The revolution of spatial exploration and satellites has brought an important possibility
to provide a monitoring approach at a wide geographical and temporal range for cyanobac-
terial blooms, using indexes that deliver estimates for photosynthetic pigments such as
chlorophyll a (Chl-a) and phycocyanin (PC) [148,149]. As PC is a cyanobacteria-specific
pigment (despite its punctual presence in some microalgae such as cryptophytes [150]),
this information should provide evidence on the occurrence of cyanobacteria-dominated
blooms rather than blooms of microalgae, as previously depicted from estimates using
only Chl-a (as this pigment is shared by other phytoplanktonic groups) in the beginning of
the 2000s [151]. In fact, recent algorithms are further trying to reduce the interference of
Chl-a on the estimation of PC [152,153]. Despite the limitations [154], studies using remote
sensing imagery for PC estimations have been hugely increasing over the past decade
making use of the opportunity to retrieve more directly cyanobacterial-related biomass
information from: extensive water surface areas, including entire water bodies; remote and
inaccessible regions; and historical data sets, in a time-saving and cost-effective way [151].

The most-used satellite data series have been provided by Landsat series, Moder-
ate Resolution Imaging Spectroradiometer (MODIS), Medium Resolution Imaging Spec-
trometer (MERIS), and, more recently, Sentinel-3 Ocean Land Colour Instrument (OLCI).
However, as satellite imagery is based on optical properties, there are limitations for the es-
timation of pigment concentrations [155–157]. Moreover, the use of different satellite source
data for modelling is also risky due to the lack of data homogeneity as a consequence of the
diversity of resolution and spectra from the different sensors, as well as the interferences
from clouds, atmosphere and water reflectance [158]. For inland waters, Landsat satellite
imagery provides valuable continuous time-series data sets to estimate PC and turbidity,
already available for almost four decades and have been used to study cyanobacterial
blooms at big lakes such as Lake Erie [159], Taihu Lake [160] or Lake Champlain [161],
taking advantage of the fine resolution (about 30 m). However, under a rapid change
into a cyanobacterial bloom development, a coarse revisit time of 16 days is not sufficient.
There are also some limitations regarding the use of empirical models. On the other hand,
MODIS, MERIS and OLCI imagery data, although possessing a wider range of spectral
bands and a shorter revisit time (up to 1 day), have only more recent data (since 2000,
2003 and 2016, respectively) and are not adequate to monitor small waterbodies due to
their low spatial resolution (about 300 m). There are also limitations in PC estimation
for blooms of cyanobacteria in inland waters, namely under oligotrophic conditions or
during blooms with other phytoplankton (where other pigments’ signatures overlap in the
signature curves) [162–164]. More recently, the launch of Sentinel-2 MSI (Multiple Spectral
Instrument) and Lansat-8 OLI (Operational Land Imager) has provided the acquisition of
data that could be comparable and with higher spatial resolution (10–60 m and 30 m, respec-
tively), which is more adequate to monitor medium to small lakes and reservoirs [165–168].
However, the design of their imagery sensors was not originally thought for aquatic appli-
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cations and the lack of an orange band (~620 nm) has been challenging and has required
the development of complex algorithms for PC estimation [169,170].

Nevertheless, despite all limitations, remote sensing PC estimation has proven to
provide a valuable proxy to cyanobacterial biomass, which can be a powerful tool to be
complemented by field data, namely concerning bloom aggregations in the surface water.
Yet, by itself, it is not sufficient to take further conclusions on the dominant cyanobacteria
or real toxic potential of a bloom.

