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ABSTRACT 

 

Dinoflagellates are unicellular, eukaryotic organisms that consist of both photosynthetic 

and non-photosynthetic species.  The approximately 91 known species of bioluminescent 

dinoflagellates are the pre-dominate contributors to ocean surface bioluminescence.  These 

species are distributed throughout the world, but are generally located in channels, seas, straits, 

and along coastlines.   The bioluminescent properties of dinoflagellates can pose a threat for 

naval applications.  Bioluminescence generated by submarine and SDV operations in coastal 

areas can result in increased vessel visibility.   The initial steps of my research involved testing 

various chemical agents and physical factors that might be used to mitigate dinoflagellate 

bioluminescence in situ.  I identified formaldehyde as the only chemical compound among many 

common compounds tested that successfully mitigated dinoflagellate bioluminescence.  

Formaldehyde was used in the form of formalin, a solution consisting of 37% formaldehyde and 

methanol as a stabilizing agent.  Next, I performed experiments applying shear stress through a 

stirrer, and used photon counting to determine the extent and time-course of bioluminescence 

mitigation by formaldehyde in 1.0, 2.5, and 4.6 percent concentrations. Those concentrations 

were chosen to bracket the formaldehyde concentration commonly used to preserve 

phytoplankton samples. There was an initial, short-term burst in bioluminescence upon addition 

of formaldehyde, as formalin, to cultures of the two species before formaldehyde limited 

bioluminescence, presumably caused by denaturation of compounds in the bioluminescence 

apparatus. The initial burst lasted 34.6 seconds at 1.0 percent formaldehyde, 9.8 seconds at 2.5 

percent formaldehyde, and 8.4 seconds at 4.6 percent formaldehyde for Lingulodinium 

polyedrum.  After the initial burst, bioluminescence output of both Pyrocystis lunula and L. 

polyedrum was reduced by formaldehyde.  For L. polyedrum, the effect was rapid for all 

concentrations tested, with a 100 percent bioluminescence reduction upon stirring one minute 

after formalin was added.  Bioluminescence continued after administration of formalin, resulting 

in an afterglow effect for P. lunula.   However, L. polyedrum, a species more typical of 

bioluminescent dinoflagellates found in marine waters compared to P. lunula, did not exhibit the 

afterglow effect after formalin administration.   

 ix



INTRODUCTION 

 

Dinoflagellate Bioluminescence Mechanisms 

 At least three aspects of the bioluminescent (BL) pathway that have been proposed 

(Figure 1).  The first of these aspects is a triggering event studied most in the form of 

disturbance.  Disturbance is thought to cause shear stress on the outer membrane of the 

dinoflagellate thereby triggering the BL pathway.  The most recent research of shear stress and 

its effect on dinoflagellate BL has been by Latz and colleagues (Latz et al., 1994; Latz & Rohr, 

1999; Latz et al., 2004, Mallipattu et al., 2002).  Bioluminescence was induced through shear 

stress caused by couette flow and stirring.  Shear stress induced BL was also used to examine the 

role of Ca
2+

 in the pathway (Von Dassow & Latz, 2002).  Although the prospect of calcium’s 

involvement had been suspected earlier (Hamman & Seliger, 1972; 1982), the work by Von 

Dassow & Latz made a strong case for the implication of Ca
2+

 channels due to the apparent 

transport of Ca
2+

 across the cell membrane as well as release from intracellular stores during the 

BL pathway.  Potassium was also found to contribute to the BL pathway although partially 

dependent upon the presence of Ca
2+

 (Von Dassow & Latz, 2002).   

 The second aspect of the BL pathway that is deemed reliable is the flash-triggering action 

potential (FTP) (Eckert, 1965a; 1965b; Eckert & Sibaoka, 1968).  Eckert first characterized the 

action potential using the unarmored dinoflagellate Noctiluca miliaris.  Through the use of 

microelectrodes it was found that by applying an inward current there occurs a hyperpolarization 

across the vacuolar membrane followed by a depolarization of the surrounding cytoplasm.  This 

all-or-none depolarization results in photon emission from the scintillons.  More specifically, 

they hyperpolarization across the vacuolar membrane is thought to cause the opening of voltage-

gated proton channels thereby releasing protons and lowering the pH of the cytosol (Fogel & 

Hastings, 1972).  Being aware that dinoflagellates can be stimulated by mechanical energy, it 

was also found that these action potentials do not occur due to a high velocity of surrounding 

medium alone.  The magnitude of mechanical shear stress was increased in a graded and slow 

manner and even at high magnitudes there was no action potential observed.    Also confirmed in 

the 1968 paper was the occurrence of “light emission from luminescent cytoplasmic organelles 

in the cell periphery.”  These “luminescent cytoplasmic organelles” were identified and isolated 

two years earlier as the point sources of luminescent activity (DeSa et al., 1965).  Effectively 
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termed “scintillons”, these organelles, which are an invagination of the vacuolar membrane, are 

the third observed aspect of the BL pathway.  Nawata and Sibaoka (1979) also studied the 

relationship between the action potential and bioluminescence and the effect of changes in 

inorganic ions and pH.  They showed that a tenfold increase in the concentration of K
+ 2+
, Ca , 

Mg
2+

, NH
4+ 2-

 and SO4  in the vacuole produced no change in the amplitude of the FTP while 

lowering the pH increased the FTP amplitude.  These findings led to a hypothesis explaining 

how the action potential and bioluminescence are coupled through a release of protons from the 

vacuole thereby decreasing pH and triggering bioluminescence in the scintillons. 
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 Figure 1.  Schematic diagram of bioluminescent pathway. 

 

The final step in the bioluminescence pathway is the reaction of luciferin and luciferase 

within the scintillons.  It is the oxidation of luciferin upon association with luciferase that emits 

light.  Although many organisms utilize this pair of molecules, luciferin exists in different 

structures.  The luciferin present in dinoflagellates is thought to be derived from chlorophyll due 

to its similar structure.  Some bioluminescent dinoflagellates, such as Lingulodinium  polyedrum, 

also possess a luciferin-binding protein, which dissociates in response to a drop in pH allowing 
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luciferin to become oxidized in the presence of luciferase.  L. polyedrum also re-forms their 

scintillons at the beginning of the dark cycle and disintegrates them at the end of the dark cycle.  

Another species of bioluminescent dinoflagellate, Pyrocystis lunula, does not possess luciferin-

binding proteins and instead of re-forming and breaking down scintillons, the scintillons migrate 

to the periphery of the cell at the beginning of the dark cycle and return to the center near the 

nuclei at the beginning of the light cycle (Seo & Fritz, 2000; Knaust et al., 1998).   

 

Effects of Shear Stress on Dinoflagellate Bioluminescence 

 Shear stress has been proven to cause bioluminescence in dinoflagellates, although the 

exact effect of this disturbance upon the cell that triggers the BL pathway remains unknown.  

There are several possibilities as to what the effects of shear stress are upon the cell.  It is first 

helpful to create a picture of the cell according to the cell membrane “lipid bi-layer” theory of 

the cell.  Although the bioluminescent dinoflagellates studied here are autotrophic and have 

plant-like qualities, their cell structure is most similar to that of animal cells.  They possess a 

cellular membrane and a discontinuous layer of cytoskeletal elements, the extensiveness of 

which depends upon the species.  If one imagines the cytoskeleton as an inflated balloon and the 

cell membrane as a continuous layer of square plates on its surface, the effects of shear stress can 

be visualized.  A directional force applied either longitudinally or vertically will cause distortions 

of the cellular membrane.  The square plates, representing the components of the cell membrane, 

may become closer in some places and farther apart in others creating a temporary increase in 

membrane fluidity.  Given the mechanosensitive nature of the cellular membrane, shear stress 

provides a direct means by which to relay signals that can be processed by direct cytoskeletal 

interaction via a tensegrity network (Wang & Sao, 2005; Coughlin & Stamenovic, 2003; Wang 

et al., 2001), by triggering signaling cascades within the cell, or by altering the activity of 

mechanosensitive ion channels (Martinac et al., 2004; Lyford et al., 2002). 

 

The Role of Calcium ions, Calcium Ion Channels and Other Molecular Mechanisms in 

Dinoflagellate Bioluminescence 

 Given the important role of calcium in the BL pathway, it is important to consider the 

means by which calcium is entering the cell and being released from intracellular stores.  Thus 

far, there are two voltage-gated calcium channels that have been found to be mechanosensitive, 
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L-type (Lyford et al., 2002) and N-type (Calabrese et al., 2002).  In addition to these calcium 

channels, there has been other evidence of stretch-activated calcium channels (Urbach et al., 

1999; Kaneko et al., 2005).  The importance of calcium in the BL pathway appears to weigh 

more heavily upon release from intracellular stores (Von Dassow et al., 2002).  This may imply 

that the initial influx of Ca
2+

 through the cellular membrane acts more as a trigger to a signaling 

cascade or other cellular event eventually leading to intracellular calcium release than a direct 

effector in the pathway.  A similar situation is seen in renal A6 cells where localized membrane 

stretch, resulting from cell placement in a hypotonic solution and subsequent cell swelling, 

results in a mass cellular rise in calcium concentration followed by a regulatory volume decrease 

(RVD).  However, the calcium influx that directly results from the localized stretching is rapid, 

transient and temporally separated between the stretch event and the RVD.  This suggests that a 

membrane stretch can cause a calcium influx large enough to trigger a signaling cascade leading 

to release of calcium from intracellular stores (Urbach et al., 1999).    

