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Abstract Cyanobacterial-derived water quality impairment
issues are a growing concern worldwide. In addition to their
ecological impacts, these organisms are prolific producers of
bioactive secondary metabolites, many of which are known
human intoxicants. To date only a handful of these com-
pounds have been thoroughly studied and their toxicological
risks estimated. While there are currently no national guide-
lines in place to deal with this issue, it is increasingly likely
that within the next several years guidelines will be imple-
mented. The intent of this review is to survey all relevant
literature pertaining to cyanobacterial harmful algal bloom
secondary metabolites, to inform a discussion on how best
to manage this global public health threat.
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Introduction

Cyanobacteria, commonly referred to as blue-green algae, are
a phylum of photosynthetic bacteria that are ubiquitous in
freshwater, estuarine and marine waters [1]. Many of the

genera in this phylum are positively buoyant and, when con-
ditions are appropriate, they can “bloom” as dense, paint-like
scums on the water surface [2]. Global climate change, partic-
ularly rising temperatures [3] and increasing atmospheric CO2

concentrations [4, 5], nutrient over-enrichment due to fertilizer
misuse and wastewater discharges [6] and hydrologic modifi-
cations to the natural environment (eg, damming rivers) [7],
are all expected to contribute to an increase in the frequency
and magnitude of cyanobacterial harmful algal blooms
(CHABs). Many of the CHAB genera produce potent toxins
that are a growing public health concern due to their wide-
spread presence in temperate and tropical waters and their
history of poisoning events of wild and domestic mammals,
birds, and humans, which have been well documented over
the past 100+ years [8–11]. Additionally, there are concerns
that as CHABs become more severe due to climate change
and eutrophication (nutrient over-enrichment), a positive
feedback loop may select for toxigenic (microcystin-
producing) populations over their nontoxic counterparts
in response to augmenting oxidative stressors within the
local bloom environment [12].

Human exposures to cyanobacteria and/or their harmful
metabolites can occur in a number of ways. The most likely
exposure is by recreating on waters where cyanobacterial ac-
cumulations are present. Skin contact with blooms may result
in acute dermatitis and inhalation of water spray containing
cyanobacteria may exacerbate pre-existing respiratory condi-
tions such as asthma [13]. While exceedingly rare, hospitali-
zations and human fatalities have been linked to recreational
exposures to CHABs [14, 15]. However, direct ingestion, ei-
ther through drinking water or by consuming contaminated
seafood–due to toxin biomagnification, remains the primary
exposure route of concern [16]. Reporting of algal bloom-
associated disease outbreaks is not currently mandatory in
the U.S., although there are channels through which reports
can be voluntarily submitted, including the Center for Disease
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Control’s (CDC) Waterborne Disease and Outbreak Surveil-
lance System (WBDOSS) and the Harmful Algal Bloom-
Related Illness Surveillance System (HABISS). Data from
these networks were reviewed in a recent study that identified
11 freshwater lake algal-bloom associated disease outbreaks
(61 illnesses) from 2009–2010, based on reports from 3 states
(New York, Ohio, and Washington) [17]. The most common
symptoms were rash or skin irritation, gastroenteritis and
respiratory distress—none were fatal. Until a national dis-
ease registry is established to document symptoms of
cyanotoxicosis, and because recreational exposures usually
involve little to no water ingestion, pets, livestock, and
wild animals will continue to serve as one of our better,
albeit unfortunate, sentinels for toxic algal bloom events in
surface waters that are not routinely monitored [18, 19].
Fortunately, an experimental treatment for the successful
treatment of acute microcystin intoxication in a dog was
recently reported [20•]. The treatment relied upon a combina-
tion of supportive care and oral dosages of the bile acid
sequestrant cholestyramine, which is thought to promote ex-
cretion of the toxin in the animal’s feces. While this therapy
remains experimental, it does provide veterinarians with a
novel treatment option that was previously unknown.