3.1.2. In Situ Sensors and Automated Unmanned Vehicles (AUVs)

Fluorescence probes have proven to be the most suitable approach for wide real-time
monitoring to detect the development of a cyanobacterial bloom [171]. In situ and portable
devices are now commercially available [32] to fulfil the primary screening and early alert
for any bloom formation through the real-time monitoring of pigments such as Chl-a
and PC, allowing to differentiate the occurrence of microalgal and cyanobacterial blooms
through submersible fluorometers or laboratory spectrofluorometers. However, in situ
phycocyanin fluorescence probes can also have some interferences for a correct measure-
ment of PC due to factors such as natural organic matter, water temperature or natural
light [172]. Another issue to consider is, once again, the species-specific variation, resulting
in different PC concentrations due to disparities in cell PC content and cyanobacterial cell
biovolume among the different bloom-forming species [172,173]. This hinders a correct
definition of general thresholds for PC concentration. The spatial range of in situ sensors
is also limited but the outcomes are worth it for their routine use instead of the pigment
extraction procedures.

The interference from clouds, atmosphere and land reflectance at the nearshore zones
when using remote sensing can also be surpassed by using imagery from automated un-
manned vehicles (AUVs) including drones, boats, underwater vehicles and water samplers
that can provide information from spatial or vertical depth profiles, hotspots, nearshore
zones or critical health risk areas during the bloom development [174–177] and help cali-
brate and validate the algorithms for PC estimation from remote imagery data in lakes and
reservoirs [170]. Additionally, data from low orbiting satellites such as CubeSats [178] can
also be an interesting alternative. Despite the limitations previously recorded for samples
dominated by filamentous bloom-forming strains [179], flow cytometry has also been devel-
oped to study the phytoplankton community structure and abundance as well as viability
and metabolic activity of cyanobacteria [180]. This makes submersible flow cytometers also
a valuable source of real-time data, and a semi-automated classification of cyanobacteria by
devices such as FlowCAM or Imaging FlowCytobot, despite its limitations to distinguish
between species [181,182], can develop as a promising tool for routine real-time monitoring
of bloom-forming cyanobacteria in water bodies.

Information from environmental parameters and nutrients is also crucial to understand
the drivers behind the variation of community structure and toxic potential of a bloom
at the strain level, as discussed above. A huge variety of affordable portable sensors
are now also accessible for real-time quantification of environmental parameters such
as temperature, conductivity, pH and dissolved oxygen. More accessible and portable
fluorometry equipment are likewise available and can also be used for citizen science
programmes without needing a high degree of expertise to use it, extending the range of
source data in small lakes and reservoirs for which remote sensing methodologies are not
yet optimised.

3.1.3. Turbidity and Visual Inspection—The Contribution from Citizen Science

The change in water transparency and colour (including the potential formation of
scum) during cyanobacterial blooms is visible and easily recordable through an image cap-
ture (e.g., BloomWatch and Bloomin’ Algae apps, created by U.S. Environmental Protection
Agency and the U.K. Centre for Ecology and Hydrology, respectively) or by using simple
methodologies. In fact, affordable turbidity sensors or Secchi-disk depth approaches have
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been widely used for water quality assessment even through citizen science without the
need for deep expertise [183–185]. This information has been used as an additional data
source for monitoring the occurrence of cyanobacterial blooms [186]. Of course, depending
on the blooming species, there will be a diverse colour palette as well as a different aspect
at the surface water, as not all species form the characteristic scum during blooms and there
is no guarantee that the bloom is from cyanobacteria without further analyses. For instance,
strains belonging to Microcystis, Dolichospermum, Cuspidothrix or Aphanizomenon usually
form surface blooms with visible streaks or even scum at the water surface, but for genera
such as Plantothrix or Raphidiopsis, blooms can also occur spread across the water column
and the water does not seem to have an occurring bloom taking place which can cause
increased risks [14,52].

Nevertheless, despite these limitations from visual inspection and turbidity in water
bodies and the potential errors/bias of citizen science-based approaches, the originated
data may be of great importance as a first “real-time” screening for cyanobacterial blooms’
development and should be promoted, particularly for small lakes and reservoirs, where
remote sensing is not yet suitable to use, also increasing the awareness of citizens for this
global societal problematic.