 Another similarity between the cells described in Urbach et al. (1999) and those in Von 

Dassow & Latz (2002) is the effect of extra cellular calcium upon the cellular response.  The L. 

polyedrum cells used by Von Dassow & Latz (2002) retained a luminescent response to shear 

stress, albeit decreased, even when the surrounding media was thought to be calcium free by 

addition of EGTA, a Ca
2+

 chelating agent.  It was also found that L. polyedrum cells treated with 

ruthenium red, an intracellular calcium store release blocker, exhibited strong bioluminescence 

inhibition.  These findings support the idea that there is a strong contribution to the BL pathway 

from intracellular Ca
2+

 stores.  

2+
 Ca  itself acts as a common second messenger in intracellular processes, but there are 

also other second messengers that are activated by the presence of Ca
2+

 and by shear stress alone.  

Heterotrimeric G-proteins are an important relay device involved in intracellular signaling whose 

activation is an important step in both the release of Ca
2+

 from intracellular stores and the 

transient flux of calcium into the cell.  The G protein complex consists of 3 subunits: alpha, beta 

and gamma.  Heterotrimeric G proteins are known to be either receptor-activated by G protein-

linked receptors (Dunlap & Ikeda, 1998; Miller, 1990) or shear stress activated (Gudi et al., 

1998; Gudi et al., 1996).  In a receptor-activated heterotrimeric G protein, the alpha subunit is 

bound to a GDP molecule as well as interacting with a ligand-binding receptor site.  Once a 

ligand has bound to the receptor, the GDP molecule is replaced by a GTP molecule and the alpha 
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particle dissociated from the remaining beta, gamma complex.  The free alpha particle then acts 

to stimulate other effector proteins or initiate signaling cascades involving secondary messengers 

such as protein kinases.  Voltage-gated Ca
2+

 channel activity has been found to be modified by 

G-protein coupled pathways, usually resulting in inhibition (Dunlap & Ikeda, 1998; Miller, 

1990).   

 The mechanism of shear stress activated G-proteins is more ambiguous, but it appears to 

occur due to an increase in membrane fluidity or a decrease in “microviscosity” as a result of 

shear stress (Gudi et al., 1998). One of the first responses to flow across a cell is the activation of 

phospholipase C (PLC).  PLC then breaks down phosphatidylinositol 4, 5-bisphosphate (PIP2) 

into inositol 1, 4, 5-trisphosphate (IP3) and diacylglycerol (DAG).  IP3, once dispersed in the 

cytosol, releases Ca
2+

 into the cytosol from intracellular stores (Papadaki & Eskin, 1997).  As 

referenced to earlier, a shear stress event may create a localized and transient increase in calcium 

concentrations leading to further amplification and bulk calcium release.   

 Although the focus of von Dassow and Latz’s paper (2002) was the role of calcium in the 

bioluminescent pathway, it was found that potassium was also a potent trigger of 

bioluminescence in L. polyedrum.  The bioluminescent response was mainly localized 

temporally as the K
+
 solution was added to the samples.  Pre-treatment with BAPTA-AM, an 

intracellular Ca
2+

 chelator, almost completely eliminated K
+
-sensitive luminescence.  However, 

when KCl saline solution was added to the BAPTA-AM-treated samples, the glow intensity 

increased although there were no flashes.  At high [K
+
] levels the BL response was twice the 

level in the presence of extracellular [Ca
2+

] than in the absence of extracellular [Ca
2+

].  However, 

the high [K
+ 2+
] response in the absence of extracellular [Ca ] was still much greater than that seen 

at low [K
+
].  This suggested that K

+
-induced luminescence may rely at least partially on 

intracellular Ca
2+

 stores. 

 The implication of calcium in the BL pathway introduces the possibility of using calcium 

channel blockers to inhibit calcium fluxes.  There are three main types of calcium channels: 

voltage-gated, receptor-operated or ligand-gated and “leaky” or mechanosensitive.  Calcium 

channel blockers have been found to be most effective on voltage-gated channels and not 

receptor-operated or mechanosensitive channels.  There are currently 6 types of voltage-gated 

calcium channels known: N-type, P-type, T-type, L-type, Q-type, and R-type.  The effectiveness 

of a channel blocker can vary between the 6 types of voltage-gated channels, with some being 
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effective for only one particular channel type.  It is unlikely that the influx of calcium is due to a 

voltage-gated calcium channel.  The mechanism through which voltage-gated calcium channels 

activate is in response to a depolarization, while the BL pathway exhibits the opposite with a 

depolarization in response to a calcium flux.  It is possible that voltage-gated calcium channels 

could become active once depolarization of the membrane has occurred, but it is not a candidate 

for initiating the depolarization.  In addition, there are no known intracellular voltage-gated 

calcium channels at this time.   

 Receptor-operated or ligand-gated calcium channels are activated by the binding of a 

ligand which causing a conformational change in the channel thereby causing it to open.  This is 

also an unlikely candidate for dinoflagellate calcium influx due to the characteristics of this 

particular efflux event.  There is no indication that the influx of calcium into the dinoflagellate 

cytosol involves the binding of a ligand as a pre-requisite.   The most likely candidates 

responsible for an influx of calcium are mechanosensitive ion channels also known as SACs 

(stretch-activated ion channels). However, the N-type and L-type voltage-gated calcium channels 

have also been found to be mechanosensitive (Calabrese et al., 2002; Lyford et al., 2002; Wu et 

al., 2001).  Unlike voltage-gated calcium channels which exist in neurons, SACs are present in 

muscle tissue and other tissues that experience shear stress and relay the stimulus to neurons in 

the form of an electrical signal (Holm et al., 2000; Urbach et al., 1999; Kaneko et al., 2005). 

Mechanosensitivity to stresses such as swelling have also been found to be an important 

modulator in voltage-gated Ca
2+

 fluxes (Ben-Tabou De-Leon et al., 2005).  

 The research by Von Dassow & Latz (2002) indicated the possibility of calcium release 

from intracellular stores as well as influx into the cell.  L. polyedrum cells maintained 

mechanically sensitive luminescence when placed in Ca
2+

 free media that contained EGTA, a 

Ca
2+

 chelator.  Further evidence of the importance of intracellular Ca
2+

 stores was the strong 

inhibition of mechanical sensitivity with the addition of Ruthenium Red, an inhibitor of 

intracellular Ca
2+

 release in metazoan tissues (Zucchi & Ronca-Testoni, 1997).  Ryanodine, 

another intracellular Ca
2+

 release blocker, however, had no measurable effect on luminescent 

response.  However, ryanodine does not affect the intracellular stores of all cells (Vigne et al., 

1990; Tong et al., 1999).   

 Free calcium itself is a common second messenger in intracellular pathways.  Calmodulin 

(CaM) is a ubiquitous calcium-binding protein that consequently binds to other proteins causing 

 6



alterations in the related calcium signal transduction pathway.  The ryanodine receptor (RyR) is a 

protein associated with intracellular Ca
2+

 channels.  Upon stimulation, the RyR opens the related 

Ca
2+

 channel and releases Ca
2+

 into the cytosol.  Inositol triphosphate is another intracellular 

calcium channel receptor. 

 There exists an alternate hypothesis to that of the membrane-pump theory that can be 

applied to the BL pathway.  It does not implicate calcium pumps or any other pumps in the 

propagation of an action potential, but still places calcium as the most important contributor to 

initiation of the BL pathway.  For most biologists the cell has been described as consisting of 

cytoplasm, an aqueous solution similar to saline solution, held together only by its surrounding 

semi-permeable plasma membrane, consisting of phospholipids and proteins.  The AI hypothesis 

describes the cell as a fixed-charge unit consisting of polarized water molecules oriented 

according to the exposed charges of its contents, such as proteins and its constituent amino acids.  

As opposed to the cell exhibiting a resting potential that is the sum of its internal electrical 

potentials, a fixed-charge system dictates that since only the cell surface is exposed to the 

external environment, it is here that the electrical potential of the cell arises.  According to this 

theory, because the water of the cell exists in polarized layers due to the exposed charges of 

proteins, disruption of the protein form will cause a rapid depolarization of the surrounding 

water.  Likewise, this disruption of the protein conformation results in the release of Ca
2+

, which 

is normally adsorbed to the protein’s surface (Ling, 1984).  This concurs with the findings of 

Von Dassow and Latz (2002) where intracellular calcium release is an important step in the BL 

pathway.   