In the developed world, where drinking water treatment
processes are commonplace, there have only been a few
documented outbreaks of acute cyanotoxicosis in humans.
One outbreak occurred in a health clinic in Brazil when a
point-of-use filtration system failed, resulting in high con-
centrations of microcystin being administered to dialysis
patients who developed acute renal failure resulting in
high mortality rates [21]. Another outbreak occurred in
Australia when a cyanobacterial bloom in a local drinking
water reservoir was treated with an algaecide, releasing
large amounts of cylindrospermopsin into the drinking water
[22]. However, there are a number of reasons why these types
of events are so rare even though cyanobacteria are so
prevalent in surface water, for example: (1) drinking water
withdrawal pipes are placed below the thermocline and/or
photic zone in reservoirs where cyanobacteria are less
abundant; (2) intact cells (which contain the majority of
toxin) are sedimented out of the water column using co-
agulants and flocculants, which have been shown to re-
move anywhere from 62 %–99 % of cyanobacterial cells
[23], although dissolved air floatation tends to be most
efficacious [24, 25]; and (3) physical (UV) and chemical
(O3>MnO4>HOCl>NH2Cl or ClO2) disinfectants, ranked by
their effectiveness, can also be highly effective at inactivating
dissolved (extracellular) toxin loads depending on the dose,
pH and contact time [26, 27]. Additional treatment processes,
such as filtering through granular activated carbon, will fur-
ther reduce most dissolved toxins following disinfection [28,
29], although this technique remains undemonstrated for
anatoxin-a. While an acute intoxication event always remains

a possible threat, it seems that at this time the greater concern
may be in answering how chronic, low dose exposures to
cyanotoxins impact human health over a lifetime [30, 31].

Cyanotoxin Biosynthesis

The term “cyanotoxin” refers to those known cyanobacterial
metabolites capable of negatively impacting human health,
of which 5 classes of compounds are widely recognized:
microcystin (hepatotoxin), nodularin (hepatotoxin),
cylindrospermopsin (cytotoxin/hepatotoxin), anatoxin-a
(neurotoxin), and saxitoxin (neurotoxin) [32]. These com-
pounds are produced by combined (hybrid) nonribosomal
peptide synthetases (NRPS) and polyketide synthases
(PKS), which are large, iterated enzyme modules that use a
thiotemplate mechanism to incorporate amino acids into a
growing peptide chain [33, 34]. Recombination events with-
in the adenylation domains of these NRPS/PKS complexes
has caused a reduction in substrate specificity, resulting in
strain-to-strain variation in the types of toxin congeners that
can be produced [35], and these compounds can be further
modified (eg, demethylated) and tailored by various en-
zymes to produce additional isoforms [36]. To date, there
are at least 7 recognized structural isoforms of nodularin, 3
of anatoxin-a, 7 of saxitoxin, 3 of cylindrospermopsin and
more than 80 of microcystin [37, 38]. Each of these variants
exhibit slightly different bioactive potentials, for example,
MC-LR is 6.4-times more toxic than MC-RR, but 8.4-times
more toxic than [Dha7]MC-RR in mice [39].

Of the recognized cyanotoxins, microcystin is the most
ubiquitous worldwide [40]. Its widespread distribution is like-
ly due to the fact that the microcystin synthetase (mcy) genes
are thought to have been present in all cyanobacteria at one
time [41]. While acute, high-dose microcystin exposures have
been shown to induce liver hemorrhage due to protein phos-
phatase 1 and 2A inhibition and subsequent hepatocyte defor-
mation [42, 43], chronic, low-dose exposures have been im-
plicated in hepatocarcinoma, tumor promotion and endocrine
disruption [44–48]. Nodularins are structurally similar to
microcystins, and as such they share similar toxicities and
modes of action as microcystins [49, 50]. Cylindrospermopsin
is an alkaloid that exerts broad scale cytotoxic effects [51],
although it primarily impacts hepatocytes by inhibiting
glutathione synthesis, which ultimately leads to cell death
and liver hemorrhage [52]. The anatoxins (anatoxin-a,
dihydroanatoxin-a and homoanatoxin-a) are a group of
neurotoxic alkaloids that potently and irreversibly inhibit
acetylcholinesterase within the nerve synapse; which can
lead to paralysis and asphyxiation [53, 54]. The genes
involved in the biosynthesis of these compounds in diverse
cyanobacteria have recently been elucidated [55]. These 3 com-
pounds should not be confused with anatoxin-a(s), although
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they all share a similar mode of action, anatoxin-a(s) is a dis-
tinct molecule and the genes involved in its biosynthesis remain
unknown. Another cyanobacterial neurotoxin, saxitoxin, is one
of the agents responsible for paralytic shellfish poisoning [56].
The metabolite selectively blocks voltage-gated sodium chan-
nels on nerve cells, inhibiting muscle contraction resulting in a
prolonged, relaxed state of paralysis [57]. Unlike the
hepatotoxins, which cause physical damage to the liver,
cyanobacterial neurotoxins have no established link to cancer
formation or endocrinological effects [58].