3.2. Methodologies Considering the Diversity of Cyanobacteria or Cyanotoxins
3.2.1. Microscopic Identification and Cell Counting

The use of microscopy is the traditional analysis to identify and count cyanobacteria
in water samples, namely during cyanobacterial blooming events. Cell counts are usually
made using sedimentation chambers in an inverted light microscope [14] but can also
make use of epifluorescence by staining samples with selective dyes to distinguish au-
totrophic from heterotrophic cells [187]. However, these microscopy techniques are limited
to a time and spatial point, requiring highly skilled personnel with taxonomical expertise
and, by using light microscopy, there are major limitations to identify and count small
cyanobacteria as well as dense spherical colonies (such as in most Microcystis spp.). This can
lead to bias in total cyanobacterial cell and biovolume estimations which are parameters
used by the WHO to recommend an Alert Levels Frameworks for drinking and recre-
ational waters, indicating the potential for toxic risks [14]. Moreover, misidentifications
are frequently detected, either due to the numerous recent taxonomical revisions or the
limitations of morphological identification under a microscope. In particular, the high
controversy on the taxonomy of Anabaena/Aphanizomenon-like cyanobacteria has a long
background but modern cyanobacterial taxonomy based on polyphasic approaches have
brought consensus and are providing a solid basis for the correct identification of Nosto-
cales cyanobacteria [95,98,99,106,188]. Then again, there is the limitation that microscopy
observation techniques do not allow the differentiation between toxic and non-toxic strains
of a same species using morphological features.

Over the past three decades, there have also been some proposed methods for dig-
ital image recognition of cyanobacteria [189,190], but even with the recent technological
innovation of digital image processing and machine learning, there is still much to de-
velop until it can be a feasible tool to correctly recognise and identify cyanobacteria up
to the species level in complex environmental mixtures [191–194]. The set of taxa used
for training, calibration and validation of the models are still very limited which hinders
the potential for its effective application in environmental water samples. Nevertheless,
this kind of automatised methodologies using artificial intelligence (AI) will surely be the
basis of future monitoring for HCBs by simultaneously integrating and processing data
from diverse sources and correcting it according to the historical occurrence data from the
particular water body geographical origin, highlighting the importance of creating local
databases for cyanobacterial blooms.
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3.2.2. DNA-Based Molecular Approaches

Several community profiling techniques based on DNA have been used over the
past decades. Methodologies such as Denaturing Gradient Gel Electrophoresis (DGGE)
and Fluorescent In Situ Hybridization (FISH) allowed to target and study the diversity of
cyanobacterial communities directly from environmental samples without the need for
cyanobacteria isolation and culture in the laboratory [195,196]. DGGE, in particular, was
widely used to study variations in bacterial–cyanobacterial communities through space
and time [56,197–202]. However, limitations mainly linked to effort and time consumption
to obtain only a limited number of sequences have reduced its use as High-Throughput
Sequencing (HTS) techniques became less expensive and more accessible, providing a huge
amount of data to explore. This rapid development of sequencing analyses has allowed
metagenomic approaches to bring a new perspective into cyanobacterial blooms dynamics
and ecology by studying whole cyanobacterial communities directly from environmental
samples and providing a huge amount of sequencing data, namely supplementary infor-
mation on non-cultivable and/or low-density cyanobacteria. HTS analysis has helped
to unravel the diversity within a cyanobacterial bloom, using 16S rRNA gene or 16S
rRNA-23S rRNA ITS (internal transcribed spacer) sequences, directly from environmental
samples, providing an overview of spatial and/or temporal variations of cyanobacterial
bloom-forming phylotypes in space and/or time [88,134,135,203–205], but also cyanotoxin
assessment and dispersal [63,66,92,206]. Moreover, HTS can simultaneously provide in-
formation on the overall microbial communities during the occurrence of cyanobacterial
blooms and help explore their role in the blooms’ dynamics [88,135,207,208]. Depending on
the dominant cyanobacterial species/strain during a bloom, significant variations can occur
at the level of bacterial community composition, with reciprocal impacts on the bloom
dynamics and toxicity, as some bacteria can promote/inhibit growth [209,210] whereas
others can lyse cyanobacteria [211] and/or degrade cyanotoxins [144,145]. Therefore, this
complementary information could also have major implications for subsequent modelling
and water management strategies.