 The key component in this effect is the cardinal adsorbent, which acts similar to a magnet 

polarizing a nail, which then magnetically polarizes the next nail leading to a series of 

magnetized nails connected to one another.  These cardinal adsorbents are attached to proteins 

and cause a particular polarized state.  This polarized state begins locally with the inductive 

effect of complexed atoms.  The measure of this inductive effect is termed the c-value, which is a 

measure of the displacement of an atom’s unit charge away from its center either towards or 

away from the interacting ion.  It is this arrangement of charges of a protein with either an 

exposed backbone or available carboxyl groups that polarizes the surrounding water into 

“layers”.  Dissociation of the cardinal adsorbent of a protein will disrupt the local inductive 

effect thereby causing a propagation of altered c-values and cause the adsorption preference of 

 7



surface anionic sites to shift from K
+ +
 to Na .  The propagation of altered c-values is termed the 

indirect F-effect.  The normally extended protein structure, which lends itself to polarizing water 

layers, then assumes a more folded (α-helix) shape.  This temporary shape causes the 

surrounding water to become depolarized.  Hence, a local depolarization event becomes spread 

over the entirety of the cell surface due to propagation of the indirect F-effect, which in this case 

would be the flash-triggering action potential resulting in bioluminescence (Ling, 1984).  

 

Cytoskeleton Involvement in Dinoflagellate Bioluminescence          

 The action potential is a prerequisite for bioluminescence, therefore mitigation of the 

action potential should result in mitigation of bioluminescence.  Eckert and Sibaoka (1968) 

found that there exists a threshold between the range of -100 mV and -200mV at which point the 

FTP occurs.  These elements are dependent upon the resting potential, which is related to 

elements associated with the cytoskeleton.  The cytoskeleton is a fibrous layer of actin filaments, 

intermediate filaments and microtubules that has been found to exist as a tensegrity network.  

This relationship between the filaments and microtubules allows the cytoskeleton to act as a 

sensitive tensegrity-based transduction system where transmembrane molecules can transfer 

mechanical signals to the CSK and trigger signaling pathways and channels throughout the cell 

(Wang et al., 1993; Wang & Sao, 2005; Coughlin & Stamenovic, 2003; Wang et al., 2001).  

There has been recent research on the cytoskeleton focused on membrane-cytoskeleton adhesion, 

which studied the relationship between the membrane and the cytoskeleton and the consequences 

of this interaction (Raucher & Sheetz, 2000; Sheetz, 2001).  .   

 Actin filaments are involved in mechanisms such as microvillus, lamellae extrusion, 

muscle contraction and transporting molecules in conjunction with myosin.  The involvement of 

the actin cytoskeleton in migration of scintillons of Pyrocystis fusiformis was studied by 

McDougall (2002).  With the addition of cytochalasin-D, a chemical known to damage actin 

filaments, it was hypothesized that bioluminescence would be mitigated by one of two means.  

The first possibility is that the tensegrity network of the cytoskeleton would be damaged and 

therefore the mechanotransduction pathway would fail to be triggered.  The second possibility is 

the scintillons would not fully migrate to the periphery resulting in a reduction of flashing.  

There was no significant reduction in bioluminescence upon addition of cytochalasin-D and it 

was surmised that this was due to the network nature of the cytoskeleton where no single 
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component is responsible for the tensile response.  Therefore, damaging one component of the 

cytoskeleton may alter the response to mechanical stresses but will not prevent it completely.  

This method could prove effective on dinoflagellates similar to P.  fusiformis, such as P. lunula, 

because their scintillons are transported by actin filaments to the periphery during the dark cycle.  

However, some dinoflagellates such as L. polyedrum do not maintain intact scintillons that are 

moved about the cell; instead the scintillons are disintegrated and reformed during each 

light/dark cycle. 

The AI hypothesis as mentioned previously also provides information about the 

importance of the cytoskeleton in determining a cell’s resting potential.  According to the AI 

theory by Dr. Gilbert Ling, the cell’s resting potential is dependent not on the concentration of 

intracellular ions, but on fixed ions present on the outer membrane of the cell adsorbed to 

proteins.  It is the outer membrane of the cell that is in contact with the external aqueous 

solution, which has its own ionic components and concentrations (Ling, 1984; Ling, 1982).  

There is the possibility that damaging the cytoskeleton may have effects on the resting potential 

of the cell due to the resulting dynamics of molecular charges exposed on the outer membrane.   

 Microtubules are a component of the cytoskeleton that exists in steady state through the 

addition and removal of tubulin dimers.  Although actin has thus far been found to be most 

involved in membrane-cytoskeleton interactions, damage to tubulin may also produce effects.  

There are many available anti-tubulin chemicals as well as chemicals used as stabilizing agents.  

Some examples of anti-tubulin drugs are: vinblastine, nocodazole, griseofulvin and colchicine.  

Many anti-tubulin chemicals are used as cancer drugs where the mitotic spindle is kept from 

forming thereby preventing cell division in cancerous cells.  Anti-tubulin drugs are believed to 

bind to microtubule dimers, modify its localized chemical structure and inhibit its affinity for 

binding more tubulin dimers which causes the microtubules to destabilize once these dimers 

attach to the ends (Engelborghs, 1998; Sackett & Varma, 1993, Margolis & Wilson, 1977).  

Matsumoto et al. (1984) found that by adding colchicine and other anti-tubulin reagents to squid 

giant axons, the sodium current (action potential) was blocked.  Conversely, adding a 

microtubule stabilizing reagent, such as DMSO or taxol, had the opposite effect of the 

suppressive reagents (Matsumoto & Sakai, 1979). 
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Exploring Factors That May Limit Dinoflagellate Bioluminescence 

Preliminary testing in my research involved the use of physical factors and chemical 

compounds to mitigate dinoflagellate bioluminescence.  The following describes the physical 

factors and chemical compounds used in preliminary testing and provides a brief description of 

the reasoning behind their use. 

 Light is a necessary element for dinoflagellate bioluminescence to occur.  It is both 

photoenhancing and photoinhibiting depending upon the when during the diel cycle it is 

absorbed.  The intensity of bioluminescence during the dark cycle is directly dependent upon the 

amount of light obtained prior during the day cycle.  In contrast, light absorbed during a normal 

dark cycle inhibits bioluminescence (Sweeney et al., 1959).  The wavelength of light necessary 

to photoinhibit differs between genera of dinoflagellate.  Photoinhibition is most effective for P. 

lunula at a wavelength of 450 nm (Hamman et al., 1981a), while L. polyedrum photoinhibition 

seems to occur in the red part of the spectrum and not the blue (Hamman et al., 1981b) 

 Common household microwaves emit a wavelength intended to focus on the absorption 

frequency of water.  The polarized state of water causes the molecules to rotate continuously in 

response to the microwave emission.  Consequently, heat is generated from the rotation of water 

molecules as opposed to their resonance that occurs due to infrared waves.  By heating the water 

molecules of the surrounding medium, the dinoflagellates will likewise heat up and die, 

preventing bioluminescence from occurring.  Its application for a vast area of the ocean, 

however, would require an amount of energy not practically available on sea-going vessels.  

Other options may include finding another means of heating the water around the vessels, or 

finding an absorption frequency of the dinoflagellates that would have the same effect household 

microwaves have upon water.  By choosing a wavelength twice the size of the dinoflagellate or 

of a component involved in the pathway such as luciferin, luciferase or the scintillons, damage 

may be incurred that would mitigate the bioluminescence pathway.  This is based upon the 

principle that the optimum length of an antenna is one-half the wavelength of the radiation being 

received (Serway & Beicher, 2000).    

 Colchicine is an anti-tubulin drug believed to bind to microtubule dimers, modify its 

localized chemical structure and inhibit its affinity for binding more tubulin dimers which causes 

the microtubules to destabilize once these dimers attach to the ends (Engelborghs, 1998; Sackett 

& Varma, 1993, Margolis & Wilson, 1977).  Matsumoto et al. (1984) found that by adding 
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colchicine and other anti-tubulin reagents to squid giant axons, the sodium current (action 

potential) was blocked.  As previously mentioned, damaging the tubulin in the cytoskeleton of a 

dinoflagellate may cause alterations affecting action potential.  

 Herbicides are a common and effective means of killing plant life with a variety of 

mechanisms.  The difficulty in using herbicides to mitigate bioluminescence in dinoflagellates is 

that a change in pH is known to trigger bioluminescence.  Also, if there exists a concentration 

that is effective in either mitigating BL or killing the dinoflagellates, releasing an aqueous 

solution results in increasing dilution as distance from the source increases, possibly causing a 

halo bioluminescent effect around a vessel.  This problem applies to using other chemicals as 

well.  Commercial and consumer concentrations of herbicide do not kill plant life 

instantaneously, but it could affect a dinoflagellate’s ability to luminescence.  