There is a sixth cyanotoxin–although steeped in contro-
versy—that is worthy of discussion, beta-N-methylamino-
L-alanine. BMAA is a nonprotein amino acid [59] that
has been shown to cause motor neuron degeneration and
has been associated with the formation of progressive neu-
rodegenerative diseases such as amyotrophic lateral sclero-
sis (ALS), Alzheimer’s disease and Parkinson’s disease
[60]. It has been hypothesized that neurodegeneration oc-
curs when BMAA is mistakenly incorporated into proteins
in place of standard amino acids, which results in protein
misfolding and collapse [61]. BMAA was first linked to
neurodegenerative disease when it was found in the seeds
of a cycad (Cycas circinalis) that were identified as a key
food ingredient of the native Chamorro population of
Guam, whom suffer from 100-fold higher incidence rates
of ALS/Parkinson’s disease than the rest of the world
[62]. Further research identified a cyanobacterial symbiont
(Nostoc) living in the roots of the cycad as the BMAA
producer and the claim that BMAA could be biomagnified
into higher trophic levels [63]. This led to an investigation
of diverse cyanobacterial genera and the finding that
BMAA was identified in 95 % of cyanobacterial genera
screened (n=21) [64]. However, numerous other studies have
failed to identify the metabolite in a variety of cyanobacterial
genera [65, 66] and cycads have been grown in the absence of
endophytic cyanobacteria and BMAA concentrations still in-
creased in their roots–casting additional doubt on the
cyanobacterial-source theory [67]. It remains uncertain how
much of this discrepancy has been due to methodological com-
plications in distinguishing this compound from other similar
proteinogenic amino acids, although a recent review of analyti-
cal techniques does indicate that liquid chromatography-tandem
mass spectrometry (LC-MS/MS) should be utilized in place of
other optical methods, which are likely to misidentify or over-
estimate BMAA concentrations [68]. At present, a thorough
review of the scientific literature only really implicates Nostoc
spp. as a cyanobacterial genus that may produce BMAA.

Full Genome Sequencing Reveals a Wealth of Secondary
Metabolite Pathways

The rapid advances being made in high throughput sequenc-
ing and bioinformatics has had a profound effect on our