Nevertheless, despite all the advantages of studying the overall cyanobacterial com-
munity directly from environmental samples, it is crucial to increase the isolation and
characterisation of dominating strains from cyanobacterial blooms in order to explore the
intraspecific genetic variation of blooming species as well as their potential differences in
physiology and toxicity, contributing to the creation of local database sets for each target
water body. Several techniques have been used to genotypically distinguish strains from
the same species, from fingerprinting to sequencing of phylogenetically relevant DNA frag-
ments [82,105,118,132,133]. Once the different strains are characterised, their re-incidence
would become easier to detect, even when using molecular approaches targeting the whole
cyanobacterial community (such as HTS). In fact, over the past decade, a wide variety of
studies using omic approaches (from genomics to metabolomics) has provided the estab-
lishment of increasingly robust databases which did not exist in the beginning of the omic
analyses for cyanobacteria (about 25 years ago) due to the lack of species-specific data. The
number of deposited genomes from bloom-forming cyanobacteria has increased, regarding
genera such as Microcystis, Cylindrospermopsis/Raphidiopsis, Aphanizomenon, Dolichosper-
mum/Anabaena, Lyngbya, Nostoc, Nodularia and Oscillatoria/Planktothrix [62,212]. This ex-
pansion in genomic information is not only in quantity but also in reviews and annotation,
allowing an increasing robustness of genetic databases for the comparative analysis of
sequencing results. Although these molecular methods are not yet suitable for a routine
monitoring basis, as the procedures require time, expertise and demanding laboratory
procedures besides the high cost for regular analyses that correspond to a one time and
space sample each, they provide crucial information that should be considered for future
modelling and management approaches.
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3.2.3. Detection and Quantification of Cyanotoxins

Presently, cost-effective molecular approaches based on PCR and qPCR (quantitative
Polymerase Chain Reaction) to detect genes from the operons involved in the biosynthesis of
cyanotoxins can provide preliminary information on the toxic potential of a bloom [213,214].
Moreover, there are simple qualitative cyanotoxins assays and qPCR portable devices that
can be a valuable screening tool for water managers or can be even used in citizen science
projects. Other more complex methodologies such as FISH have also been used to detect
specific toxic cyanobacteria targeting ribosomal sequences [215] or cyanotoxins synthesis-
related genes [213,216–218]. HTS has also been applied to match genes of cyanotoxins to
the corresponding toxigenic cyanobacterial taxa present in environmental samples [219].
However, the presence of a gene cluster does not mean the cyanotoxin is actually being
synthesised which hinders to conclude about the actual toxic risk of a cyanobacterial bloom.

Therefore, biochemical detection techniques such as Enzyme-Linked Immunosorbent
Assay (ELISA) or Protein Phosphatase Inhibition Assay (PPIA), and analytical methods
including High-Performance Liquid Chromatography—Ultraviolet (HPLC-UV) or Liquid
Chromatography—Mass Spectrometry (LC-MS) are still the most used methodologies for
cyanotoxins quantification. However, these have advantages (namely the quantification
of cyanotoxins), but also limitations mainly regarding the costs, time-consumption, and
technical expertise [32]. Another issue to consider is that these methodologies analyse
only one cyanotoxin at a time. On the other hand, in spite their importance to detect
simultaneously the presence cyanotoxins and their effects, bioassays have been less used
to the ethical issues associated with its wide application, and new methods have been
developed such as aptamer-biosensors [220] although these are still not much used.

