Design Brief

Neutralizing Red Tide Threats
via Brevetoxin Nullification
Artie Cui-Bowman, Rosalee Kelly, Ella Smith
BioBuilder Club, Renaissance School, Charlottesville, Virginia, USA
Reviewed on 11 May 2019; Accepted on 17 June 2019; Published on 28 October 2019

Red tide algal blooms are affecting the coastal ecosystems by emitting harmful Brevetoxins that eliminate large portions of fish and shellfish populations. The aerosolized form of Brevetoxin also causes
respiratory issues in mammals, and general consumption results in Neurotoxic Shellfish Poisoning.
Brevetoxin production is theorized to be tied to PKS (polyketide synthase) clusters. Disrupting the
gene that codes for the production of the PKS could therefore stop the production of the Brevetoxins. Assuming the PKS cluster could be located, CRISPR-cas9 could be used to edit the gene or genes
that disturb the ability of PKS clusters to function. This then could result in the disabling of Brevetoxin production. The PKS knockout gene could be delivered to red tide algae via an algae-infecting
phage in lieu of a gene drive. This phage could possibly affect other organisms; therefore a specific
phage must be used to ensure that only the red tide algae is infected and transformed. The impact of
altering PKS clusters (other than the probable cessation of Brevetoxin production) has not yet been
discerned in algae, and the unintended effects of the disruption of PKS cluster processes on healthy
algae are unknown.
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Background
Harmful algal blooms (HABS) have become more pervasive as rising ocean temperatures due to climate change
have stimulated more intensified and long-lasting algae
growth. These circumstances lead to an increase in the
toxicity of the tides inhabited by these HABs. Sometimes called “red tide” events, these HABS are easily
identifiable by the way that the high concentrations of
algae blooms discolor coast waters, making them appear
reddish or pinkish (Brawley et al. 2017). Red tide blooms
threaten both human lives and the balance of the ecosystem because of the high levels of toxins produced by
the algae in the area. This ecosystemic instability results
in decreased biodiversity in these coastal environments
(Baden, et al., 2005).
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Although the environmental triggers for Brevetoxins
are still uncertain, the harmful effects are expressed
through many oceanic organisms such as shellfish and
fish. Massive fish die-offs have been reported in and
around algal bloom sites. Humans can be affected by
Brevetoxins through shellfish or seafood consumption.
Brevetoxins disrupt standard neurological processes
in organisms, causing death in oceanic organisms and
poisoning in humans through binding selectively to site 5
on mammalian voltage-sensitive sodium channels within
dendrites and neurons (Gold et al. 2013). The disruption
of regular function within the sodium channels causes
the respiratory and cardiac systems to fail due to uncontrolled sodium flow, which leads to spontaneous firing
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(Condello et al. 2016). Brevetoxins also appear to impact
calcium homeostasis and encourage the release of histamine, which causes bronchoconstriction. These issues
combined are medically defined as neurotoxic shellfish
poisoning (Condello et al. 2016).

tide algae that controls Brevetoxin secretion would be a
solution with many unpredictable outcomes in regards to
the algae itself.

Device Level

The consumption of infected seafood, especially bivalve
shellfish, is the root cause of neurotoxic shellfish poisoning in humans (Erdner et al. 2019). Brevetoxins accumulate within both the viscera and lean muscle tissue
of organisms, and is both heat and acid stable. It is,
therefore, not easily destroyed during the cooking process, allowing human individuals to consume large doses
of Brevetoxins (Condello et al. 2016). Humans can also
inhale aerosolized Brevetoxins and develop asthma-like
symptoms.

Brevetoxins are not proteins and cannot themselves be
genetically manipulated to regulate their production. An
engineered gene that shuts down PKS synthesis could be
introduced to red tide algae via an algae-infecting phage
as a gene drive facsimile.
A virus family that has bacteriophages, called siphoviridae, has been found to be virulent within red tide algal
blooms (Thompson 2012). Although its ability to infect
the algae blooms is prevalent, it might require a lot of
genetic engineering to do so without eliminating the
algae. Since the siphoviridae family contains a variety of
genera, a candidate for transporting the knockout gene
may be within the family, but the extent of this genera’s
virulence is unknown and requires further research.
Another viable phage could include the strain HcDNAV,
a double-stranded virus that infects Dinophyceae algae
(Takano er al. 2018).