understanding of cyanobacterial physiology and has led
to a flourish of sequenced cyanobacterial genomes being
deposited into public data repositories like NCBI
GenBank in recent years (Fig. 1). Going forward, these
data will lead to a better understanding of cyanobacterial
evolution and speciation patterns, including the detection
of unique gene traits, the phylogenetic distribution of
toxin-encoding genes and the identification of novel
(putative) operons involved in secondary metabolite bio-
synthesis for each of these genomes. It is already clear
that most cyanobacteria produce a variety of cyclic pep-
tides and other bioactive molecules (eg, alkaloids,
lipopeptides, polyketides), many of which exhibit antibi-
otic, antiviral, antifungal, cytotoxic and/or neurotoxic
properties [69, 70]. The apparent exception to this rule
can be found in picoplanktonic cyanobacteria from the
oligotrophic open-ocean; the genome sizes in these organ-
isms have been greatly reduced, removing most redundant
homologs and metabolically expensive large molecule
synthesis pathways [71]. This pattern is hypothesized to
be driven by natural selection as a consequence of living
in an austere environment (eg, low light, macronutrients
and iron) where large metabolic pathways are too expen-
sive to maintain [72]. In contrast, freshwater, estuarine
and near coastal environments are resource-rich and
cyanobacterial strains isolated from these areas tend to
have larger, more complex genomes. In a comprehensive
study conducted in 2010 [73], NRPS genes were identi-
fied in 75 % of cyanobacterial strains tested (n=146),
representing all subsections of the phylum. Adding to
the previous study, we screened the genomes of all fresh-
water bloom-forming cyanobacteria presently available
(August, 2014) in NCBI GenBank for NRPS/PKS path-
ways using the software program antiSMASH 2.0 (‘anti-
biotics and secondary metabolite analysis shell’) [74]. For
the 48 freshwater CHAB genomes invest igated,
NRPS/PKS gene clusters were found in all but 1 strain,
and the number of these complexes ranged from 0 to 22 per
genome (mean=5.5; median=5.0) (Fig. 2) (Supplemental
Table 1). The widespread distribution of NRPS/PKS gene
clusters within freshwater cyanobacteria underscore that
cyanobacteria are prolific producers of natural products
that are often unique from all other microorganisms. While
this property makes them very attractive for discovery and
development of novel pharmacological agents, the vast
number of bioactive peptides in their genetic repertoire
poses a significant technical challenge in assessing their
toxicological properties and estimating human health risks
[75]. Cyanobacteria also produce a diverse array of ribosomally-
dependent small peptide molecules such as bacteriocins,
cyanobactins, terpenes and lantibiotics [76•]. Table 1 summa-
rizes all of the known bioactive metabolites produced by the
most commonly observed freshwater CHAB genera.
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Secondary Metabolite Gene Expression
and Metabolomics

The intracellular and/or ecological roles of secondary metab-
olites remain largely unknown, although numerous explana-
tions have been offered, which include: defense mechanisms,

colony formation, quorum sensing, iron (siderophores), or nu-
trient scavenging, allelopathy, UV protection and redox ho-
meostasis [77, 78]. Our inability to clarify the biological roles
of these compounds makes it tempting to group them all to-
gether as nonessential molecules, since their patchy distribu-
tion throughout the phylum suggests they are unlikely to

Fig. 1 High throughput
sequencing and genome assembly
has resulted in great advances in
understanding cyanobacterial
genetics as the number of
freshwater cyanobacterial
genomes deposited into NCBI
GenBank continues to accelerate.

Fig. 2 Distribution of
nonribosomal peptide synthetases
(NRPS), polyketide synthases
(PKS), and combined hybrid
NRPS/PKS based on all currently
available genomes (NCBI,
August 2014) of the most
prevalent bloom forming
freshwater cyanobacterial genera
identified using the antiSMASH
2.0 analysis platform [74].
Numbers in parentheses indicate
the number of genomes analyzed
for each genus.
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participate in primary metabolic processes such as devel-
opment, division, and repair. However, there is a growing
body of research that indicates many of these compounds
may be more critical to cell fitness than previously recog-
nized. For example, a microcystin synthetase (mcy) gene
knockout strain of Microcystis aeruginosa was found to be
more sensitive to the effects of high light and oxidative
stress relative to the wild-type [79•]. In the same study,
microcystin was shown to intracellularly bind and protect
proteins from the damaging effects of free oxygen radi-
cals–providing the first evidence that this metabolite may
be of primary importance for cell fitness. In another ex-
ample, the genes involved in the biosynthesis of a post-
translationally modified novel tricyclic depsipeptide and
presumed secondary metabolite microviridin, have been
found in all 12 Microcystis genomes sequenced to date
and have been identified in diverse other cyanobacteria
[80, 81]. Adding further evidence that this gene cluster
may be of central importance to the ecology of these
organisms, microviridin transcripts were among the most
highly expressed across all 6 time points collected during
a metatranscriptomic analysis of a cyanobacterial bloom
sampled over a 24-hour period [82•]. Additionally, tran-
scripts from all 7 known NRPS/PKS clusters identified
thus far in Microcystis spp. were observed over the study
period, as well as 8 other cyanobacterial PKS/NRPS gene
clusters. Strikingly, the most abundant transcripts detected