Although the quantification of toxins can be considered the ultimate goal of the moni-
toring strategy for cyanobacterial blooms, in order to manage immediate health risks for the
water users, it is crucial to understand under which conditions these cyanotoxins are being
produced and by which cyanobacteria. This could lead to better prediction modelling and
management but requires a tier-based and integrated approach with methodologies that
also provide information at the specific and intraspecific levels, in order to also consider
the prevalence of toxic over non-toxic genotypes. Once again, there is the need to isolate
bloom-forming strains to characterize them using polyphasic approaches (with morpho-
logical, molecular, and toxic features) to allow future re-incidences and related toxic risks.
More studies are needed regarding the dynamics of toxic vs. non-toxic strains within a
same species.

4. Integrative Perspective for an Effective Monitoring and Modelling of HCBs

The perspective for the future monitoring and assessment of cyanobacterial blooms
must be based on the integration of different data sources used for diverse but comple-
mentary monitoring purposes (Figure 1), allowing the development of robust predictive
models based not only on metadata but also on scattered information, namely from his-
torical records. The recovery, compilation, and integration of historical data in modelling
is crucial to go further in the completion of this “puzzle”, even if it is dispersed in time
and space. However, caution must be considered regarding nomenclature issues when
dealing with historical data, in particular. Classical microscopic identification based only on
morphological features can be hindered by factors such as the similarity between some taxa
and the numerous taxonomical reviews over the past two decades, which may have led to
misidentifications of cyanobacterial organisms or nomenclature mismatches, compromising
a wider ecological and toxicological research on species-specific cyanobacterial blooms
dynamics. Presently, DNA-based molecular methodologies play here a crucial role not
only by helping to overcome misidentifications based on morphological features but also
by providing strain-specific data that could be used in blooms’ prediction models and
water management programmes. HTS analysis, in particular, as it becomes more affordable,
should be considered for routine monitoring programmes, with the advantage of providing
quantitative information and tracking re-incidence of bloom-forming cyanobacterial strains
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directly from water samples, minimizing constrains of culture-dependent approaches and
classical ambiguous microscopic identifications. Furthermore, it should be raised the
possibility of creating thresholds under the Alert Levels Frameworks for these molecular
data (based on relative percentages of cyanobacterial OTUs recovered from HTS analysis
through an equation where PC concentration should be considered as a proxy for total
cyanobacterial biomass).
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information as well as some associated limitations.

As discussed in this review, the toxic potential of an HCB depends on intraspecific
genetic and physiological features of dominant cyanobacteria but also on environmen-
tal factors that impact the dominance of some strains over the others, as well as gene
expression and toxin synthesis. Therefore, it is essential to crossover information of cyan-
otoxins occurrence with the producing cyanobacterial species/strains (as there are toxic
and non-toxic genotypes) in order to go further in the understanding of HCBs and also
the environmental context of their occurrence. Monitoring must aim not only to report the
presence of cyanobacterial blooms but also to collect data to understand their occurrence
and dynamics (see Figure 2).

The creation of global, regional, and local cross-referenced databases is also urgent,
where multilevel source data could be easily assembled and made available for scientists,
water managers, and civil society in a collaborative way.

