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ABSTRACT 

This study examined the variation in hemolytic activity (HA) among six of the dominant 

Gambierdiscus species found in the Caribbean.  In all, 56 isolates were tested. The data showed 

that certain species had significantly greater HA on average than others.  Geographically 

dispersed isolates of G. caribaeus and G. carolinianus were examined to determine if regional 

difference in toxicity exist.  Isolates from the western Caribbean and Gulf of Mexico had ten 

times more HA than isolates from the eastern Caribbean as far north as the Florida Keys.  

Isolates of G. carolininaus from the continental shelf off North Carolina, had HAs 10-fold lower 

than those from the eastern Caribbean and 100-fold less than those from the western Caribbean.  

Intra specific variation in HA of isolates the same region was low, indicating regionally 

differentiated populations selected for varying levels of HA.  Depending on the species, HA 

consistently increased by 40% from log phase to late log phase and then declined in stationary 

phase to levels below those observed in log phase growth.  This same trend of maximal HA in 

late log phase was observed whether the toxicity data were normalized on either a per cell or per 

biomass basis indicating a definite increase in HA per unit biomass.  Increasing growth 

temperatures from 20 to 31 °C for clones of G. caribaeus from different regions showed only a 

slightly significant increase in HA between 20 and 27 °C.  Gambierdiscus carolinianus isolates 

from different regions grown at the same range of temperatures remained constant.  These data 

suggest that growth temperature is not a significant factor in modulating the inter isolate and 

inter specific differences in HA.  The HA of various isolates measured repeatedly over a 2 year 

period remained constant, indicating that toxins were constitutively produced and under strong 

genetic control. Depending on species, 60 to 90% of the total HA was associated with the cell 

membranes. The HA of a limited number of Gambierdiscus isolates examined from outside the 
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Caribbean were similar to those from the Caribbean.  This suggests that variations in HA among 

Gambierdiscus species is similar worldwide.   
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 INTRODUCTION  

Ciguatera fish poisoning (CFP) is a form of food poisoning caused by eating toxic fish 

species from tropical and subtropical waters (Bagnis, 1981).  CFP is also the most commonly 

reported food-borne illness associated with seafood consumption (CDC, 2007).  The motivation 

for studying species in the genus Gambierdiscus is the production of two toxins (maitotoxin, a 

water-soluble toxin and ciguatoxin, a lipid soluble toxin) which bioaccumulate in fish and cause 

CFP.  Yasumoto et al. (1977) identified the epiphytic dinoflagellate Gambierdiscus spp., as the 

likely culprit of ciguatera.  Species in the genus Gambierdiscus have since been confirmed as the 

primary source of ciguatoxins (CTXs) which is regarded as the principle cause of human illness 

(Yasumoto, 2005).  This dinoflagellate is also capable of producing MTX, a potent marine toxin 

but is water soluble and does not readily accumulate in fish flesh (Lewis, 2006). 

Maitotoxins (MTXs), with an estimated LD50 value of 50 picograms per gram in mice, 

are the most lethal non-protienaeus toxins known (Takahashi et. al. 1982 and 1983; Murata et al., 

1992; Yasumoto 2000).  They were first isolated from the fish Ctenochaetus striatus, called 

“maito” in Tahiti, as part of the initial research efforts to determine which toxins were 

responsible for causing ciguatera fish poisoning (CFP) (Yasumoto et al., 1976).  Those early 

CFP investigations revealed that both MTX and the structurally related ciguatoxins (CTXs) 

could be isolated from reef fish known to cause CFP.  Once these toxins were identified, careful 

field studies revealed that microalgae in the genus Gambierdiscus were the original toxin source 

(Yasumoto et al., 1977, and 1979a, b).  The lipophyllic CTXs were identified as the toxins which 

concentrated in the flesh of the fish and cause CFP.  Whereas CTX acts on Na+ channels, MTX 

acts on Ca2+ channels (Yasumoto et al. 1995; Sperr and Doucette, 1996).  The consequent influx 

of Na+ cations into the cell disrupts numerous metabolic processes.  MTXs, in contrast, are water 

http://en.wikipedia.org/wiki/Ctenochaetus_striatus
http://en.wikipedia.org/wiki/Tahiti
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soluble and have been isolated primarily from the viscera of fish (Yasumoto et al., 1976).  MTXs 

do not bioaccumulate in fish tissues and have a low oral potency (Caillaud et al., 2010).  This 

suggests that MTXs pose little threat to human health if fish are cleaned and only the flesh is 

consumed.  In contrast, when MTXs are injected intra-peritoneally in mice, the response is the 

most potent marine toxins known (Yasumoto et al., 1976). MTX toxicity results from the 

activation of non-selective ion channels (Murata et al., 1994; Cataldi et al., 1999; Lundy et al., 

2004; Wang et al., 2009).  This Ca2+ influx interferes with nerve transmission, causes muscle 

contraction, triggers phosphoinositide breakdown, elicits the release of arachidonic acid and 

neurotransmitters, and activates calpains (calcium-dependent, non-lysosomal cysteine proteases) 

(Frew et al., 2008; Wang et al., 2009).   

Despite having been discovered over 30 years ago, relatively little is known about MTX 

production in Gambierdiscus species.  Largely unknown is the degree to which MTX toxicity 

varies among species, among isolates of the same species, or with growth phase and changing 

growth conditions.  The limited data pertaining to these issues comes largely from mouse 

bioassay studies (Yasumoto et al., 1979a; Bagnis et al., 1980; Higerd et al., 1986; McMillan et 

al., 1986; Bomber et al., 1989a, b; Holmes et al., 1990; Micouin et al., 1992; Sperr and Doucette, 

1996; Chinain et al., 1999b).  Unfortunately, at the time most of these studies were conducted, 

the genus Gambierdiscus was considered to be mono-specific and so all the variation was 

generally attributed to a single species, G. toxicus or Gambierdiscus sp. (Litaker et al., 2009).  At 

least eleven species of Gambierdiscus have been described.  This makes it impossible to 

determine if the observed variations in toxicity were due to differences among species or strains.   
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Lysis of erythrocytes by maitotoxin has been known since the 1970s (Yasamoto et al., 

1977).  Hemolytic activity was measured in this study using an erythrocyte lysis assay (ELA) 

modified from Eschbach et al, 2001.  Currently, MTX standards are not available to estimate 

toxin concentrations directly by using LC-MS so a functional assay was used to assess toxicity.  