The mechanism of synthesis for Brevetoxins within algae
is largely unknown, yet it is clear that Brevetoxins are
not proteins, and cannot be coded for by a single gene.
Organisms of the genus Karenia, such as Karenia brevis,
to which many toxin-producing algae species belong,
have genomes almost thirty times longer than a human
genome, making it difficult to identify gene clusters
containing PKS sequences (Thompson 2012). This obstacle would then interfere with traditional approaches to
disrupt the Brevetoxin production, making the method to
solving this issue even more difficult to find.
Supposedly, Brevetoxins are produced as secondary metabolites by polyketide synthases (PKS)(Condello et al.
2016). The relationship between the enzymes produced
by polyketide genes and their relations and interactions
to the Brevetoxins produced as a result remains unknown. Further research is required to ascertain the
locus of the polyketide synthase coding gene and the
linkage of the gene to Brevetoxin production.

However, little is known about the activities of these
phages. To effectively transmit the gene, the viral infection rate must be higher than the rate at which the algae
die. Again, the problem with these virus strains is that
studies would need to be completed to determine their
effectiveness and capacity to take in the PKS knockout gene. Furthermore, the location and nature of PKS
genes remains largely unresearched. More research
would be required to determine the specific Biobricks
necessary for development of a knockout gene and viral
infiltration of the algae.

Systems Level

Parts Level

Eliminating the neurotoxic effects of red tide algae has
no obvious environmental repercussions. The removal of Brevetoxin from the oceanic environment would
eliminate the threat of neurotoxic shellfish poisoning and
prevent red tide-induced shellfish die-offs.

Due to the fact that very little is known about Brevetoxins and in-depth research about red-tide algae species
and their viral infectors is lacking, a concrete parts level
to this proposed method cannot yet be promoted.
PKS synthases appears to function similar to operons.
However, this is only a speculation, and studies to determine their systems and interactions with viral strains
would need to be completed. The exact location and
specific functions of the PKS gene clusters within the
K. brevis genome remains unidentified. The systems
through which these clusters function are also generally
unresearched (Thompson 2012).

However, there is uncertainty as to what preventing
Brevetoxin production would have on the algae itself
and the surrounding environment, which stems from
limited basic knowledge of the systems and functions
of Brevetoxin itself (Gold et al. 2013; Meyer et al.
2013). Toxic secretions of algal blooms have not been
linked to any direct cause, although rising ocean
temperatures leading to explosive algae growth is a
likely cause (Florida Fish and Wildlife Conservation
2019). Therefore, manipulating the gene within redBioTreks | www.biotreks.org

More information is therefore necessary when determining viable viral strains to use as phages, as well as that
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virus’ interaction with the surrounding oceanic ecosystem and its ability to be genetically manipulated using
CRISPR cas9 technology.

ling future research. If the system of the experiment
was to function perfectly, but no change in the red tide
concentration was observed, it could be concluded that
PKS synthases do not control Brevetoxin production. If
the inverse were to occur, the experiment would prove
that PKS synthases are instrumental in Brevetoxin production. With the then obtained data, the possibility of
decreasing the harm caused in the ecosystem by these
emitted Brevetoxins would be feasible.

Safety
The issues with implementing our proposed PKS-knockout gene include possible environmental repercussions
and other unanticipated side effects within the human
population.

As research on red tide algal blooms, red tide species,
and the Brevetoxins that cause neurotoxic shellfish poisoning is significantly limited, more specific research into
these different elements is necessary. In order to comprehend why these algal blooms occur, studies that test
for potential environmental triggers that cause red tide
algal blooms and discern what the function of Brevetoxin
is (defense, competition control, etc.).