Due to the ambiguous nature of the dinoflagellate bioluminescent pathway, attempting to 

act on a specific step, ion or molecule may not be the most effective means of eliminating 

bioluminescence.  Therefore the options were reduced to those chemicals that would kill the 

dinoflagellates quickly at low concentrations.  Commonly known as formalin, 37% 

formaldehyde (HCOH) dissolved in water with methanol as a stabilizing agent, is a common 

fixative and preservative for organic tissues in biological applications. (Sournia, 1978; Camarero 

et al, 1999; Straskrabova et al., 2005; Tungaraza et al., 2003; Fouilland et al., 2000).  It is a 

protein cross-linking agent that effectively causes protein inactivation.  More specific actions 

include creating AP (apurinic and apyrimidinic) sites that are lesions in DNA, or creating bridges 

between amino sites (Srinivasan et al., 2002).  Other physical factors and chemical compounds 

tested but not described above are the following: heat, bleach, CuSO4, caffeine, CoCl , MnCl2 2, 

NH Cl, KCl, and HgCl . 4 2
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MATERIALS AND METHODS 

 

Selection of Experimental Bioluminescent Dinoflagellate Species  

Two dinoflagellate species, Pyrocystis lunula and Lingulodinium polyedrum were chosen 

for experimental work.  P. lunula is a very hardy, non-thecate species that is not typical of 

bioluminescent dinoflagellate species often observed in ocean environments.  However, its 

bioluminescence output is large and relatively continuous for longer periods of time than 

bioluminescence output of L. polyedrum, a species most frequently used in dinoflagellate 

bioluminescence experiments.  L. polyedrum is a thecate species commonly observed in ocean 

waters (Appendix Table 1).  The P. lunula cultures were maintained using F/2-Si growth 

medium, while the L. polyedrum cultures were maintained using F/4-Si growth medium 

(Guillard & Ryther, 1962).  Cells were maintained in Erlenmeyer flasks placed in a constant 

temperature room at 20°C with a 12-hour light, 12-hour dark photoperiod.   

 

 

 

 

 

 

 

 

 

   

 

 

 

Figure 2. P. lunula.  
http://staff-www.uni-marburg.de/~cellbio/welcomedisplay.htm 
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Figure 3. P. lunula. Left photo is taken during the dark cycle with white 

indicating bioluminescence.  Right photo is taken during the day cycle 

with red fluorescence from chlorophyll. 

 

 
http://www.mcb.harvard.edu/Faculty/GalleryDisplay.asp?Faculty=Hastings 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4. L. polyedrum. 
http://www.mcb.harvard.edu/hastings/dino.html 
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Figure 5. L. polyedrum during dark cycle.  

White areas indicate bioluminescence 

and red areas indicate chlorophyll. 

 

 

http://www.mcb.harvard.edu/hastings/dino.html 
 

 

Dinoflagellate Bioluminescence Mitigation Experiments  

Dinoflagellates in red tides can reach concentrations of 1 x10
7
 cells l

-1
 (Seliger et al., 

1970) while normal dinoflagellate concentrations range from 100 to 1000 cells l
-1 

(Kelly, 1968).  

In Oyster Bay, Jamaica, Pyrodinium bahamense, a bioluminescent dinoflagellate, had cell 

concentrations of 100,000 cells l
-1

 (Seliger et al., 1970).  Bahia Fosforescente, Puerto Rico, had 

P.  bahamense concentrations averaging 22 (+ 26, 1 std) cells l
-1 

(Seliger et al, 1971). 

Dinoflagellate samples used in my experiments were taken during the exponential growth 

phase of a particular culture.  Cell concentrations were determined using a haemocytometer or a 

Coulter counter. Cell concentrations were reduced to a concentration between 1,000 and 2,000 

cells/ml for experimental use.   

 There have been few publications that provide a protocol for measuring dinoflagellate 

bioluminescence.  The methods vary depending upon how the shear stress that causes the 

bioluminescence is achieved (Herren et al., 2005; Mallipattu, 2002; Latz et al., 1994; Latz & 

Rohr, 1999; Latz et al., 2004).  Our research used photon counting and a specially designed test-
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box within which the bioluminescence was measured as affected by a chemical that acted to limit 

bioluminescence.   

A large number of different chemical compounds and physical factors were tested with 

human-eye visualization to determine their effectiveness in mitigating dinoflagellate 

bioluminescence before photon counting experiments commenced.  The dinoflagellate species 

chosen for preliminary testing was P. lunula due to its hardiness and stronger luminescent 

display than most other bioluminescent dinoflagellates.  For each experiment, the factor or 

chemical was administered during the dark phase of the growth cycle and the bioluminescent 

response was visually determined upon stirring manually.  Each sample consisted of 50 ml of 

culture in a 75 ml test tube.  Only one compound, formaldehyde, was determined to mitigate 

dinoflagellate bioluminescence.  The remainder of the chemical compounds and physical factors 

either stimulated bioluminescence beyond normal levels before mitigation, or did not mitigate 

dinoflagellate bioluminescence to any satisfactory degree.  Using published methods for using 

formaldehyde, in formalin, as a phytoplankton fixative as a guide (Sournia, 1978; Camarero et 

al, 1999; Straskrabova et al., 2005; Tungaraza et al., 2003; Fouilland et al., 2000), a range of 

formaldehyde concentrations was chosen.  Those values were 0.1, 0.25, and 0.5 milliliters 

formaldehyde solution (Fisher Scientific Company) added per 3.5 milliliter culture sample, 

which provided a formaldehyde concentration range from 1.0% to 4.6%. 

In addition to attempting to mitigate dinoflagellate bioluminescence, testing was also 

done to determine whether the bioluminescent mechanism is membrane-bound.  Culture samples 

of P. lunula and L. polyedrum were sonicated at the same level of intensity but for different 

lengths of time on ice to break the cells apart.  The samples were observed under a microscope to 

visually affirm that the cells were no longer intact.  The protocol for these tests was the same as 

that followed for the formaldehyde tests given in the proceeding paragraphs, with the exception 

that no treatment was applied during the light measurement for the sonicated samples. 

 An amount of 3.5 milliliters of test culture was placed in a cuvette onto which a 

Spectrocell
®

 stirrer was attached to generate shear stress (Figures 6 and 7).  The cuvette was held 

in place within a PVC lightproof box that allowed control of light energy input to a Hamamatsu 

H6614-70 photomultiplier tube (Figure 7).  The test reagents were added to the cultures via a 

Tygon
® 

tube and attached syringe (not shown here).  The release end of the Tygon® tubing was 

attached into the Spectrocell
®

 stirrer so that the chemicals could be dispersed without interfering 
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with the stirring mechanism.  The tubing was lead from the cuvette, out the top of the box and to 

the syringe.  Experiments commenced 2 hours after the dark cycle began with 30 minutes 

between individual tests to allow the dinoflagellates to return back to a normal state after being 

exposed to any turbulence experienced while transference to the test box apparatus. 

At the beginning of each experiment, a shutter system, seen as the black material in 

Figure 7, was used to expose the photomultiplier tube (housed in the cylinder at the back of the 

apparatus) so that photons, emitted as bioluminescence, could be detected.  A photon counting 

system, obtained from Hamamatsu, was used in conjunction with Lab View software to obtain 

bioluminescent photon counts during 10 millisecond gated time periods.  The apparatus, as used 

during photon counting, is shown in Figure 8.    

 

 

 

 

 

 

 

Figure 6.  Dinoflagellate cultures and experimental spectrophotometer cells containing 

dinoflagellates. 

 16



 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Open experimental chamber with spectrophotometer cuvette and micro stirrer 

in place. 
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Figure 8.  Experimental chamber closed with photomultiplier tube open to 

stirred spectrophotometer cell contents. 

 

Determining the Nature of the Afterglow Effect 

 Dinoflagellate cells were sonicated with a Branson Sonifer Cell Disruptor 200 to 

determine whether bioluminescence, remaining after cells were treated with chemical 

compounds that affected bioluminescence, was membrane-bound or occurred in cell sap.  After 

sonication, cells were removed from suspension by filtration through an Osmonics, Inc. 

Poretics
®

 0.2 micrometer filter.  Cell sap was examined for bioluminescence using the same 

protocol as that described in the preceding paragraphs.  
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RESULTS 

 

A. Experiments with Formaldehyde and P. lunula. 
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Figure 9.  P. lunula control.  Stirring continuously, no formalin added. 

A typical bioluminescent response from P. lunula at a concentration between 1x 10
3
 and 

2 x 10
3
 cells ml

-1
 was within the range of 3 to 5 photons ms

-1
 cell

-1
.  As mentioned earlier, the 

bioluminescent response of P. lunula is much brighter and sustained for longer periods of time 

relative to other bioluminescent dinoflagellates.  For example, this can be seen by comparing the 

effect of stirring upon bioluminescence output of P. lunula compared to that of L. polyedrum 

(Figures 9 and 14). 
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Figure 10.  P. lunula with stirring before formalin was added at the time indicated by the 

arrows.   
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Figure 11.  P. lunula with stirring after formalin was added at the time indicated by the 

arrows. 