Igarashi et al. (1999) demonstrated that methanolic extracts of MTX caused hemolysis in red 

blood cells (RBCs) collected from sheep, rabbit, dog, chicken, and carp.  Using diluted 

Gambierdiscus cell extracts, and a fixed concentration of erythrocytes, highly replicable EC50 

estimates were obtained.  Igarashi et al. (1999) also used a series of inhibitors to elucidate the 

specific hemolytic pathway involved in causing cell lysis.  That pathway begins when the MTX-

induced influx of Ca2+ into the cell activates calmodulin, a regulatory Ca2+-binding protein which 

modulates the activity of numerous enzymes. Among the enzymes which are activated after 

calmodulin binds the Ca2+ are phospholipase A2 (PLA2) and several calpains. Once activated, 

these two enzymes begin degrading phospholipids and proteins in the cell membrane which 

results in the eventual cell lysis. Each of the inhibitors used in the Igarashi et al. (1999) study 

caused complete or nearly complete inhibition of cell lysis. This same suite of inhibitors would 

not have prevented lysis caused by other hemolytic compounds known to be produced by 

microalgae. Those compounds include reactive oxygen species (ROS) (Chiu et al., 1982; 

Marshall et al., 2003), glycolipids (Ma et al., 2011), polyunsaturated fatty acids (PUFAs) 

(Yasumoto et al., 1990; Landsberg, 2002, de Boer et al., 2009), pore forming polyketides (Deeds 

et al., 2003; Deeds et al., 2006), and lytic proteins (Marshall et. al. 2003, Emura et al., 2004; 

Pagliara, 2011). If these compounds had been present at sufficient quantities, substantial lysis 

would still have occurred. These data indicated that MTX was the primary hemolytic compound 

produced by Gambierdiscus species. The same pathway operates in all mammalian cells, and 
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suggests that ELA assays can provide a good measure of the differences in MTX in 

Gambierdiscus isolates.  

Using this functional assay approach it was possible to investigate the differences in 

hemolytic activity among six different Gambierdiscus species as well as how hemolytic activity 

varied with growth phase, geographic region, and growth temperature. The goal of this study was 

to determine if there were significant differences in hemolytic activity (HA) among 

Gambierdiscus species and how the activity varied among isolates of the same species.  We also 

examined how HA of isolates from the same species varied among different geographic regions 

(Bomber et al., 1989b), with growth phase, and over a range of temperatures.  This represents the 

first major survey of isolates whose identity has been unambiguously established using species-

specific molecular assays (Litaker et al. 2009). 

MATERIALS AND METHODS 

2.1 Algal cultures 

Representative isolates of each species were obtained from the Provasoli – Guillard 

National Center for Marine Algae and Microbiota (NCMA) or isolated directly from field 

material (Litaker et al., 2009). Single cell isolates were establish by first drawing individual 

Gambierdiscus cells into a pulled Pasteur pipette and sequentially transferring them through 3–4 

drops of sterile modified K medium (no TRIS, no Cu, no Si) made using Gulf Stream water with 

a salinity of 33 (Keller et al., 1987). After the final transfer, each cell was placed into a separate 

well of a 24-well tissue culture plate (TC-Plate 24 well, Costar, Lowell, Massachusetts, USA) 

containing 2 mL of K medium. The plates were incubated at 27 °C, 12:12 L:D cycle, 71 to 82 µE 

m-2sec-¹ under full spectrum lights (Blue Max F20-T12, Full Spectrum Solutions, Jackson, USA). 
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When culture densities reached ~25-35 cells mL-1, isolates were transferred to 50 mL glass 

culture flasks containing 30 mL of K medium for grow out. Single cell isolations from each of 

the NCMA cultures were established similarly to ensure they were comparable to those isolated 

directly from field samples. The identity of each isolate was confirmed by sequencing the D1-D3 

rDNA region and comparing the resulting sequences with those previously obtained from the 

known Gambierdiscus species (Litaker et. al., 2009).  

The cultures used to assess hemolytic activity (HA) were initiated by adding 25 mL from 

the single cell grow-out cultures to 175 mL of fresh media in a vented, polystyrene culture flask 

(T-75, Corning Incorporated, Corning, USA). These cultures were then incubated under the same 

conditions as above. Cell counts and biovolumes for each culture were obtained every two days 

by removing a 10 mL aliquot from each culture for analysis using a Coulter Counter® (Beckman 

Coulter, Atlanta, USA) cell counter equipped with a 280 µm aperture and set at a 1000 µL per 

3.4 seconds flow rate. Manual counts were performed on one to two samples from each species 

and found to be within 3% of the Coulter counter estimate. Growth rates were estimated by 

calculating the slope of the regression line between elapsed time and the natural log of the 

estimated cell density for each time point collected over the previous 7 to 10 days. Cells for 

assessing hemolytic activity were harvested in log, late log, and stationary phase to determine if 

toxicity varied with growth phase. Log phase was defined as the point in the growth curve where 

exponential growth was occurring.  Late log phase samples were taken at the transition point 

where growth was slowing considerably but had not yet reached zero. Stationary phase samples 

were taken at least 5 days after the onset of zero or slightly negative growth.  Negative growth 

was defined by a consistent decrease in cell number measured on the Coulter counter for at least 

five days. 
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2.2 Cultures tested for hemolytic activity 

The strains tested for hemolytic activity in this study are listed in Table 1 along with 

pertinent information concerning when and where they were collected. An effort was made to 

obtain representative cultures from geographically dispersed locations throughout the Caribbean, 

Gulf of Mexico, and along the southeast coast of the United States.  In addition, the HA of one 

G. caribaeus and two G. australes isolates from Hawaii, one G. pacificus isolate from French 

Polynesia, and one G. carolinianus isolate from Crete were assayed for comparative purposes 

(Table 1).  The HA data for G. caribaeus, G. carolinianus, and G. ruetzleri were also analyzed 

with respect to the geographic region where they originated (Table 1). Examining regional 

differences in HA was of interest because previous work by Bomber et al. (1989b) reported an 

inverse correlation (r2=0.67) between total (MTX + CTX) toxicity per cell and the latitude where 

the clone was isolated.  The goal was to use species with sufficient geographic coverage to 

determine if the same trend was observed in this study. 

2.3 Optimizing the extraction protocol 

Our initial protocol development focused on determining if the cell lysis procedure was 

successfully releasing total cellular toxin into solution. In order to test the lysis procedure, 10 mL 

aliquots from log phase cultures (approximately 750 to 1100 cells mL-1) of isolates representing 

the six Caribbean species were placed in 15 mL conical tubes and spun for 10 minutes at 3525 

rpm at 4°C on an Eppendorf® tabletop 5810 R centrifuge (Eppendorf North America, 

Hauppauge, USA).  The supernatant was removed and the cells were resuspended in 1.5 mL of 

erythrocyte lysis (ELA) buffer (Eschbach et al., 2001).  The cells were alternatively sonicated or 

exposed to successive freeze thaw cycles to disrupt the cell membranes and release the 
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cytoplasmic contents into solution.  The cell lysate was spun at 3525 rpm at 4°C for ten minutes 

to pellet the cellular debris.  The supernatant containing the solubilized MTX was removed and 

the remaining pellet suspended in 1.5 mL of ELA buffer.  The maitotoxin hemolytic activity 

(MTX HA) of both the supernatant and the resuspended pellet were tested as described below.  