As represented in Figure 2, the first level of information (phase I), concerning water
colour and/or pigments (Chl a and PC) concentration estimation at a wide geographical
scale and not depending on sampling and processing samples, can be provided by remote
sensing but also by increasing citizen science programmes, where reliable information
cannot be retrieved from satellite imagery. In fact, although remote sensing has provided
an important basis for monitoring Harmful Algal Blooms (HABs) in the ocean and big
lakes across the world, major drawbacks are encountered to monitor small reservoirs and
lakes from space. However, these small freshwater bodies, mostly used for agriculture or
recreational purposes, are also more prone to develop recurrent and severe cyanobacterial
blooms (most of which dominated by toxic strains, leading to higher cyanotoxin levels),
with immediate impacts for water users through skin contact, accidental swallowing of
contaminated water, or inhalation of aerosols from scum, making urgent their monitoring
on a daily or at least weekly basis. Therefore, at a regional scale, when alternative ap-
proaches based on local in situ fluorometric sensors or UAVs for a real-time monitoring are
not available, the potential contribution of citizen science for “real-time” visual inspection
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or turbidity measurements should also be considered increasingly relevant at small water
bodies (namely recreational urban lakes). Alternatively, whenever possible, particularly
in large water bodies used for drinking water supply or recreation, in situ sensors and
AUVs should complement the first level data by providing spatial information on the
growing bloom distribution and pigments’ concentrations (Chl a and PC). In the presence
of PC and Chl a levels near the lowest thresholds recommended by the WHO [14], action
should be taken to phase II to further characterise the bloom through water sampling and
the exploration of specific information on dominant cyanobacteria and toxic potential. In
the lack of specialized operators for microscopic identification and cell counting, samples
should be collected, filtered using 0.22 µm polycarbonate filters, and frozen (following a
protocol using sterile conditions), for ulterior DNA extraction and analysis, namely through
HTS (to search for cyanobacterial diversity) and qPCR (to search for cyanotoxin producers).
Due to the cyanobacterial inter- and intra-specific genetic and physiological diversity, the
massive promotion of molecular DNA-based approaches (such as HTS) must be the main
direction in the near future to effectively approach and study HCBs dynamics. Following
this strategy, the amount of information that could be cross-linked would tremendously
increase the databases with more robust information that could better feed predictive
models for HCBs.
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multi-tiered inputs from different information sources to feed models.

Multi-tiered based approaches for monitoring HCBs have been proposed over the last years
by integrating several methodologies with different purposes at different stages [32,221–224]
and most modelling approaches are already integrating field sampling data with remote
sensing imagery providing models considering hydrodynamics, wind/wave, sediment
transport, and biogeochemistry. However, although Chl a and PC-based models and
studies are essential, they will not help per se to unravel species-specific cyanobacterial
blooms dynamics. Robust calibration and validation of the models with independent
quality data are crucial and data from methodologies providing primary real-time infor-
mation on blooms development must be combined with approaches that can accurately
identify and provide quantitative information on dominant cyanobacteria (at least at the
specific level, but preferably at the infra-specific level, using molecular data instead of
microscopic analysis). Otherwise, the models become “blind”, no matter the complexity
of algorithms and machine learning approaches, as the source data possess such a high
degree of variability that could be drastically explained if using specific and intraspecific
data. Multidisciplinary studies and models must therefore be promoted to integrate the
different disciplines in a same approach. The development of models to understand HCBs
distribution at a regional or even at a global scale must start incorporating data from diverse
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sources, from satellite imagery to dominant species/strains and cyanotoxins, along with
environmental parameters and hydrological features, but all of these under an ecological
perspective. Some models are also beginning to incorporate information at the cellular
level (from transcriptomics, proteomics, and metabolomics) [212,225], which could help
understanding why and how some cyanobacterial strains are dominant, but there is still a
long way to go until an overall integration of data is feasible. As proposed in the model
above and also discussed by Thompson et al. [226], a global programme for cyanobacterial
monitoring should include the recommendation to collect and preserve samples for future
genomic analysis when the conditions are not suitable at the moment, for several reasons.
This can be a low time-consuming and cost-effective alternative to keep historical “freezed”
information that can be analysed a posteriori if considered relevant but that does not become
lost due to expertise and/or cost constraints.