 

Each test was a total duration of 15 minutes.  An interval of 1 minute between stirring the 

sample and adding formalin was maintained throughout testing.  However, the sequence of the 

events had 2 variations either where stirring occurred before adding formalin, or where formalin 

was added before stirring.  These events always occurred at either the 120s or 180s point, 

respectively.  Formaldehyde reduced bioluminescence of P. lunula.  The small parabolic peak 

that occurred after formalin was added while stirring (Figure 11) reflects the residual cell 

material that remains bioluminescent after the cells have been killed.  This effect was observed in 

visualization experiments conducted before the photon-counting experiments where a persistent 

glow, hereafter referred to as afterglow, was observed for many minutes after cells were killed 
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by formalin.  A similar parabolic peak can be seen in Figure 12, although far lower in magnitude, 

and can be attributed to the same factor that caused the peak in Figure 2.  Despite the peak in 

bioluminescence caused by the addition of formalin prior to stirring (Figure 12), this level is not 

beyond the normal level of bioluminescent response from P. lunula. 
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 Figure 12.  Combined plot of P. lunula with stirring before the addition of different 

amounts of formalin.    
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Figure 13. Combined plot of P. lunula with stirring after the addition of different amounts of 

formalin.   

The mean and one standard deviation were calculated for the response to 0.5 ml formalin 

(Figure 12).  When plotted, the mean plus one standard deviation and the mean minus one 

standard deviation could not be visually separated on the scale of Figure 12.  This provides an 

indication of the precision of my experimental results. The differing impacts of the varied 

amounts of formalin on P. lunula bioluminescence either with stirring before its addition or 

stirring after its addition as can be seen in Figures 13 and 14 respectively.   
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 Although it is apparent that formaldehyde reduces P. lunula bioluminescence, it is also 

clear from Figures 13 and 14 that the time-course of formaldehyde effectiveness depends upon 

concentration.  As the concentration of formaldehyde increased, the afterglow after formalin 

addition in the case where stirring occurs before addition, or upon stirring in the case where 

stirring occurs after addition, decreased in magnitude and duration. 

 

B. Experiments with Formaldehyde and L. polyedrum. 
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Figure 14.  L. polyedrum control.  Stirring continuously, no formalin added. 
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Figure 15.  L. polyedrum with stirring before formalin was added at the time indicated by the 

arrows.   
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Figure 16. L. polyedrum with stirring after formalin was added at the time indicated by the 

arrows. 

 

The bioluminescence burst, exhibited by L. polyedrum after formalin addition (Figure 

15), while shorter in duration than that of P. lunula, reached a bioluminescent level greater than 

that seen during normal stirring.  Formaldehyde inhibited of L. polyedrum bioluminescence, with 

no afterglow after the initial bioluminescence burst.  Bioluminescence exhibited by L. polyedrum 

with stirring after formalin was added (Figure 16) was negligible compared to the afterglow of P. 

lunula under the same conditions (Figure 13).   
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The differing impacts of the varied concentrations of formaldehyde on L. polyedrum 

bioluminescence, either with stirring before its addition or stirring after its addition, can be seen 

in Figures 17 and 18 respectively. 
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Figure 17. Combined plot of L. polyedrum with stirring before the addition of different 

amounts of formalin.   
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Figure 18. Combined plot of L. polyedrum with stirring after the addition of different 

amounts of formalin.   

 

 Comparing the control results of P. lunula and L. polyedrum, it is apparent that there are 

considerable differences between the two species.  The maximum bioluminescent response of P. 

lunula to stirring is approximately 5 photons ms
-1

 cell
-1

, while L. polyedrum bioluminescent 

levels rarely exceed 4 photons ms
-1

 cell
-1 

upon stirring.  In addition, P. lunula bioluminescent 

levels stayed fairly consistent throughout each 15 minute test (Figures 9, 12 and 13), while L. 
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polyedrum bioluminescent levels quickly decreased from 4 photons ms
-1

 cell
-1

 to approximately 

1 photon ms
-1

 cell
-1

, at which point the level was maintained for the remainder of the 15 minute 

test.  The bioluminescent response to stirring with no formalin added varied among experiments 

for L. polyedra (Figures 14, and 17). 

Although it is apparent that formaldehyde eliminates L. polyedrum bioluminescence, it is 

also clear from Figures 17 and 18 that the effectiveness of formaldehyde depends upon 

concentration.  The effects of different concentrations of formaldehyde on L. polyedrum 

bioluminescence are not as dramatic as with P. lunula.  The bioluminescence burst resulting from 

stirring before the addition of formalin was similar for all three formalin addition amounts, both 

in magnitude and duration.  However, unlike P. lunula, when stirring occurs after the addition of 

formalin to L. polyedrum, there was no afterglow upon stirring.   

 

C. Experiments to Determine the Nature of the Afterglow Effect. 

 After sonication and filtration, the filtered P. lunula samples emitted no more than two 

instances of bioluminescence per 15 minute test and in each instance bioluminescence was a 

brief, single spike. The magnitudes of the spikes were no greater than half of that emitted from 

the control samples. The filtrate exhibited no bioluminescence. After sonication and filtration 

neither the filtered L. polyedrum samples nor the filtrate emitted bioluminescence upon stirring. 
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DISCUSSION 

 

The Bioluminescence Afterglow of Pyrocystis lunula  

The afterglow observed during both preliminary testing and photon counting experiments 

with formalin has been previously reported.  Biggley (1969) described  P. lunula as exhibiting a 

low-level continuous glow that persisted after mechanical stimulation ceased.  The glow was 

presumed caused by cell damage.   Testing with sonicated dinoflagellate cells revealed that the 

bioluminescent mechanism is membrane-bound.  This does not imply, however, that when 

bioluminescence is arrested the cell has ruptured.  The afterglow observed during preliminary 

testing may have resulted from dinoflagellate cells that experienced damage, which did not kill 

the cell.  This idea is supported by formalin testing results, where afterglow was observed only 

for brief periods of time before the cells were killed, at which point the afterglow ceased. 

Although denaturation and DNA-protein cross-linking is responsible for death of the 

cells, the brief afterglow seen upon adding formalin to the dinoflagellate cultures may be 

explained by its effect on the action potential.  It has been shown in frog skeletal muscles and 

crayfish axons that protein cross-linking agents cause prolonged duration of action potentials 

(Armstrong, 1973).  This may be related to the bioluminescent peak seen upon adding formalin, 

but before stirring has caused any shear stress.  During testing it was seen that the amount of 

formalin added, and the duration of the afterglow, were inversely proportional.  As a higher 

concentration of formalin was added, the afterglow decreased in duration but the initial 

bioluminescent peak increased in magnitude.  It is possible that at higher formalin concentrations 

the action potential is strong enough to illicit a greater response from scintillon activity while 

effectively killing the cells more rapidly than at lower concentrations, therebye causing shorter 

afterglow periods.  The testing done that showed the bioluminescent mechanism is membrane-

bound also supports this.  At lower formalin concentrations, the cells would be expected to die 

more slowly, allowing a weaker bioluminescent response to the action potential to linger for a 

longer period of time. 

   

Implications of Formalin for Naval Applications 

 

 Because formaldehyde is a gas, it is placed into solution with methanol as a stabilizer.  

Methanol was tested for effects upon dinoflagellate bioluminescence, and had none.  In Naval 
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applications, formaldehyde could be kept under high pressure, and released into seawater as 

needed. 

There are several factors that affect consideration of formaldehyde use as a mitigator of 

dinoflagellate bioluminescence in naval applications.  The extent of successful formaldehyde 

applications in SDV operations would depend upon the cell concentrations of bioluminescent 

dinoflagellate species present in an operational environment.  The cell concentrations used in my 

experiments were greater, by two orders of magnitude, than bioluminescent dinoflagellate 

species concentrations observed in marine environments.  These experimental cell concentrations 

were required for photon counting with the Hamamatsu photomultiplier and photon counting 

electronics.   It is presumed that the results obtained here would be qualitatively valid for lower 

dinoflagellate cell concentrations, such as those observed in Caribbean bioluminescent bays 

(Seliger et al., 1970; Seliger et al., 1971).   The effects of formaldehyde for limiting 

bioluminescence at cell concentrations below which photon counting is not practical could be 

determined in situ.  This could be accomplished using a bioluminescence detector such as 

HIDEX (Widder et al., 1993). 

  At the origin of formaldehyde release, a bioluminescence burst occurs, both for P. lunula 

(Figures 11 and 13), and for L. polyedra (Figures 15, 16, and 18).  In application around the 

propeller shroud of a SDV, this would be expected to generate a “halo” effect, traveling with the 

SDV.  A “halo” effect would defeat the purpose of attempting to eliminate or minimize 

bioluminescence immediately around a SDV with formalin.   However, an effect similar to the 

condition when a squid releases “ink” to surrounding waters when confronted with a predator, 

could minimize the “halo” effect generated by formalin released from a SDV.  This condition 

might be accomplished by release of a photon-absorbing compound such as black ink together 

with formaldehyde release from a SDV.   The advantage of using formaldehyde and a photon-

absorbing compound together is that down-stream dinoflagellate bioluminescence might be 

significantly reduced by formaldehyde as the photon neutralizing agent decreases in 

concentration.  Determining the feasibility of such an interaction, however, was beyond the 

scope of my work. 