Given that MTX is water soluble, it was expected that only residual MTX would be associated 

with the cell debris left after lysis.  Surprisingly, repeated testing showed that the majority of the 

HA remained with the pellet and not in the aqueous cell lysate.  A possible explanation was 

incomplete cell lysis, but examination of the lysed cell pellet using 600X phase contrast light 

microscopy revealed the cells were broken open completely.  So, to achieve an estimate of total 

cellular HA, we used aliquots of lysed cell suspensions (i.e. cells spun down and sonicated in 1.2 

mL of ELA buffer) to assay cellular HA. 

Through a series of optimization studies it was determined that cellular HA could be most 

reliably estimated using the following protocol.  Batch cultures of all six Caribbean species 

tested were started as described above.  As each culture entered log, late log, or stationary phase, 

a 10 mL aliquot was removed and concentrated by pelleting for 10 minutes at 3525 rpm at 4 °C.  

The supernatant was carefully removed and the cell pellets were resuspended in 1.2 mL of ELA 

buffer before being transferred to 2 mL microfuge tubes.  The cells were then sonicated 3 times 

for 30 seconds using a Branson Sonifier equipped with a microtip (VWR Scientific, Suwanee, 

USA).  Samples were always kept on ice to avoid overheating except when being centrifuged.  

The lysed cell suspensions from each extract were diluted 1:10, 1:100, 1:500 and 1:1000 in ELA 

buffer.  The resulting dilution series was used to estimate hemolytic activity.  

2.4 Hemolytic Assays  
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The following procedure was used to assay the HA of whole cell extracts from all the 

isolates listed in Table 1 during different growth phases. Briefly, expired red blood cells (RBCs) 

were obtained from the Red Cross (Durham, USA) and stored at 4 °C. Just prior to initiating the 

hemolytic assays, ~3 mL of RBCs per assay plate were centrifuged at 1727 rpm at 4 °C for 5 

minutes and the supernatant was carefully removed. The cells were then gently suspended in 1 

mL of ELA buffer (Neely, 2006). The centrifugation and resuspension step was carried out two 

or three more times until the supernatant was completely clear indicating that only intact RBCs 

remained. RBCs which did not produce clear supernatant after six centrifugation and wash cycles 

were discarded. After the final resuspension, the RBCs were diluted to a working concentration 

of 4.2-4.7 x 10⁴ cells mL-¹. These RBCs gave very consistent hemolytic responses from batch to 

batch when exposed to the same control concentration of saponin (20 µg per 125 µL-¹ of ELA 

buffer), a detergent which causes RBCs to lyse (Eschbach et al., 2001).  In each assay, a saponin 

control was included as a quality control step and to provide an estimate of the optical density 

reading where 100% lysis occurred. 

The hemolytic assays were carried out in Fisherbrand© 96 well v-bottom plates (BD 

Falcon, Franklin Lakes, USA). Column 1 served as a negative control, where 125 µL of ELA 

buffer and 125 µL of RBCs were added to each well. The lysis of RBCs in these wells was 

minimal and used to correct for any background lysis of RBCs. Column 2 served as the positive 

control where each well received 125 µL of RBCs and 125 µL of a saponin solution. Columns 3-

12 were used to test either the dilution series made from the whole cell extracts of various 

isolates (0, 1:10, 1:100, 1:500 and 1:1000). Each well received 125 µL of RBCs and 125 µL 

diluted extract. Four replicates of each dilution were run and after all reagents were added, the 
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plates were sealed with VWR (Suwanee, USA) adhesive film and incubated in a refrigerator for 

24 hours at 4 °C.  

After incubation, the plates were spun at 1250 rpm for 10 minutes at 4 °C. 150 µL of the 

supernatant from each well were then transferred to plates with round bottom u-shaped wells 

(Part number 3595, Corning Incorporated, Corning, USA). The plate was then scanned at 415 nm 

using a Thermo Scientific Multiskan FC© plate reader. The 415 nm wavelength was used 

because it is near the maximum absorption for hemoglobin (414 nm) (Eschbach et al. 2001). To 

calculate % lysis, the average negative control absorbance value (ELA and cells only) was 

calculated, and then subtracted from the values obtained from every well in columns 2-12. The 

mean absorbance value for the corrected saponin controls (maximal lysis) was calculated. The 

corrected values in rows 3-12 were then divided by the mean corrected positive control value and 

multiplied by 100 to estimate % lysis. The resulting cell equivalents added to each well along 

with their corresponding % lysis values were entered into Graphpad Prism® program (GraphPad 

Software, Inc., La Jolla, USA). This program is designed to calculate EC50 values based on a 

sigmoidal dose response curve fit analysis 

(http://www.graphpad.com/curvefit/introduction89.htm). The EC50 values were reported as either 

number of cells or equivalent cell volumes necessary to lyse 50% of the RBCs. Lower EC50 

values indicated more hemolytic activity.  

2.5 Hemolytic activity versus growth temperature  

Previous research showed that the growth versus temperature relationship varies among 

Gambierdiscus species (Tester et al., 2010).  If the pattern of toxin production also varies 

significantly among species with changes in temperature it would have significant implications 
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for determining interspecies differences in HA.  For example, 27 °C may be the temperature 

where optimal production of hemolytic compounds occurs in one species and 22 °C in another.  

In this case measuring both species only at 22 °C and 27 °C would not provide a true 

representation of the absolute differences in toxin production between these two species.  In 

contrast, if changes in growth temperature up or down regulate HA in a consistent manner, then 

hemolytic activity measured at a single temperature would provide a good relative indication of 

interspecies and interstrain differences in toxicity. 

To assess how the hemolytic activity might vary with growth temperature in 

Gambierdiscus species, the lysis of five G. caribaeus and six G. carolinianus isolates grown at 

20, 24, 27, and 31 °C in log, late log and stationary phase was measured. These species were 

selected because they represent the extremes in growth response to changes in temperature for 

the Gambierdiscus species examined to date (unpublished data).  The growth optimum for G. 

caribaeus, for example, is ~30 °C compared to ~25 °C for G. carolinianus (Tester et al., 2010). 

Where possible, strains from each of the different geographic regions shown in Figure 1 were 

tested to determine if there were also any regional differences in how HA might vary with 

growth temperature.  Batch cultures of each isolate were inoculated as described previously and 

monitored by estimating cell densities on a daily basis using a Coulter Counter©. When each of 

the cultures entered log, late log or stationary phase, 10 mL aliquots were removed, extracted and 

tested using the standard hemolytic protocol.  Results were reported as EC50 cells for each 

isolate, at each growth temperature in log, late log and stationary phase growth.   