Tests on red tide algae to insert the PKS knockout gene
would need to be completed in the sterile conditions of a
laboratory. However, inducing red tide events within laboratory conditions has proven extraordinarily difficult, as
the environmental and internal factors that trigger these
events are still subject to speculation.
Since the scientific field of microbiology has limited research on the specific genetic pathways in the algae, the
risk posed to the organism and environment of genetic
manipulation using a knockout gene is not completely
understood. The algal reactions to the inserted phage
and knockout gene could possibly trigger other genetic
reactions and chemical emission like that of the Brevetoxin. Another possibility is that the gene being targeted
for knockout could also control other processes vital for
the survival of the organism and the attempted inactivation would result in death (Chen et al. 2006).

The effects of eliminating red tide algae species would
also have to be more intensely studied. Since red tide
species often transition from a harmless state to producing Brevetoxin, eliminating the species could have
a ripple effect within the ecosystem, as algae are key
producers of oxygen and sources of food for zooplankton
and crustaceans.
Furthermore, the study of viruses that infect the algae
species would need to be expanded upon. Finding a
phage that is perfectly suited to the conditions of the
experiment is necessary to insert the proposed PKS
knockout gene. To that end, more research on genome
and systems of algae would have to be done in order to
construct an actual gene knockout pathway.

If the knockout process does not result in the interruption of Brevetoxin secretion, the environment would
still be affected by the red tide toxins and would thus
be damaged by species loss. Altering genetic pathways
without understanding the extent and specificity of their
structure and triggers can cause potential problems for
both the environment and organism. This means that
the experiment would only be safe to enact if the algae’s
genes were thoroughly mapped and located, and their
functions understood.

Our original idea was to use Brevetoxin’s natural antagonist, Brevenal, as a way to demote the toxic effects
in the fish and shellfish. In this idea, we would use
CRISPR-cas9 to increase the production of brevenal in
algae. However, we found this to be an invasive method since the Brevenal also binds to the site five in the
voltage-gated sodium channels but does not significantly
affect the organisms as we know so far. It is also easier
to approach the toxin production directly, rather than
after it is produced and can already harm the organisms
in the environment.

Discussions
Since this was a theoretical paper, no physical experimentation was completed to test our postulations. However, the implementation of this proposed system has
the potential to be beneficial to human and environmental systems. Massive oceanic wildlife die-offs could be
prevented, and the threat of neurotoxic shellfish poisoning could be lessened significantly.

As a completely different experiment, disrupting the
quorum-sensing abilities of the algae is another potential
approach to eliminating Brevetoxin production that could
be considered. However, it is uncertain whether red
tide events are algal reactions to increased population
densities. An experiment conducted that disrupted and
algae’s quorum-sensing abilities, even if no change was
observed, would confirm that Brevetoxin is a byproduct
of competition-based systems of defense.

The results of this experiment, whether successful or
not, would either prove or deny the link between PKS
synthases and Brevetoxin production, therefore propelBioTreks | www.biotreks.org

3

October 2019 | Volume 4 | Number 1 | e201918

Neutralizing Red Tide Threats

Acknowledgements
[Internet] 2008 Nov 7 [cited 2019 Jan 24] 7 Supply
2:S2. Available from: http://bit.ly/2H8Yb0c

We would like to thank our teacher, Anna Minutella, for
guidance in this project’s contents and providing the
necessary class time and resources. Our mentor, Khaled
Said, also deserves recognition for helping in the initiation of the project, by mentioning that the Brevetoxins
are not proteins, and cannot be synthesized by one gene,
which has directed the projected design of the paper
completely.

Fleming LE. Neurotoxic Shellfish Poisoning. [Internet]
2018 Oct 12 [cited 2019 Jan 24] Available from: http://
bit.ly/2N4ccA1

This project was accomplished through participation in
the BioBuilderClub, an after-school program organized
by BioBuilder Educational Foundation. BioBuilderClub
engages high school teams around the world to combine engineering approaches and scientific know-how to
design/build/test their own project ideas using synthetic
biology.