The afterglow phenomenon observed with P. lunula (Figure 12) is a significant concern 

in considering applications of formaldehyde in SDV operations.   However, because the 

bioluminescent mechanism of L. polyedrum is thought to be typical of marine bioluminescent 
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dinoflagellate species, while the bioluminescent mechanism of P. lunula is not, the afterglow 

phenomenon may not be a significant problem if formaldehyde were used to mitigate 

bioluminescence in marine waters.  This idea could be tested, in situ, in marine waters containing 

bioluminescent dinoflagellates, but was beyond the scope of my research.   

 Another factor to consider is the sensitivity to formaldehyde of dinoflagellate species 

that may be common in the waters where a SDV is operated.  In my tests, L. polyedrum (Figure 

17) appeared to be more sensitive to the effects of formaldehyde than P. lunula (Figure 12).   

However, the opposite condition occurred where toxic metals were tested for their effects on 

bioluminescent dinoflagellates (Heimann, 2002; Okamoto, 1999).  Therefore, it is difficult to 

predict the effects of formaldehyde on other dinoflagellate species found in marine waters.  

Because many marine dinoflagellate species are difficult to culture, determination of 

formaldehyde effects would require in situ tests in marine environments. 

A final factor for consideration in the application of formaldehyde for marine 

dinoflagellate bioluminescence limitation is the impact of formaldehyde on other marine 

organisms, and on human beings.  Formaldehyde is biologically produced and utilized in marine 

environments (Nuccio et al., 1995).  However, the concentrations of formaldehyde required to 

quickly kill dinoflagellates are beyond ambient levels in marine environments.  Formaldehyde 

concentrations may be expected to rapidly decrease with distance from a SDV as turbulence 

disperses the compound, and would not be expected to significantly affect human beings. 
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APPENDIX 

 

Table 1. List of bioluminescent dinoflagellates and their locations. 

Species Name General Location 

Alexandrium acatenella  Pacific coastal waters 

Alexandrium affine North Atlantic 

Alexandrium catenella North Pacific 

Alexandrium fundyense North Atlantic 

Alexandrium monilatum Venezuela, Ecuador, Costa Rica, U.S. southern coast, Chesapeake Bay 

Alexandrium tamarense  North Atlantic 

Ceratium breve  Caribbean Sea 

Ceratium candelabrum Oceanic, Warm waters 

Ceratium furca  Worldwide except Antarctic waters 

Ceratium fusus Worldwide except Antarctic waters 

Ceratium gibberum Oceanic, Indian Ocean 

Ceratium horridum Worldwide, cooler waters, Atlantic, Pacific, Indian Oceans 

Ceratium lunula Oceanic, Subtropical waters 

Ceratium tripos  Worldwide 

Ceratocorys horrida Tropical, oceanic 

Dissodinium pseudolunula Northeast Atlantic 

Fragilidium heterolobum   

Glenodinium sp.   

Gonyaulax catenata   

Gonyaulax digitale  Oceanic, worldwide 

Gonyaulax grindleyi North Sea 

Gonyaulax hyalina  Indian Ocean, Turkish Seas 

Gonyaulax monacantha   

Gonyaulax monilata   

Gonyaulax parva Indian Ocean  

 33



 Table 1 – continued

Gonyaulax polyedra Temperate and tropical waters 

Gonyaulax polygramma  Worldwide 

Gonyaulax scrippsae  Pacific, Atlantic, Indian Oceans; Mediterranean, Caribbean Sea 

Gonyaulax sphaeroida   

Gonyaulax spinifera Worldwide, neritic, estuarine 

Gymnodinium flavum Coral Sea, Mediterranean, Caribbean 

Gymnodinium sanguineum  Worldwide in coastal waters 

Lingulodinium polyedrum North Pacific 

Noctiluca scintillans Temperate and tropical waters 

Peridiniella catenata  Widely in cold and temperate waters 

Polykrikos kofoidii  Pacific Ocean 

Polykrikos schwartzii    

Prorocentrum micans  Worldwide 

Protoceratium reticulatum North Pacific, Caribbean Sea 

Protoperidinium antarcticum   

Protoperidinium bipes  Atlantic Ocean, Mediterranean Sea, Neritic 

Protoperidinium brevipes  Neritic, Worldwide in cold waters 

Protoperidinium breve    

Protoperidinium brochii    

Protoperidinium cerasus Carribean Sea, coasts of S. America 

Protoperidinium claudicans  Neritic, Coastal water of Europe, N. America; Indian Ocean 

Protoperidinium conicoides Arctic and Antarctic Waters 

Protoperidinium conicum  Mediterranean, Baltic, S. Atlantic, Amazon Estuary 

Protoperidinium curtipes    

Protoperidinium cerasus    

 

 

 

 34



Table 1 – continued.
 

Protoperidinium crassipes 
  

Protoperidinium depressum Widespread from Artic to Antarctic 

Protoperidinium divergens Mediterranean, Pacific, Indian and Atlantic 

Protoperidinium elegans   

Protoperidinium eugrammum   

Protoperidinium excentricum Widespread  

Protoperidinium exiquipes   

Protoperidinium globulum   

Protoperidinium granii Neritic 

Protoperidinium heteracanthus   

Protoperidinium huberi   

Protoperidinium leonis Widespread  

Protoperidinium minutum    

Protoperidinium nudum   

Protoperidinium oceanicum  Gulf Stream waters, Iceland, Mediterranean, Indian Ocean 

Protoperidinium ovatum  Mediterranean, Indian and Atlantic 

Protoperidinium pacificum   

Protoperidinium pallidum  Atlantic, Mediterranean, Arctic and Antarctic 

Protoperidinium pellucidum  Neritic and Oceanic, Pacific, Mediterranean and Atlantic 

Protoperidinium pentagonum  Neritic 

Protoperidinium punctulatum  Oceanic and neritic, North Sea 

Protoperidinium pyriforme    

Protoperidinium saltans North Atlantic, North Sea 

Protoperidinium seta   

Protoperidinium sinaicum   
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Table 1 – continued.
 

Protoperidinium sournia 
  

Protoperidinium steinii  Atlantic, Pacific and Indian Oceans; Baltic and Caribbean 

Protoperidinium subinerme  Barents and Kara Seas 

Protoperidinium thulesense   

Pyrocystis acuta    

Pyrocystis fusiformis Warm waters  

Pyrocystis hamulus Southwest Pacific Ocean 

Pyrocystis lanceolata   

Pyrocystis lunula  West Channel, Florida Straits, Caribbean Sea 

Pyrocystis noctiluca  Warm waters, North Pacific 

Pyrocystis obtusa    

Pyrocystis pseudonoctiluca Inter-oceanic warm waters 

Pyrocystis robusta Tropical and subtropical waters 

Pyrodinium bahamense    

Pyrophacus horologium  Warm oceans 

Triadinium polyedricum Mediterranean, Indian and Caribbean 
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Table 2. Effect of sunlight on the bioluminescent (BL) response of P. lunula to    

              mechanical stimulation.                          

Treatment Incubation time 

between treatment 

and mechanical 

stimulation 

Results 

Sunlight None (T ) Normal BL response with point-source flashing (PSF). 0

Sunlight 10 minutes (T ) Normal BL response with PSF. 1

Sunlight 20 minutes (T ) Decreased point-source flashing compared to the T  and T2 0 1 

samples.   

Sunlight 30 minutes (T ) BL level similar to T3 2 sample 

Sunlight 40 minutes (T ) Very little point-source flashing at the top of the culture that 

diminished with continual stirring. 

4

Sunlight 50 minutes (T ) Similar magnitude of PSF as T5 4 sample but diminished 

faster in response to continual stirring. 

Sunlight 1 hour (T ) Very minimal PSF at the top and bottom of the culture.   6
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Table 3. Effect of microwaves on the bioluminescent (BL) response of P. lunula to 

              mechanical stimulation.                

Treatment Exposure time Incubation 

time 

between 

treatment 

and 

mechanical 

stimulation 

Results 

Microwaves None (T ) None Normal BL and point-source flashing (PSF) 

in response to stirring. 

0

Microwaves 5 seconds (T ) None No BL response to stirring. 1

Microwaves 10 seconds (T ) None No BL response to stirring. 2

None No BL response to stirring. Microwaves 15 seconds (T ) 3

30 minutes No BL response to stirring. 

None Increased BL in response to stirring 

compared to control sample with a residual 

glow without PSF similar to that caused in 

the cupric sulfate experiment. 

Microwaves 20 seconds (T ) 4

30 minutes No BL response to stirring. 
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Table 4.  Effect of heat on the bioluminescent (BL) response of P. lunula to    

               mechanical stimulation.             

Treatment Final 

temperature 

Results  

Heat Normal BL in response to stirring.   21° C 

Heat Similar BL response to stirring as control. 30° C 

Began glowing without point-source flashing 

(PSF) prior to stirring.  Upon stirring the glow 

increased in magnitude without PSF.   