2.6 Statistical analysis  
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The EC50 data normalized on a per cell and a per biovolume basis were analyzed using a 

Levene homogeneity of variance test (Zar, 1999).  The specific data sets which were analyzed 

included the variation in HA among the different species, the various growth phases of G. 

caribaeus and G. carolinianus, the regional variations in G. caribaeus and G. carolinianus, and 

the effect of growth temperature using representative G. caribaeus and G. carolinianus isolates. 

For each data set with homogeneous variance, differences in hemolytic activity were evaluated 

using a parametric analysis of variance (ANOVA) test.  For each data set which failed the 

homogeneity of variance test were analyzed using a Kruskal–Wallis test, a non-parametric one 

way analysis of variance.  Nonparametric multiple comparison tests were used to analyze 

statistical differences among treatment groups such the pairwise differences in HA among 

individual species.  The specific multiple comparisons tests employed used a modified Kruskal-

Wallis approach as described by Siegal and Castellan (1988) and can be found at 

http://pagesperso-orange.fr/giraudoux/#pgirmess. 

 RESULTS 

3.1 Species-specific hemolytic activity 

Hemolytic activity averaged across all three growth phases varied significantly between 

species and fell into 3 different groups (Tables 1-3, p < 0.001).  The most hemolytic species on a 

per cell basis were Gambierdiscus ribotype 2 (genetically distinct species and likely a new 

species which has not been properly described) and G. ruetzleri which respectively required only 

39 ± 26 or 39 ± 31 cells to produce 50% hemolysis in 24 hours. The second group consisted of 

the intermediate toxicity species G. belizeanus (127 ± 42), G. caribeaus (183 ± 81 cells) and G. 

carpenteri (131 ± 45 cells). The least toxic species was G. carolinianus (3854 ± 4628 cells). 
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When the data for log, late log and stationary phase were analyzed separately, the same highly 

significant differences among species in HA were observed (Table 4A, p <0.001).  Multiple 

comparison tests (Zar, 1999) were performed to determine which species had statistically 

different HA. The data indicated that the significant differences among species were driven by 

the data for G. caribaeus, G. carolinianus, Gambierdiscus ribotype 2 and G. ruetzleri (Table 4A) 

and that HA in G. carolinianus was statistically lower than all the other species tested.  

Gambierdiscus ribotype 2 and G. ruetzleri were the two most toxic species and were 

significantly different from G. caribaeus which had similar toxicities as G. belizeanus and G. 

carpenteri (Table 4A). This analysis largely confirmed the 3 groups noted above but fails to 

statistically separate G. belizeanus and G. carpenteri as distinctly belonging to the intermediate 

toxicity group. The data for G. belizeanus and G. carpenteri fall just below the level which 

would indicate a significant difference.  When the EC50 data were normalized to biovolume, the 

same three toxicity groupings were observed (Fig. 2C). The major difference was that G. 

ruetzleri was slightly more toxic on a per µm3 basis than on a per cell basis.  The data for EC50 

normalized to biovolume which was analyzed with a Kruskal-Wallis ANOVA confirmed the 

significant differences among species in HA. The multiple comparisons tests for the EC50 data 

normalized to biovolume had higher standard errors than the cell based data, but still indicated a 

significant difference between G. carolinianus and all the other species.  The analysis also 

confirmed that G. carpenteri was significantly different from G. ruetzleri and Gambierdiscus 

ribotype 2 (Table 4B).  

Overall cell size varied extensively among species, but these differences in cell size did 

not correlate with toxicity (Fig. 2A).  Cells size also tended to increase slightly during late log to 

stationary phase with the exception of G. caribaeus which decreased in size very slightly (Fig. 
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2A).  At the same time, HA consistently increased in late log phase (Fig. 2B). As can be seen 

from the similarity in HA among species based on cells or biovolume the observed changes in 

toxicity in late log phase were not due to changes in cell volume, but to a real difference in the 

amount of toxin per µm3 of biomass (Fig. 2B, C).  A previous study noted that for Pacific 

Gambierdiscus strains, slower growth rates were associated with higher toxicity Chinain et al. 

(1999a, b).  In this study, no correlation was observed between growth rate and hemolytic 

activity (Table 5).  

In addition to the Caribbean isolates, we also examine the hemolytic activity of two 

strains of G. australes (EC50 cells, 69 ± 31) and one strain of G. caribaeus (EC50 cells, 168) from 

Hawaii; one strain of G. pacificus from the Society Islands, French Polynesia (EC50 cells, 34); 

and one isolate of G. carolinianus from Crete (EC50 cells, 183).   

3.2 Regional differences in toxicity 

The data for G. carolinianus from throughout the Caribbean and Gulf of Mexico, 

demonstrated clear regional toxicity differences, but those differences were not strictly correlated 

with latitude (Figs 1 and 3).  Toxicity among isolates instead fell into a high toxicity group from 

the Gulf of Mexico and western Caribbean Sea (region 1; EC50 cells = 167 ± 31, n = 5), an 

intermediate group from the eastern Caribbean and West Indies (region 2; EC50 cells = 1,638 ± 

848, n = 5), and a functionally non-toxic group from off North Carolina, USA (region 3; EC50 

cells = 10,621 ± 938, n = 5) (Fig. 3).  Strains of G. caribaeus from region 1 exhibited EC50 

values of 136 cells ± 37 (n= 14) compared to 245 cells ± 41 (n= 12) for region 2. The only other 

species was G. ruetzleri where the one strain collected from region 1 had EC50 of 13 cells 
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averaged over all three growth phases versus 64 cells for an isolate from North Carolina, USA 

averaged over all three growth phases (Fig. 3).  

Enough isolates of G. caribaeus and G. carolinianus were established to analyze whether 

or not the regional differences in HA were significant.  An analysis of variance indicated that the 

regional differences observed for G. caribaeus were significant (p <0.001; Tables 6 and 7). A 

Kruskall Wallis non-parametric ANOVA for the G. carolinianus data showed a similar 

significant difference in toxicity with region (Tables 6 and 8).  A comparison test for differences 

among regions in HA indicated that regions 1 and 3 and 2 and 3 were significantly different from 

one another (Table 9).  Regions 1 and 2 were not statistically different (Fig. 3).  The failure to 

detect a significant difference among regions 1 and 2, despite an order of magnitude difference in 

average toxicity (Fig. 3) was likely due to the high variance and the low power of the non-

parametric test. When the equivalent data for EC50 cells normalized to biomass were analyzed, 

the results again supported significant regional differences for G. caribaeus (p < 0.01), but not 

for G. carolinianus (p = 0.17), despite 10-fold differences in average toxicity between each of 

the three regions. 