Gold EP, Jacocks HM, Bourdelais AJ, Baden DG. Brevenal, a Brevetoxin antagonist from Karenia brevis,
binds to a previously unreported site on mammalian
sodium channels. Harmful Algae. 2013; 26:12-19.
doi:10.1016/j.hal.2013.03.001

Florida Fish and Wildlife Conservation. Red Tide Current
Status. [Internet] 2019 Jan 23[cited 2019 Jan 25]
Available from: http://bit.ly/31M8yPt

Meyer KA. MICROBIAL INTERACTIONS AND ECOLOGY
WITHIN BLOOMS OF THE TOXIC DINOFLAGELLATE
KARENIA brevis ON THE WEST FLORIDA SHELF [dissertation]. [Maryland]: University of Maryland Center
for Environmental Science; 2013. 302 p.

References
Baden DG., Bourdelais AJ, Jacocks H, Michelliza S, Naar
J. Natural and

Michelliza S, Abraham WM, Jacocks HM, Schuster T,
Baden DG. Synthesis, Modeling, and Biological Evaluation of Analogues of the Semisynthetic Brevetoxin
Antagonist β-Naphthoyl-Brevetoxin. ChemBioChem.
2007; 8(18): 2233-9. doi:10.1002/cbic.200700317

Derivative Brevetoxins: Historical Background, Multiplicity, and Effects. Environmental Health Perspectives.
2005; 113(5): 621-625. doi:10.1289/ehp.7499
Brawley SH, Blouin NA, Ficko-Blean E, Wheeler GL, Lohr
M, Goodson HV, . . . Prochnik SE. Insights into the red
algae and eukaryotic evolution from the genome of
Porphyra umbilicalis (Bangiophyceae, Rhodophyta).
[Internet] 2017 August 01.[cited 2019 Jan 23] Available from: http://bit.ly/2HnAHVl

Purkerson-Parker SL, Fieber LA, Rein KS, Podona T,
Baden DG. Brevetoxin Derivatives That Inhibit Toxin
Activity. Cell Chemical Biology. [Internet] 2000 June 1
[cited on 2019 Jan 24]; 7(6): 385-93. Available from:
http://bit.ly/2YPUmrv

Condello AV III, McKinnon MJ, Papciak JM, Lange JH.
Neurotoxicology of Red Tide Poisoning.Journal of
Headache & Pain Management. [Internet] 2016 May 08
[cited 2019 Jan 25]; 1(2):1-3. Available from: http://
bit.ly/2TA7knq

Sayer A, Hu Q, Bourdelais AJ, Baden DG, Gibson, JE.
The effect of brevenal on Brevetoxin-induced DNA
damage in human lymphocytes. Archives of Toxicology. 2005; 79(11):683-8. doi:10.1007/s00204-0050676-2

Chen XH, Vater J, Piel J, Franke P, Scholz R, Schneider
K, Koumoutsi A, Hitzeroth G,.Grammel N, Strittmatter AW, Gottschalk G, Süssmuth RD, … Borriss R.
Structural and functional characterization of three
polyketide synthase gene clusters in Bacillus amyloliquefaciens FZB 42. Journal of bacteriology. 2006;
188(11): 4024-36.

Takano Y, Tomaru Y, Nagasaki K. Visualization of a
Dinoflagellate-Infecting Virus HcDNAV and Its Infection Process. Viruses. 2018; 10(10): 554. doi:10.3390/
v10100554
Thompson N. Brevetoxin: How Is It Made and Why?
[master’s thesis]. [Texas] Texas A&M University. 2012
[cited on 2019 Apr 24]; 77 p. Available from: http://
bit.ly/2H6zdyf

Caribbean National Weekly. Broward County working
with State to identify any presence of Red Tide. [Internet]. 2018 Oct 6 [cited 2019 May 2] Available from:
https://bit.ly/2B36maT

Trainer VL. Centers for Oceans and Human Health: A
unified approach to the challenge of harmful algal
blooms. Environmental Health. [Internet] 2008 Nov
7 [cited on 2019 Jan 24]. Available from:http://bit.
ly/2H8Yb0c

Erdner DL, Dyble J, Parsons ML, Stevens RC, Hubbard
KA, Wrabel ML, . . . Trainer VL. Centers for Oceans
and Human Health: A unified approach to the challenge of harmful algal blooms. Environmental Health.
BioTreks | www.biotreks.org

4

October 2019 | Volume 4 | Number 1 | e201918