On the other hand, automated methodologies using artificial intelligence (AI) will
surely be the basis of future monitoring for HCBs and models will simultaneously integrate
multisource data from diverse sources (remote sensing, in situ pigment sensors, UAVs,
microscopy image recognition, molecular data from HTS and cyanotoxins, along with
environmental parameters) and make real-time corrections according to the geographical
historical database. Predictions will also become more realistic and consequently, the
prevention of toxic cyanobacterial blooms outcomes will also be more effective. However,
instead of the generalisation trend on the development of robust algorithms that can have
a wide application throughout diverse water bodies across the globe to improve the output
from remote sense data, maybe a new perspective is needed for the differentiation and
variation arising from the ecological diversity of dominant cyanobacteria in blooms. The
diversification of models is inevitable, as different blooming-species (and strains) can
have major differences in ecological dynamics and toxicity. This is crucial to go deeper
on the global ecology of HCBs and successfully understand, model, and predict their
future occurrence.

Ultimately, national/regional collaborative programmes should be thought and eval-
uated, where diverse partners can provide different inputs, depending on their level of
expertise (from scientific laboratories to water managers), but definitely not forgetting the
involvement of the civil society (namely through citizen science approaches).

Funding: This work had the financial support from CESAM (UID/AMB/50017/2020), FCT/MCTES
and FEDER (PT2020 Partnership Agreement and Compete 2020). FCT (Fundação para a Ciência e
Tecnologia) funded a research contract for D.R.F. supported by national funds (OE), according to the
DL 57/2016 (https://doi.org/10.54499/DL57/2016/CP1482/CT0034).

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Xu, H.-F.; Raanan, H.; Dai, G.-Z.; Oren, N.; Berkowicz, S.; Murik, O.; Kaplan, A.; Qiu, B.-S. Reading and Surviving the Harsh

Conditions in Desert Biological Soil Crust: The Cyanobacterial Viewpoint. FEMS Microbiol. Rev. 2021, 45, fuab036. [CrossRef]
2. Jasser, I.; Panou, M.; Khomutovska, N.; Sandzewicz, M.; Panteris, E.; Niyatbekov, T.; Łach, Ł.; Kwiatowski, J.; Kokociński,
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and Historical Overview of Cyanotoxin Distribution and Cyanobacterial Poisonings; Springer: Berlin/Heidelberg, Germany, 2019;
Volume 93, ISBN 0123456789.

40. 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. Toxic
Cyanobacteria and Drinking Water: Impacts, Detection, and Treatment. Harmful Algae 2016, 54, 174–193. [CrossRef]

41. Cao, L.; Massey, I.Y.; Feng, H.; Yang, F. A Review of Cardiovascular Toxicity of Microcystins. Toxins 2019, 11, 507. [CrossRef]
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81. Rzymski, P.; Brygider, A.; Kokociński, M. On the Occurrence and Toxicity of Cylindrospermopsis raciborskii in Poland. Limnol. Rev.
2017, 17, 23–29. [CrossRef]

82. Moreira, C.; Fathalli, A.; Vasconcelos, V.; Antunes, A. Genetic Diversity and Structure of the Invasive Toxic Cyanobacterium
Cylindrospermopsis raciborskii. Curr. Microbiol. 2011, 62, 1590–1595. [CrossRef]
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110. Johansen, J.R.; Kovacik, L.; Casamatta, D.A.; Fučiková, K.; Kaštovský, J. Utility of 16S-23S ITS Sequence and Secondary
Structure for Recognition of Intrageneric and Intergeneric Limits within Cyanobacterial Taxa: Leptolyngbya corticola sp. nov.
(Pseudanabaenaceae, Cyanobacteria). Nova Hedwig. 2011, 92, 283–302. [CrossRef]

111. Moore, D.; McGregor, G.B.; Shaw, G. Morphological Changes during Akinete Germination in Cylindrospermopsis raciborskii
(Nostocales, Cyanobacteria). J. Phycol. 2004, 40, 1098–1105. [CrossRef]

112. Ryu, H.S.; Shin, R.Y.; Lee, J.H. Morphology and Taxonomy of the Aphanizomenon spp. (Cyanophyceae) and Related Species in the
Nakdong River, South Korea. J. Ecol. Environ. 2016, 41, 6. [CrossRef]