throughout the study corresponded to an uncharacterized
Microcystis NRPS/PKS operon, indicating there is still
much to be learned from even the most thoroughly studied
cyanobacteria. Finally, the observation that transcripts for
all NRPS/PKS clusters were constitutively expressed
throughout the light/dark cycle in that study suggests that
these compounds are likely to be of central importance to
the cell. Overall, this study highlighted the extent of ge-
netic diversity present within a single Microcystis spp.
bloom, as it contained much of the currently recognized
global pangenome for this organism.

In a separate longitudinal investigation of a hypertrophic
pond containing a cyanobacterial bloom (predominately
Microcystis spp.), a metabolomic approach was used to screen
for known and novel cyanobacterial secondary metabolites
[83]. This study detected the presence of only 1 out of 73
known cyanobacterial protease inhibitors, but instead identi-
fied several unknown putative cyanobacterial-derived prote-
ase inhibitors. Combined, these results highlight the fact that
the cyanobacterial pangenome is extraordinarily deep, and
that as more attention is turned to cyanobacterial genomics
and metabolomics, the list of newly discovered natural prod-
ucts and gene clusters will continue to grow. Moving forward,
it seems there are 2 ways to approach managing these risks,
either at the individual molecule level (ie, toxin screening),
which is becoming increasingly more complex, or at the or-
ganismal level (ie, cell enumeration).

Table 1 Overview of known bioactive secondary metabolites from the most common freshwater bloom forming cyanobacterial genera

Class Biosynthesis APHA CYL DOL FISCH GLO LYNG MIC NOD NOST OSCIL PLANK RAPH Ref

Aeruginosin NRPS X X [106, 107]

Anabaenopeptin NRPS X X X X X [106]

Anatoxin-a NRPS/PKS X X X X X X [106]

Anatoxin-a(s) Unknown X [106]

Aplysiatoxins PKS X X [109]

Bacteriocins Ribosomal X X X X X X [110]

BMAA Unknown X [64, 65]

Cyanobactins Ribosomal X X X X X X X X [101]

Cyanopeptolin NRPS X X X X X [106]

Cyclamides Ribosomal X X X X X [106]

Cylindrospermopsin NRPS/PKS X X X X [108]

Fischerellin PKS X [111]

Lyngbyatoxin-a NRPS X X [108]

Microcystin NRPS/PKS X X X X X X X [108, 112, 113]

Microviridin Ribosomal X X X X X [105, 106]

Microginin NRPS X X X [106]

Nodularin NRPS/PKS X [108]

Saxitoxin NRPS/PKS X X X X X X [108, 114]

APHA Aphanizomenon, CYL Cylindrospermopsis, DOL Dolichospermum (formerly Anabaena), FISCH Fischerella, GLO Gloeotrichia, LYNG
Lyngbya, MIC Microcystis, NOD Nodularia, NOST Nostoc, OSCIL Oscillatoria, PLANK Planktothrix, RAPH Raphidiopsis
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Managing Cyanobacterial-Impaired Waters–Public
Health Implications