Heat 37.78° C 

Heat Began glowing along the top and bottom of the 

culture at 30° C.  At approximately 35° C the glow 

intensified towards the center of the bottom.  At 

approximately 40° C the glow at the bottom began 

to diminish and glowing particles began swirling 

around in the beaker.  At approximately 47° C the 

“glowing particles” stopped glowing except a very 

faint glow around the thermometer entry point.  At 

50° C the sample exhibited no BL in response to 

stirring.  There was never any PSF in the 50° C 

sample.   

50° C 
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Table 5.  Effect of colchicine on the bioluminescent (BL) response of P. lunula to  

               mechanical stimulation.                            

Treatment  Treatment 

concentration 

Incubation 

time between 

treatment and 

mechanical 

stimulation 

Results 

0.2  μm  

filtered 

seawater 

- None Normal BL. 

0.2  μm  

filtered 

seawater 

- None Normal BL. 

Colchicine 10 mM None Similar to control BL. 

Colchicine 10 mM 30 minutes Similar to control BL. 

Colchicine 10 mM 1 hour Similar to control BL. 
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Table 6. Effect of bleach on the bioluminescent (BL) response of P. lunula to mechanical 

stimulation. 

Treatment Treatment 

concentration 

  Incubation 

time 

between 

treatment 

and 

mechanical 

stimulation 

Results 

Stirred - Minimal BL due to reagent addition. Normal BL 

response to stirring. 

0.2  μm  

filtered 

seawater 

- 

Stirred 1 hour Slightly reduced BL response to stirring but still 

normal.  Some residual flashing. 

Unstirred - Minimal BL due to reagent addition. 0.2  μm  

filtered 

seawater 

- 

Stirred 1 hour Normal BL response to stirring. 

0.01% 

(1:1000) 

Stirred - Minimal BL due to reagent addition.  Normal BL 

response to stirring.  Low glow concentrated at 

top and bottom of culture a few minutes after 

addition. 

Bleach 

 Stirred 1 hour Reduced BL response to stirring.  BL 

concentrated on the surface of the stirring rod and 

the top and bottom of the culture.  No PSF.  Very 

faint residual glow after stirring.   

0.01% 

(1:1000) 

Unstirred - Minimal BL due to reagent addition with a small 

amount of glow at top of culture a few minutes 

later. 

Bleach 

 Stirred 1 hour BL response to stirring similar to control after 1 

hour incubation.  Concentrated BL at top and 

bottom of culture but not on the surface of the 

stirring rod as with the other .00615% sample.  

Some residual flashing. 

0.06% 

(1:100) 

Stirred - Emitted an intense glow concentrated at the top 

and bottom of the culture upon addition of 

reagent.   Normal BL response to stirring.  

Continued emitting a more intense glow than the 

.00615% samples.  The glow dissipated 

gradually. 

Bleach 

 Stirred 1 hour Reduced BL response to stirring concentrated at 

the top of the culture.  Very faint residual glow 

after stirring.   

0.06% 

(1:100) 

 

Bleach Unstirred - Emitted an intense glow concentrated at the top 

and bottom of the culture upon addition of 

reagent.   Continued emitting a more intense glow 

than the .00615% samples.  The glow dissipated 

gradually.    
 

  Stirred 1 hour More reduced BL in response to stirring than 

other .0615% sample, concentrated at the top of 

the culture.  No residual glow.   

 41



Table 6 – continued. 

0.62% 

(1:10) 

Stirred - Emitted an intense glow concentrated at the top 

and bottom of the culture upon addition of 

reagent greater in magnitude than the .0615% 

samples but dissipated much quicker.   Normal 

BL response to stirring.  Residual glow after 

stirring was very dim.   

Bleach 

 Stirred 1 hour No BL response to stirring except a few flashes at 

the top of the culture.  No residual glow.   

0.62% 

(1:10) 

Unstirred - Emitted an intense glow concentrated at the top 

and bottom of the culture upon addition of 

reagent greater in magnitude than the .0615% 

samples but dissipated much quicker.  No 

residual glow. 

Bleach 

 Stirred 1 hour Much reduced BL response to stirring.  No BL 

after a few seconds of stirring.  No residual glow.  

Stirred - Most intense glow at top and bottom of culture 

upon addition of reagent of all concentrations.  

Magnitude of the glow decreased very rapidly.   

Normal BL response to stirring regarding 

magnitude, but no PSF.  No residual glow.  

Bleach 6.15% 

(undiluted) 

Stirred 1 hour No BL response to stirring except a few flashes at 

the top of the culture.  No BL after 1 second of 

stirring.  No residual glow. 

Unstirred - Most intense glow at top and bottom of culture 

upon addition of reagent of all concentrations.   

Magnitude of the glow decreased very rapidly.   

No residual glow.   

Bleach 6.15% 

(undiluted) 

Stirred 1 hour No BL response to stirring. 
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Table 7. Effect of herbicides on the bioluminescent (BL) response of P. lunula to 

mechanical stimulation. 
Treatment Concentration   Incubation time 

between 

treatment and 

mechanical 

stimulation 

Results 

Stirred - Minimal BL response to addition of 

seawater.  Normal BL response to 

stirring. 

0.2  μm  

filtered 

seawater 

- 

Stirred 30 minutes Normal BL response to stirring. 

Unstirred - Minimal BL response to addition of 

seawater.   

0.2  μm  

filtered 

seawater 

- 

Stirred 30 minutes Normal BL response to stirring. 

Stirred - Minimal BL response upon addition 

of herbicide.  Bioluminescent 

response to stirring was similar to 

that of controls with slight glow that 

did not persist after stirring stopped. 

“Eliminator” 

(glyphosate, 

isopropylamine 

salt) 

.57% glyphosate 

ispropylamine salt 

(general use) 

Stirred 30 minutes BL response to stirring was similar to 

control except dampened (less 

luminous). 

Unstirred - Minimal BL response upon addition 

of herbicide.   

“Eliminator” 

(glyphosate, 

isopropylamine 

salt) 

.57% glyphosate 

ispropylamine salt 

(general use) Stirred 30 minutes Much reduced BL response to 

stirring concentrated at the bottom of 

the culture.  Response disappears 

after less than 1 minute of stirring 

except for residual faint glowing 

particles at the bottom.  

Stirred - Emitted intense glow as pipette tip 

entered the culture.  Minimal BL 

upon addition of herbicide.  BL 

response to stirring was similar to 

controls except the individual flashes 

were less luminous.   

“Eliminator” 

(glyphosate, 

isopropylamine 

salt) 

.85% glyphosate 

ispropylamine salt 

(tough use) 

Stirred 30 minutes BL response to stirring was similar to 

control except dampened (less 

luminous). 

Unstirred - Emitted a less intense glow upon 

pipette tip entering culture compared 

to equivalent stirred sample.  Very 

minimal BL upon addition of 

herbicide.   

“Eliminator” 

(glyphosate, 

isopropylamine 

salt) 

.85% glyphosate 

ispropylamine salt 

(tough use) 

Stirred 30 minutes Diminished BL response to stirring 

but not as reduced as .57% sample.  

Glowing particles at surface and 

bottom.   
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 Table 7 – continued.

Stirred - Emitted intense glow upon addition 

of herbicide.  BL was located mostly 

at surface and bottom where 

herbicide was collecting.  BL 

response to stirring was more than 

controls but not as individually 

luminous.  Luminescent particles at 

the surface and suspended in the 

culture due to the increase in 

viscosity.  Residual glow that 

increased towards bottom of culture.   

“Eliminator” 

(glyphosate, 

isopropylamine 

salt) 

41% glyphosate 

ispropylamine salt 

(undiluted) 

Stirred 30 minutes BL response to stirring was similar to 

control except dampened (less 

luminous). 

Unstirred - Emitted intense glow upon addition 

of herbicide.  5 minutes after 

addition, the surface and bottom 

began to glow.  10 minutes later the 

glow persisted at the surface but 

formed a layer at the bottom where 

the curvature of the test tube bottom 

began.   

“Eliminator” 

(glyphosate, 

isopropylamine 

salt) 

41% glyphosate 

ispropylamine salt 

(undiluted) 

Stirred 30 minutes Initial response to stirring was 

glowing particles at the surface and a 

faint glow at the bottom.  The stirring 

seemed to have caused the glowing 

debris at the bottom to become 

dispersed throughout the culture.  

Entire culture continued to glow 10 

minutes after stirring stopped. 
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Table 8.  Effect of cupric sulfate on the bioluminescent (BL) response of P. lunula to   

               mechanical stimulation.              

Treatment Treatment 

concentration 

Amount of 

treatment 

added 

Results 

0.2  μm  

filtered 

seawater 

- 1 ml Minimal BL while adding the FSW 

due to flow turbulence and normal BL 

in response to stirring. 

0.2  μm  

filtered 

seawater 

- 1 ml Minimal BL while adding the FSW 

due to flow turbulence and normal BL 

in response to stirring. 