3.3 Variations in toxicity with growth phase 

 Hemolytic activity was observed to increase in late log phase (Figs 2 and 3).  To 

determine if these changes were statistically significant the data for G. caribaeus and G. 

carolinianus were analyzed.  These two species were again selected because of the greater 

number of isolates available.  The ANOVA for G. caribaeus indicated that toxicity varied 

significantly with growth phase (p<0.001; Table 10).  A comparison test indicated that log and 

stationary phase were not significantly different from each other, but that both of these phases 
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had significantly lower HA than late log phase (Table 11).  The differences in HA between 

growth phases were not significant for G. carolinianus (Table 12).  When the EC50 cell data was 

normalized to biomass, the overall variation was higher and no significant differences were 

observed between growth phases even though the increased toxicity in late log phase was 

consistently present (Fig. 2C).   

3.4 The effect of growth temperature on hemolytic activity 

 To determine if the temperature where maximal hemolytic activity occurred varied 

significantly between species, representative isolates of G. caribaeus and G. carolinianus were 

grown at 20, 24, 27, and 31 °C and the HA determined in log, late log and stationary phase (Fig. 

4).  If toxicity did not change with temperature, or if the pattern of change was consistent 

between species, this would indicate that the differences in HA measured at 27 °C provided a 

valid measure of inter specific differences in toxicity.  The results indicated that G. caribaeus 

HA increased between 20 and 27 °C, but that the toxicity did not continue to increase from 27 °C 

to 31 °C (Fig. 4).  A Kruskall Wallis non-parametric ANOVA showed that the increase in 

toxicity with temperature was significant (p<0.03; Tables 13 and 14A). A comparisons test 

indicated that this difference was driven by the difference in temperature between 20 and 27 °C 

(Table 14B).  The toxicity of G. carolinianus did not vary significantly with temperature (Figure 

4; Table 15).  

 The data for changes in hemolytic activity with growth phase were also analyzed to 

determine if the trends observed at 27 °C stayed the same over a range of temperatures.  The data 

for G. caribaeus showed that the increase in HA in late log phase was again significant (p< 0.02; 
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Table 15A).  As previously observed, the differences for G. carolinianus were not significant 

(Table 16).     

3.5 Membrane associated hemolytic activity 

 Preliminary experiments where cells were lysed and the HA in the total lysate versus 

what remained in the pellet after the supernatant was removed indicated that a majority of the 

hemolytic activity was associated with the cell pellet.  This indicated that much of the activity 

was associated with the cell membranes.  To determine how the amount of membrane-associated 

activity varied with species, the hemolytic activity associated with the membrane fraction was 

determined for a representative isolate of all six species in log, late log and stationary phase.  The 

data showed that the species again fell into three distinct toxicity groups and that the greater the 

toxicity of the isolate, the smaller the percentage of total HA was associated with the membrane 

(Fig. 5; Table S2).  

DISCUSSION 

4.1 Species-specific differences in hemolytic activity 

This study demonstrated significant differences in hemolytic activity among the six 

Gambierdiscus species examined (Fig. 2; Tables 1-4).  Previous studies where MTXs were 

isolated from different Gambierdiscus isolates and injected into mice revealed a similarly large 

variation in LD50 values among isolates (Yasumoto et al., 1979a; Bagnis et al., 1980; Higerd et 

al., 1986; McMillan et al., 1986; Durand-Clemet 1987; Bomber et al., 1989; Holmes et al., 

1990).  Unfortunately, these studies were done before it was possible to correctly identify 

Gambierdiscus species making it impossible to ascribe toxicity to differences between strains or 
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species (Litaker et al., 2009; 2010). The data from this study indicate that this variation was due 

primarily to large inter specific differences in toxicity, as well as significant differences in 

toxicity among isolates of the same species from different geographic regions (Figs 2 and 3). 

Interestingly, variations in CTX toxicity among Gambierdiscus species followed a similar 

pattern with some species being significantly more toxic than others (Lartigue et al., 2009; 

Chinain et al., 2010; Litaker et al., 2010).  The extent to which these inter specific differences in 

toxin production affect the ecology and distribution of particular species is unknown. 

The per cell HA for the Gambierdiscus species examined in this study indicated that they 

are generally more hemolytic that other dinoflagellates.  For example, G. ruetzleri and 

Gambierdiscus ribotype 2 were four to six-fold more hemolytic than the Amphidinium, Coolia, 

Ostreopsis, and Prorocentrum species tested to date (de Motta et al., 1986; Nakajima 1981).  The 

generally larger cell sizes of Gambierdiscus species could account for some, but not most of the 

observed difference in hemolytic activity (Fig. 2). 

Other studies reported an inverse relationship between growth rate and CTX toxicity 

(Durand-Clemet 1986; Lartigue et al., 2009; Caillaud et al., 2010; Chinain et al., 2010), 

suggesting that the production of CTX incurs a substantial metabolic cost.  This study, however, 

found no relationship between growth rate and hemolytic activity production in log, late log or 

stationary phase.  These data do not support the hypothesis that the synthesis of MTX incurs a 

sufficiently high metabolic cost to inhibit growth. Slower growing species (Tester et al., 2010) 

cannot therefore be assumed to exhibit higher HA than faster growing species.  

4.2 Regional differences in hemolytic activity 
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Bomber et al. (1989a,b, 1990) noted an intriguing negative correlation between the 

latitude where a Gambierdiscus isolate originated and its toxicity as measured using the mouse 

bioassay (r2=0.67). Low latitude isolates were consistently found to be more toxic than those 

isolated from higher latitudes.  The sample size upon which this trend was based, however, was 

small (17 isolates) and none of the isolates were identified to species.  Bomber et al. (1989b) 

hypothesized that this gradient might explain the higher frequency of CFP at lower latitudes and 

the relatively low occurrence of CFP in the Florida Keys despite the presence of abundant 

Gambierdiscus populations. The methanol-based extraction procedure used in the Bomber et al. 

(1989b) study would have solubilized both MTXs and CTXs suggesting that the observed 

latitudinal gradient may have been due primarily to MTX, which is usually the predominant 

toxin present in Gambierdiscus cells (Bagnis et al., 1980; Durand-Clement, 1987; Holmes et al., 

1990; Chinain et al., 2010).  The current study included enough geographically diverse isolates 

of G. caribaeus and G. carolinianus to re-examine whether or not similar regional/latitudinal 

differences in HA existed. The data for both species indicated that major regional differences in 

toxicity were between (a) the western Caribbean and Gulf of Mexico (region1), (b) the eastern 

Caribbean north to the Florida Keys (region 2) and (c) the continental shelf off North Carolina, 

USA (region3) and not between isolates from different latitudes (Figs 1 and 3, Tables 6-9). The 

most dramatic regional differences in HA were observed in G. carolinianus, where isolates from 

region 1 had a 10-fold higher toxicity than isolates from region 2. The region 2 isolates in turn 

were 10-fold more toxic than those from region 3 (Fig. 3).  G. caribaeus isolates exhibited the 

same trend in decreasing toxicity between region 1 (EC50 cells = 136 ± 37, n= 14) and region 2 

(EC50 cells = 245 ± 41, n= 12; p<0.001; Table 5).  No corresponding isolates of G. caribaeus 

have yet been established from region 3, making it impossible determine if HA in this species 
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declined even further north of the Florida Keys.  The G. ruetzleri isolate from region 1 similarly 

showed and ~10-fold greater HA than a corresponding isolate from region 3 (Fig. 3).  When the 

HA of G. caribaeus and G. carolinianus isolates originating from the same regions as 

investigated in  Bomber et al. (1989, 1990), nor latitudinal trend was observed.  This combined 

data suggested that the original observation of an inverse toxicity versus latitude gradient was 

probably attributable to an inadvertent selection of species with inherently different toxicities 

from each region rather than a latitudinal gradient in toxicity among isolates of the same species. 