Widespread eutrophication and hydrologic modification of
surface waters, and the catalytic effects of global climate
change, have enabled cyanobacterial blooms to become in-
creasingly common fixtures in lakes and reservoirs around
the world [84]. As such, enhanced surveillance is critical in
order to mitigate exposure risks associated with these
events. The World Health Organization has proposed a
tiered response framework where alert levels are issued
based on cyanobacterial cell or toxin concentrations, begin-
ning at 2000 cells/mL for drinking water or 20,000 cells/
mL for recreational waters—under the assumption that a
range of 2–10 μg/L microcystin-LR may be observed when
cyanobacterial populations reach 20,000 cells/mL [85].
However, the environmental range of cyanotoxins relative
to cell concentrations remains inadequately evaluated due
to the lack of standard methods for environmental sam-
pling, processing, and analytical techniques used—all of
which make data comparisons somewhat unreliable. Until
more data are available, in order to maximize public health
safety while maintaining cost considerations, we advocate
for an adaptive management framework that incorporates
toxin measurements only after potentially toxigenic cell
densities exceed 2000 cells/mL. Although this level is sub-
ject to revision, we believe it is conservative and should be
protective of human health based on data that are presently
available. The incorporation of molecular methods, such as
real-time quantitative PCR, can be used to specifically target
toxin-producing genera, and this method should also enable
high-throughput screening of samples at less cost and time
than traditional microscope counts. Finally, public outreach
and education should remain a key component of any CHAB
management program. Although public perception data are
scarce, a recent study in the United Kingdom estimated that
only 27 %–57 % of the population thinks that CHAB expo-
sures can negatively affect human health [86].

The U.S. Food and Drug Administration (FDA) has regu-
lated seafood containing saxitoxins derived frommarine dino-
flagellates since 1995, although when the same toxins are
produced by cyanobacteria in freshwater systems there is no
federal regulatory oversight in place. Instead, management of
cyanobacterial-impaired waters falls under the purview of the
individual States; of which, less than half have developed any
form of CHAB guidance. The EPA is aware of this growing
problem; it listed cyanobacteria and their associated toxins on
its second contaminant candidate list (CCL2) published in
2005, and in 2009, 3 of the cyanotoxins (anatoxin-a,
cylindrospermopsin, and microcystin) were placed onto the
CCL3t. In making the contaminant candidate lists, the EPA
reviewed approximately 7500 chemicals currently unregulat-
ed by the Safe DrinkingWater Act (1996) but thought to occur

in public water systems and designated 104 chemicals and 12
microbiological contaminants as worthy of further evaluation
under their final CCL3 list. In 2007, the EPA conducted the
first-ever baseline study of the condition of the nation’s lakes
(n=1028) [87]. This study identified microcystins in approx-
imately one-third of lakes, providing some insight into the
pervasiveness of cyanobacteria nationally. As part of the Safe
Drinking Water Act (1996) the EPA is required to monitor up
to 30 currently unregulated contaminants in public drinking
water supplies in order to assess their occurrence and to de-
termine if regulation is warranted. In light of growing public
awareness of cyanobacterial issues, and possibly due to a se-
ries of toxic CHAB events in high-profile systems such as
Western Lake Erie [88], the EPA recently announced that it
plans to begin monitoring specific cyanotoxins (anatoxin-a,
cylindrospermopsin and the microcystin congeners MC-LR,
YR, RR, LA) under its unregulated contaminant monitoring
rule (UCMR, meeting 4), tentatively slated to begin in January
2018. Until then, it seems the sampling frequency and
methods used by drinking water utilities to assess cyanotoxin
health risks in raw and finished drinking waters will remain
largely undisclosed. Fortunately, it seems many utilities are
cognizant of cyanobacteria-related water impairment issues,
and they are especially proactive in identifying and removing
cyanobacterial-derived taste and odor causing compounds
(geosmin and 2-methylisoborneol), which significantly de-
grade water quality aesthetics and are a common source of
customer complaints [89, 90]. Developing molecular assays
that simultaneously detect both the taste and odor producing
genes, as well as genes involved in toxin biosynthesis, could
be one way to encourage adoption of a monitoring approach
beneficial from both an economic and health perspective.