Cupric sulfate Saturated 0.5 ml, 1.0 ml, 

2.0 ml 

Minimal BL while adding the cupric 

sulfate due to flow turbulence and 

similar amount of BL in response to 

stirring.  After approximately 1 minute 

the PSF diminished and the cultures 

glowed for another approximately 25  

minutes decreasing in magnitude with 

time.   
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Table 9.  Effect of miscellaneous chemicals on the bioluminescent (BL) response of P. lunula to  

               mechanical stimulation. 
Treatment Treatment 

concentration 

Incubation time 

between 

treatment and 

mechanical 

stimulation 

Results 

 

- Minimal BL due to reagent addition. Normal BL response to 

stirring. 

0.2  μm  

filtered 

seawater 

- 

1 hour Exhibited slightly decreased magnitude of BL as initial response 

except the light was concentrated at the air-water interface. 

- Minimal BL due to reagent addition.   Normal BL response to 

stirring. 

0.2  μm  

filtered 

seawater 

- 

1 hour Exhibited slightly decreased magnitude of BL as initial response 

except the light was concentrated at the air-water interface. 

- Minimal BL due to reagent addition.  BL response similar to 

controls.   

Caffeine 1 mM 

1 hour Exhibited slightly decreased magnitude of BL as initial response 

except the light was concentrated at the air-water interface. 

- Minimal BL due to reagent addition.   BL response similar to 

controls. 

0.5 mM 

1 hour Exhibited slightly decreased magnitude of BL as initial response 

except the light was concentrated at the air-water interface. 

- Minimal BL due to reagent addition.   BL response similar to 

controls.  Continued flashing after stirring ceases. 

CoCl 33 mM 2

1 hour Exhibited slightly decreased magnitude of BL as initial response 

except the light was concentrated at the air-water interface. 

- Minimal BL due to reagent addition.   BL response similar to 

controls. Continued flashing after stirring ceases. 

20 mM 

1 hour Exhibited slightly decreased magnitude of BL as initial response 

except the light was concentrated at the air-water interface. 

- Minimal BL due to reagent addition.   BL response similar to 

controls. Continued flashing after stirring ceases. 

6.5 mM 

1 hour Exhibited slightly decreased magnitude of BL as initial response 

except the light was concentrated at the air-water interface. 
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Table 9 – continued. 

 

- Minimal BL due to reagent addition.   BL response similar to 

controls.  Residual flashing similar to CoCl2 but not as prolonged.  

MnCl 10 mM 2

1 hour Exhibited slightly decreased magnitude of BL as initial response 

except the light was concentrated at the air-water interface. 

- Minimal BL due to reagent addition.   BL response similar to 

controls. 

NH4Cl 0.16 mM 

1 hour Exhibited slightly decreased magnitude of BL as initial response 

except the light was concentrated at the air-water interface. 

- Minimal BL due to reagent addition.   BL response similar to 

controls.  Luminescent glow present.  

KCl 4.2 mM 

1 hour Exhibited slightly decreased magnitude of BL as initial response 

except the light was concentrated at the air-water interface. 
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Table 10. Effect of mercuric chloride on the bioluminescent (BL) response of P. lunula to     

mechanical stimulation. 
Treatment Amount 

of 

treatment 

added 

 Incubation 

time between 

treatment and 

mechanical 

stimulation 

Results 

Stirred - Minimal bioluminescent (BL) response to 

addition of seawater.  Normal BL response to 

stirring. 

0.2 um filtered 

seawater 

1.0 ml 

Stirred 30 minutes Normal BL response to stirring. 

Unstirred - Minimal bioluminescent (BL) response to 

addition of seawater.   

0.2 um filtered 

seawater 

1.0 ml 

Stirred 30 minutes Normal BL response to stirring. 

Stirred - Emitted glow upon addition of mercuric 

chloride.  Glowing particles at bottom of 

culture.  Normal BL response to stirring.  

Particles continued to glow after stirring ceased.  

Residual glowing particles up to 1 minute later. 

Mercuric 

chloride 

.2 ml 

Stirred 30 minutes BL response to stirring much reduced.  Most BL 

exists on stirring stick with a few other 

suspended glowing particles.   

Unstirred - Emitted a bright glow upon addition of mercuric 

chloride.  Glowing particles at bottom of 

culture.  Residual glow at surface and bottom of 

culture that disappears after a few minutes. 

Mercuric 

chloride 

.2 ml 

Stirred 30 minutes No BL response to stirring. 

Stirred - Emitted a bright glow upon addition.  Emitted 

more BL than control upon stirring (more 

glowing particles).  Immediately before stirring, 

the glowing particles at the bottom began 

floating upward.  Residual glow and glowing 

particles. 

Mercuric 

chloride 

.4 ml 

Stirred 30 minutes Reduced BL response to stirring compared to 

controls, but more than 0.2 ml samples.  BL 

mostly at surface and bottom. 

Unstirred - Emitted a bright glow upon addition of mercuric 

chloride.  Glowing particles at bottom of 

culture.  Residual glow at surface and bottom of 

culture that disappears after a few minutes. 

Mercuric 

chloride 

.4 ml 

Stirred 30 minutes No BL response to stirring. 

Stirred - Emitted a bright glow upon addition.  Emitted 

more BL than control upon stirring (more 

glowing particles).  Residual glow and glowing 

particles. 

Mercuric 

chloride 

.6 ml 

Stirred 30 minutes Reduced BL compared to 0.4 ml samples and 

controls, but more than 0.2 ml samples.  BL  

mostly at surface. 

Unstirred - Emitted a bright glow upon addition of mercuric 

chloride.  Glowing particles at bottom of 

culture.  Residual glow at surface and bottom of 

culture that disappears after a few minutes. 

Mercuric 

chloride 

.6 ml 

Stirred 30 minutes No BL response to stirring. 
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Table 10 – continued.  

Stirred - Emitted a bright glow upon addition.  Emitted 

more BL than control upon stirring (more 

glowing particles).  Residual glow and glowing 

particles. 

Mercuric 

chloride 

.8 ml 

Stirred 30 minutes No BL response to stirring. 

Unstirred - Emitted a bright glow upon addition of mercuric 

chloride.  Glowing particles at bottom of culture.  

Residual glow at surface and bottom of culture 

that disappears after a few minutes. 

Mercuric 

chloride 

.8 ml 

Stirred 30 minutes No BL response to stirring. 

Stirred - Emitted a bright glow upon addition.  Emitted 

more BL than control upon stirring (more 

glowing particles).  Residual glow and glowing 

particles.   

Mercuric 

chloride 

1.0 ml 

Stirred 30 minutes Much reduced BL response to stirring.  BL only 

at surface.   

Unstirred - Emitted a bright glow upon addition of mercuric 

chloride.  Glowing particles at bottom of culture.  

Residual glow at surface and bottom of culture 

that disappears after a few minutes. 

Mercuric 

chloride 

1.0 ml 

Stirred 30 minutes No BL response to stirring. 
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Table 11.  Effect of formalin on the bioluminescent (BL) response of P. lunula to                

                 mechanical stimulation. 
Treatment Amount of 

treatment 

added 

 Incubation time between 

treatment and mechanical 

stimulation 

Results 

Stirred - Normal BL mostly from bottom. 0.2 μm 

filtered 

1.0 ml 

Stirred 30 minutes Normal BL. 

t Unstirred - No BL upon addition. 0.2 μm  

filtered 

seawater 

1.0 ml 

Stirred 30 minutes Normal BL. 

Stirred - Slight glow upon addition.  Much less BL.  

Flashed for 2 seconds during stirring then 

no BL with continual stirring. 

Formalin .2 ml 

Stirred 30 minutes No BL. 

Unstirred - Glow upon addition that quickly subsided.  

Visually see solution fall to bottom. 

Formalin .2 ml 

Stirred 30 minutes Slight BL at top. 

Stirred - Glow upon addition that quickly subsided.  

No BL upon stirring.   

Formalin .4 ml 

Stirred 30 minutes No BL. 

Unstirred - Glow upon addition that quickly subsided.   Formalin .4 ml 

Stirred 30 minutes No BL. 

Stirred - Glow upon addition that quickly subsided.  

Some glowing particles at the top upon 

stirring. 

Formalin .6 ml 

Stirred 30 minutes No BL. 

Unstirred - Glow upon addition that quickly subsided.   Formalin .6 ml 

Stirred 30 minutes Very faint glow at top. 

Stirred - Glow upon addition that quickly subsided.  

2 glowing particles at bottom with very 

faint glow increasing towards bottom.   

Formalin .8 ml 

Stirred 30 minutes No BL. 

Unstirred - Glow upon addition that quickly subsided.  

A few flashes at the bottom and middle of 

tube.   

Formalin .8 ml 

Stirred 30 minutes No BL. 
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Table 11 – continued. 

Stirred - Glow upon addition that quickly subsided. 

Faint glow upon stirring at bottom.  No 

PSF.  

Formalin 1.0 ml 

Stirred 30 minutes No BL. 

Unstirred - Glow upon addition that quickly subsided. 

Faint residual glow at top and bottom that 

quickly subsided.  

Formalin 1.0 ml 

Stirred 30 minutes No BL. 
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