If the cross region trends in hemolytic activity observed in this study are confirmed in 

subsequent surveys, it would suggest a progressively decreasing selection pressure for higher 

activities from region 1 to 3 (Figs. 1 and 3).  What this selection pressure might be, however, is 

not obvious.  It is also noteworthy that regions 1 and2 span similarly broad north to south range 

(Fig.1).  As a result, both regions would experience an even greater within region variation in 

temperature and should generate the same gradient observed in Bomber et al. (1989b).  Some 

other factor likely is responsible for the observed differences in hemolytic activity. Ling and 

Trick (2010) noted similar regional differences in hemolytic activity in the dinoflagellate 

Heterocapsa akashiwo, but did not speculate on the underlying selective mechanism responsible 

for these differences. 

The G. caribaeus and G. carolininaus data further indicated that HA among isolates from 

the same region, were very similar (Fig. 3, Table 1).  The only exception was a single G. 

caribaeus isolate from region 2.  Bomber et al. (1989) also noted that the toxicity of isolates 

collected from the same region, though variable, still exhibited less variation than observed 

between different regions.  The regional variation noted in Bomber (1989) could not be 
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attributed to intra specific variations because the isolates were not identified to species.  The 

greater similarity in HA among isolates in a given region is consistent with genetically distinct 

regional populations which may be selected for optimal levels of HA. 

The HA data for isolates obtained in other parts of the world also make it possible to 

make some tentative assessments of how HA among Gambierdiscus species varies globally.  The 

Pacific isolate of G. caribaeus from Hawaii (EC50 cells = 168) had a HA similar to region 2 

isolates from the Caribbean.  This is of particular interest because G. caribaeus is one of the 

species which have a worldwide distribution (Litaker et al., 2010).  The HA of the Hawaiian 

isolate would suggest that Pacific and Caribbean isolates of G. caribaeus have similar hemolytic 

activity.  Whether regional differences in HA also occur in the Pacific remains to be determined. 

The isolate of G. carolinianus from Crete had an EC50 value of 183 cells. This is the first report 

for an isolate of G. carolinianus outside the Atlantic and Caribbean and the HA was comparable 

to the more toxic region 1 isolates from the Caribbean (Fig. 3).  The other two species examined 

from other regions were G. australes (Hawaii, EC50 cells = 69 ± 31) and G. pacificus (Society 

Islands, French Polynesia, EC50 cells = 34).  To date, these species have only been identified as 

occurring in the Pacific (Litaker et al., 2010).  Both species had HA comparable to the two most 

toxic Caribbean species, Gambierdiscus ribotype 2 (EC50 cells = 39 ± 26) and G. ruetzleri (EC50 

cells = 39 ± 31) (Figs 2 and 3). In combination, these data indicated the HA estimates for isolates 

obtained from other parts of the world fall within the range of values observed in the Caribbean 

with some species in each region having significantly higher HA than others. 

4.3 Variations in hemolytic activity with growth phase 
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The batch cultures investigated in this study represent progressively more nutrient limited 

growth conditions.  Studies have shown that toxin levels per cell tend to increase as cells 

transition from to nutrient sufficient to nutrient limited growth, provided that the toxin does not 

contain the particular growth limiting nutrient (Granéli and Flynn, 2006).  In phytoplankton, this 

increase in toxin content with nutrient-limited growth is best explained by the carbon: nutrient 

balance hypothesis (CNBH) (Bryant et al., 1983; Ianora et al., 2006; Hardison et al., 2012).  This 

hypothesis predicts that as growth slows under nutrient-limitation, plants divert a greater portion 

of their fixed carbon from growth to defense, often in the form of increased levels of anti-grazing 

and allelopathic compounds (e.g. toxins). Alternatively this can be attributed to the accumulation 

of slowly decaying cells.  Diverting carbon into these compounds allows plants to protect the 

photosynthetic electron transport chain against the damaging buildup of electrons and free 

radicals (Sakshaug et al., 1989; Sunda et al., 2007).  This theory applies well to the 

Gambierdiscus isolates which produce CTX (Yasumoto, 1979a; Lartigue et al., 2009; Chinain et 

al., 2010).  CTX content per cell in those isolates progressively increases from log, through late 

log, and into stationary phase.  The decline in HA in stationary phase observed in this study did 

not follow the pattern predicted by the CNBH.  Instead, HA among the various isolated 

normalized on a per cell basis increased to 39% from log to late log phase, but then declined to 

66% (relative to the log phase toxicity) as cells transitioned from late log into a more nutrient-

limited stationary phase (Fig. 3).  When normalized to biovolume, HA was similarly found to 

increase to 39% from log to late log phase, and then to decline to 84% from late log to stationary 

phase.  The increased from late log phase was consistently observed in 55 of the 56 isolates 

examined in this study (Fig. 3).  The single exception was one low toxicity isolate of G. 

carolinianus where HA remained constant with growth phase.  This result was probably due to 
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measurement variation associated with estimating EC50 values for such a low activity.  Other 

studies where both MTX and CTX were extracted from isolates using mouse bioassays to assess 

total toxicity also showed a similar increase in MTX toxicity during late log phase (Bomber et 

al., 1989b; Sperr and Doucette, 1996).  The decline in HA in stationary phase was presumably 

due to the drop in MTX.  Gambierdiscus isolates which produce both CTX and MTX, that MTX 

comprised 50 to 100% of the total MTX+CTX pool during log and late log growth (Holmes, 

1990; Chinain et al., 2010). By stationary phase, the contribution of CTX rises to as much as 

87% of the total. The only expectation to this general trend was the report of Durand-Clement 

(1987), which did not find a change in toxicity as cultures aged.  