113. de Figueiredo, D.R.; Gonçalves, A.M.M.; Castro, B.B.; Gonçalves, F.; Pereira, M.J.; Correia, A. Differential Inter-and Intra-Specific
Responses of Aphanizomenon Strains to Nutrient Limitation and Algal Growth Inhibition. J. Plankton Res. 2011, 33, 1606–1616.
[CrossRef]

114. Komárek, J. Modern Taxonomic Revision of Planktic Nostocacean Cyanobacteria: A Short Review of Genera. Hydrobiologia 2010,
639, 231–243. [CrossRef]

115. Komárek, J. Cyanobacterial Taxonomy: Current Problems and Prospects for the Integration of Traditional and Molecular
Approaches. Algae 2006, 21, 349–375. [CrossRef]

116. Komárek, J. Quo Vadis, Taxonomy of Cyanobacteria (2019). Fottea 2020, 20, 104–110. [CrossRef]
117. Sanchis, D.; Carrasco, D.; Quesada, A. The Genus Microcystis (Microcystaceae/Cyanobacteria) from a Spanish Reservoir: A

Contribution to the Definition of Morphological Variations. Nova Hedwig. 2004, 79, 479–495. [CrossRef]
118. de Figueiredo, D.R.; Alves, A.; Pereira, M.J.; Correia, A. Molecular Characterization of Bloom-Forming Aphanizomenon Strains

Isolated from Vela Lake (Western Central Portugal). J. Plankton Res. 2010, 32, 239–252. [CrossRef]
119. Werner, V.R.; Laughinghouse, H.D., IV; Fiore, M.F.; Sant’anna, C.L.; Hoff, C.; de Souza Santos, K.R.; Neuhaus, E.B.; Molica, R.J.R.;

Honda, R.Y.; Echenique, R.O.; et al. Morphological and Molecular Studies of Sphaerospermopsis torques-reginae (Cyanobacteria,
Nostocales) from South American Water Blooms. Phycologia 2012, 51, 228–238. [CrossRef]

120. Lv, X.; Cheng, Y.; Zhang, S.; Hu, Z.; Xiao, P.; Zhang, H.; Geng, R.; Li, R. Polyphasic Characterization and Taxonomic Evaluation
of a Bloom-Forming Strain Morphologically Resembling Radiocystis fernandoi (Chroococcales, Cyanobacteria) from Lake Erhai,
China. Diversity 2022, 14, 816. [CrossRef]

121. Tanvir, R.U.; Hu, Z.; Zhang, Y.; Lu, J. Cyanobacterial Community Succession and Associated Cyanotoxin Production in Hypereu-
trophic and Eutrophic Freshwaters. Environ. Pollut. 2021, 290, 118056. [CrossRef]

122. Gobler, C.J.; Burkholder, J.A.M.; Davis, T.W.; Harke, M.J.; Johengen, T.; Stow, C.A.; Van de Waal, D.B. The Dual Role of Nitrogen
Supply in Controlling the Growth and Toxicity of Cyanobacterial Blooms. Harmful Algae 2016, 54, 87–97. [CrossRef]

123. Ma, J.; Wang, P. Effects of Rising Atmospheric CO2 Levels on Physiological Response of Cyanobacteria and Cyanobacterial Bloom
Development: A Review. Sci. Total Environ. 2021, 754, 141889. [CrossRef]

124. Symes, E.; van Ogtrop, F.F. The Effect of Pre-Industrial and Predicted Atmospheric CO2 Concentrations on the Development of
Diazotrophic and Non-Diazotrophic Cyanobacterium: Dolichospermum circinale and Microcystis aeruginosa. Harmful Algae 2019, 88,
101536. [CrossRef] [PubMed]
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126. Budzyńska, A.; Rosińska, J.; Pełechata, A.; Toporowska, M.; Napiórkowska-Krzebietke, A.; Kozak, A.; Messyasz, B.; Pęczuła, W.;
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