Considering the magnitude and pervasiveness of harmful
algal blooms, management of this problem should be covered
under the Safe Drinking Water Act and/or Clean Water Act
(1972). The SDWAwas designed to provide water treatment
compliance, distribution system integrity, protection of source
waters and public information about drinking water. The
CWA was established to regulate the discharge of pollutants
into U.S. waters and to create quality standards for surface
waters. Due to the current absence of standardized analytical
methods for cyanotoxin risk assessment, we propose that
problematic cyanobacterial genera–including those outlined
in Table 1—be managed in a manner analogous to other
EPA regulated pathogens, such as: Escherichia coli, Crypto-
sporidium parvum, and Giardia lamblia. That is to say, to
regulate on a presence/absence basis of cyanobacterial
markers in finished drinking water and by cell concentrations
in surface waters. Microscope-based taxonomic assessments
only need to be delineated down to the genus-level, since
morphology is a poor indicator of toxicity [91]. Genetic
markers targeting all freshwater CHAB genera could likewise
be developed. The rationale for basing management decisions
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on cell abundances is that there are already too many toxins
and toxin congeners to feasibly and effectively be managed on
a per-toxin basis. Additionally, by framing regulatory deci-
sions around assessments of cyanobacterial cell concentra-
tions, unnecessary public health risks stemming from yet-to-
be discovered bioactive molecules will also be mitigated. An
estimate for what these limits should be can largely be derived
from existing data that have been generated from investiga-
tions of the toxicological effects stemming from exposures to
cyanobacterial crude extracts (homogenates)—which are of-
ten observed to be more lethal than exposure to the individual,
purified toxins themselves [92–94]. These estimates could
further be refined using high throughput bioassays incorporat-
ing mammalian cell lines [95], invertebrates [96], or fish em-
bryos [97], for example, in order to tease apart the individual
and synergistic effects of various cyanobacterial metabolites.

A universal definition for the Precautionary Principle (PP)
does not currently exist, although its general context can be
summarized as an impetus to mitigate biologically plausible
threats to human health or the environment even though sci-
entific consensus or absolute proof may not yet have been
achieved. More simply stated, the goal of the principle is
to protect human health before damage is done. For most
of the major freshwater cyanotoxins (ie, anatoxin,
cylindrospermopsin, microcystin, nodularin, and saxitoxin),
the science has been advanced sufficiently to allow proac-
tive management of these risks in waters used for drinking
and recreation. However, when one considers the ever-
expanding assortment of bioactive metabolites produced
by essentially all bloom-forming cyanobacteria–it becomes
unclear what criteria should be satisfied in order to consider a
bloom nontoxic, which is to say, safe for recreation and/or
drinking water purposes. For example, Aphanizomenon flos-
aquae is commonly consumed as a health supplement because
it is often considered nontoxic—although there are an increas-
ing number of reports of it producing cylindrospermopsin and
saxitoxin [98, 99]. Additionally, in the only sequenced
Aphanizomenon flos-aquae genome currently available, there
were 4 NRPS/PKS gene clusters encoding for 3 unidentified
metabolites and anabaenopeptin; the latter being considered
nontoxic based on mouse studies. Therefore the list is up to a
minimum of 6 different secondary metabolites that may be
produced by Aph. flos-aquae strains, which raises the ques-
tion: is it really safe to consider this organism suitable for
human consumption when we know so little about it?

Conclusions

Overall, we see little reason to base health guidelines and
management responses on species-level information, since
cyanobacteria are highly recombinant and there is no reason
to presume that a commonly nontoxic species cannot acquire

toxigenic properties via horizontal gene transfer [100–103].
Until the time, costs and technical barriers involved in high
throughput genome sequencing and analysis are alleviated, it
is advisable to regulate cyanobacterial health risks on a cell
concentration basis; ideally using a standardized method that
incorporates a platform such as digital PCR, which quantifies
the absolute DNA copy number of a target within a sample
without requiring a calibration curve [104]. Additionally, this
approach will enable quantification of toxigenic cells at con-
centrations presently below the limits of detection of analyti-
cal toxin measurements (eg, ELISA or LC/MS/MS), making it
especially effective as an early sentinel for bloom initiation.
Identification of the secondary metabolite–microviridin, in all
Microcystis strains sequenced to date and in several other
cyanobacterial genera [105] suggests that this compound
may serve as a useful biomarker proxy for demonstrating ad-
equate removal of cyanotoxins in finished drinking waters. As
such, we propose a ‘guilty-until-proven-innocent-approach’ to
CHAB management, consistent with the Precautionary Prin-
ciple, in order to safeguard public health from both known and
unknown cyanobacterial risks.
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