One possibility is that on a molar basis MTX and CTX serve a similar function such as 

anti-grazing, but that it becomes more expensive from a carbon standpoint to produce the much 

larger MTX under growth limiting conditions (Chinain et al. 2010).  A second possibility is that 

in stationary phase there is some factor limiting MTX, but not CTX biosynthesis.  Given that 

Lartigue et al. (2009) who found that a varying nitrogen source had no apparent effect on MTX 

or CTX toxicity it is unlikely N is limiting nutrient.  Similarly, Sperr and Doucette (1996) 

showed that variations in N:P ratios from 5:1 to 30:1 caused no systematic change in MTX 

production.  In contrast, P-limitation (N:P > 30) caused up regulation of CTX in stationary phase 

in accordance with the CNBH (Sperr and Doucette 1996). A third possibility is that for some 

reason the catabolism or biotransformation of MTX relative to CTX occurs at a different rate in 

stationary phase relative to log or late log phase (Chinain et al., 2010). 

4.4 The effect of growth temperature on hemolytic activity 
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Elevated Gambierdiscus population densities and CFP events are most consistently 

associated with stable elevated water temperatures with an optimum between 25-29 °C (Bomber 

et al., 1988; Chinain et al., 1999b; Tester et al., 2010).  One possibility that might account for the 

increased incidence of CFP with elevated temperature is that CTX production per cell also 

increases with elevated water temperature. This study did not explicitly examine the link 

between CTX and temperature, but did look at the association between growth temperatures and 

HA in G. caribaeus and G. carolinianus isolates from different geographic regions grown at 20, 

24, 27, and 31 °C.  For G. caribaeus HA increased on average by about 5% from 20-24 °C and 

by 29% from 24-27 °C (Table S1, Fig. 4).  Only the increase from 20 to 27 °C was significant 

(Tables 14-16).  Gambierdiscus carolinianus, in contrast, exhibited an insignificant increase of 

only 3 and 5% between 20 to 27 °C (Table 16).  HA did not increase between 27 °C and 31 °C 

for either species (Fig. 4). Growth temperatures had no effect on the changes in hemolytic 

activity with growth phase observed for the 56 isolates screened at 27 °C (Figs. 3 and 4). 

Elevated growth temperatures therefore either failed to increase HA on (per cell or per 

biovolume), or at most caused only a moderate increase.  Durand-Clement, (1986) similarly 

reported that total toxicity measured using mouse bioassays for two different Gambierdiscus 

isolates grown at 20 and 26 °C were the same.  These data indicated that the HA for each species 

was maximal when growth temperatures were ~ 27 °C and that the resulting EC50 data for 

isolates grown at 27 oC could be used to establish the relative toxicities among isolates and 

species.  These clearly showed that that enhanced growth temperatures will do no more than 

slightly increase HA per cell.  Whether CTX production responds in a similar manner to different 

growth temperatures has yet to be determined.  

4.5 Stability of hemolytic activity through time 
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Another striking feature of HA among isolates observed in this study was how stable 

toxin production remained through time.  For example, G. caribaeus and G. carolinianus from 

the same region collected over a five years period yielded EC50 cell estimates that were within a 

few percent of each when grown under the same conditions (Figs 3 and 4; Table 1). Durand-

Clement (1987) and Chinain et al. (2010) observed a similar pattern where CTX per 

Gambierdiscus cell remained constant for as long as 15 years. These observations suggest that 

hemolytic activity is under strong genetic control and that the amount produced remains constant 

through time (Holmes et al., 1990; Lartigue et al., 2009; Chinain et al., 2010).  

4.6 Hemolytic activity associated with the membrane fraction 

MTX is soluble in both water and methanol (Holmes et al., 1990). Despite this fact, 

depending on species, 60 to 90% of the HA was associated with the cell wall and cellular debris 

and not released into solution when the cells were lysed in ELA buffer (Fig. 5).  Those 

species/isolates with the highest overall HA were also found to have the lowest portion of total 

HA associated with the cell wall.  These data are consistent with the binding of MTX to a protein 

or some other membrane associated compound.  This association could partially account for the 

relatively low release of MTX (<3%) into the culture media, except during periods when aging 

cells begin to senesce and lyse (Holmes et al., 1990; Chinain et al., 2010; Caillaud et al., 2011).  

Given that polyketides have powerful antifungal and antibacterial properties (Nagai et al., 1992), 

it is possible that being localized to the membrane helps regulate the surface consortium of 

bacteria which are generally required for optimal growth (Robinson, 1991; Sakami et al., 1999; 

McDaniel et al., 2005). 

CONCLUSIONS 
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1.  The results of this study showed that hemolytic activity (HA) was significantly 

different among species (Fig. 2).  2.  The data also revealed a significant regional variation in 

toxicity (Fig. 3).  Isolates from the western Caribbean and Gulf of Mexico were two to ten 10 

times more toxic than those isolates from the eastern Caribbean as far north as the Florida Keys.  

The later isolates were in turn more toxic than those isolated from the continental shelf off North 

Carolina, USA.  The degree to which the inter-specific differences in toxicity were related to the 

amount of toxin produced, versus the inherent toxicity of MTX congeners synthesized by each 

species, could not be determined from the functional assays conducted in this study.  

3.  The HA consistently increased slightly from log to late log phase, then declined in 

stationary phase to levels which were even lower than observed in log phase growth (Figs. 2 and 

3).  This same trend of maximal toxicity in late log phase was observed whether the data were 

normalized on either a per cell or per biomass basis (Fig. 2).  In Gambierdiscus clones which 

express CTX, the CTX continues to increase in late stationary phase accounting for as much as 

87% of the total toxicity (Chinain et al. 2010).   

4.  The HA of isolates belonging to the same species, and originating from the same 

region, exhibited comparable toxicities (Figs. 1-3). This indicated selection for regionally 

differentiated populations with similar overall toxicities.  The selection pressure which could 

drive the observed differences is unknown, but not likely linked to temperature or N/P limitation. 

5.  The data on HA did not support the relationship of increasing toxicity with decreasing latitude 

reported by Bomber et al. 1989 (Figs 1 and 3, Tables 6-9).  The limited number of 

Gambierdiscus isolates from other regions of the world outside the Caribbean had hemolytic 
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activity values on par with the Caribbean isolates.  This indicated that the hemolytic activity and 

likely MTX toxicity of Gambierdiscus species will fall in the same range worldwide.   

6.  Increasing growth temperatures from 20 to 31 °C increased HA only moderately or 

had no effect at all (Fig. 4).  This suggests that growth temperature is not a significant factor in 

determining the inter isolate and inter specific differences in MTX toxicity.  7.  Hemolytic 

activities measured over a 2 year period were highly stable indicating that toxins were 

constitutively produced and under strong genetic control.  The fact that most Gambierdiscus 

isolates produce MTX, coupled with the strong regional within species differences in toxicity, 

indicate that MTXs play an important role in the biology of Gambierdiscus species.  8.  The 

association of 60 to 90% of the HA with the cell wall (Fig. 5) suggests that this role may be 

related to anti-grazing deterrence or to regulation of the microbial consortium which colonizes 

the cell surface.  

Ongoing research will examine the correlation between HA and the amount of CTX 

produced by these same isolates to determine to what degree hemolytic activity, which is easy to 

measure, using the ELA assay, correlates with CTX production.  The relative contribution of 

MTX to overall hemolytic activity needs to be confirmed using LC/MS with direct fractionation 

of cell pellets.   
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Figure 5  
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Table 1. Species and strain identification along with relevant location collection information. 

   Date  
Species Location Strain Name Isolated Isolated by 

G. carolinianus North Carolina Kenny 6 8/1/2004 S. Kibler 

 North Carolina Lob Rock N7 7/23/2005 S. Kibler 
 North Carolina Ken 3 9/1/2010 C. Holland 
 North Carolina Big Fish gam 5 8/1/2008 C. Holland 
 North Carolina Lob Rock N3 8/1/2007 C. Holland 
 Dry Tortugas ETB exp 28 gam 10 9/1/2009 C. Holland 
 Jupiter, Florida Jupiter Algae gam 5 7/1/2009 C. Holland 
 Puerto Rico PRG gam 1 8/1/2007 C. Holland 
 Puerto Rico RROV5 5/1/2007 C. Holland 
 St Thomas ST1 F7  C. Tomas 
 Flower Gardens WBHR 21 Gam 2 9/23/2010 C. Holland 
 Mexico Mex Algae gam 1 1/1/2010 C. Holland 
 Ocho Rios Jamaica Algae gam 1 12/1/2009 C. Holland 
 Belize Dive 1 gam1 5/1/2008 C. Holland 
 Belize Elbow Cay 5/1/2009 C. Holland 
     

G. caribaeus Belize Gam19 5/6/2004 S. Kibler 

 Belize Jar 17 gam 20 5/1/2009 C. Holland 
 Belize Gam 4 5/17/2004 S. Kibler 
 Belize SW gam 1 5/1/2005 S. Kibler 
 Belize NCMA 1733 2/1/1996 S.L Morton 
 Belize TC tow Gam 3 5/1/2008 C. Holland 
 Belize Norval Cay 5/1/2009 C. Holland 
 Belize SW gam 5 5/1/2005 S. Kibler 
 Belize CBC gam1 5/1/2006 S. Kibler 
 Grand Cayman NCMA 1651   
 Cancun Mexico Algae 1 gam 1 1/1/2010 C. Holland 
 Ocho Rios Jamaica Algae 1 gam1 12/1/2009 C. Holland 
 Dry Tortugas ETB Gam 6 9/1/2009 C. Holland 
 Tortugas Outfish 7-1 8/1/2008 S. Kibler 
 Tortugas Outfish 7-3 8/1/2008 S. Kibler 
 Long key , Florida Jar 12 Tow 3 7/1/2008 C. Holland 
 St. Thomas ST 1 C5  C. Tomas 
 St. Johns SJ 3 D7  C. Tomas 
 Bathtub Beach, Florida BB gam 4 7/1/2009 C. Holland 
 Jupiter, Florida BRP gam 4 7/1/2009 C. Holland 
 Ft. pierce, Florida Dive 1fa gam 1 7/1/2008 C. Holland 
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 Jupiter, Florida Coral cove gam 1 7/1/2009 C. Holland 
 Long key, Florida Keys jar 7 gam 7 8/1/2010 C. Holland 
 Flower Gardens WBHR 21 gam 2 9/23/2010 C. Holland 
 Flower Gardens WBHR 26 gam 1 9/23/2010 C. Holland 

     

G. belizeanus St. Barthelemy Islands NCMA 399 2/1/1990 M. Durand-Clement 

 Florida Keys Keys gam 1 11/1/2005 C. Holland 

 St. Thomas ST1 gam f4  C. Tomas 

     
Gambierdiscus 

ribotype 2 Martinique NCMA 1655 4/1/1994 J. Babinchak 

 St. Thomas ST3 gam f2  C. Tomas 

 Puerto Rico Mixed PR gam 4 7/1/2007 C. Holland 

     

G. carpenteri Guam NCMA 1654   

 Belize GT4 8/1/2005 T. Villareal 

 Hawaii Pat hawaii jar 5 gam 3 6/1/2010 C. Holland 

 Flower Gardens WBHR 21 9/23/2010 C. Holland 

 Tortugas ETB Exp 24 gam 1 9/1/2009 C. Holland 
 Ocho Rios Jamaica Algae 2 gam 1 12/1/2009 C. Holland 
     

G. ruetzleri Southwater Cay, Belize Gam 1 5/12/2004 S. Kibler 
 North Carolina NC Yasu 7/1/2006 S. Kibler 
 

Pacific isolates     

     
G. australes Waikiki Beach HI9 gam 5 6/1/2010 C. Holland 

 Waikiki Beach WB gam 3 6/24/2010 C. Holland 
     

G. pacificus 
 

Moorea, Society Islands 
 NCMA 1650 4/1/1994 J. Babinchak 

     

G. caribaeus Oahu, Hawaii Pat Jar 2 Gam 2 7/1/2011 C. Holland 

     
Mediterranean 

Isolate 
 

    

G. carolinianus Crete Greece Gam 3 10/1/2010 C. Holland 
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Table 2: Homogeneity of variance test (Levene) estimated for the data obtained from analyzing 
hemolytic activity in six different Gambierdiscus species found in the Caribbean.  The analysis 
specifically examined the differences among species, isolates, growth phase, and species vs. 
growth phase interaction. For these analyses the data from all three growth phases were 
considered as part of the same analysis. The differences in HA among species in log, late log or 
stationary phase were also analyzed separately.  The remaining data were therefore analyzed 
using a Kruskall-Wallis non-parametric ANOVA. 
 

Source df F P 

species 5 22.45 6.44 x 10-17 

strains 53 2.365 8.31 x 10-05 

Growth phase 2 0.032 0.97 

species*growth phase 17 6.09 1.82 x 10-10 

species (log phase) 5 7.14 4.59 x 10-05 

species (late log phase) 5 7.14 4.59 x 10-05 

species (stationary phase) 5 7.14 4.59 x 10-05 
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Table 3: Non-parametric Kruskall-Wallis ANOVA tested whether hemolytic activity was significantly 
different among species when the log, late log and stationary phase data were considered together or 
separately.   

 

Source 
H-

Statistic df P 

Species (all three phases considered together) 69.95 5 1.05 x 10-13 

Species (log phase ) 24.74 5 0.000156 

Species (late log phase) 20.32 5 0.001088 

Species (stationary phase) 27.88 5 3.84 x 10-05 
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Table 4A). Non-parametric multiple comparison test to determine which species had statistically 
different hemolytic activity. B). The same non-parametric multiple comparisons test based on the 
EC50 data normalized to biovolume.  

A. 

 
Comparison Groups Obs dif Critical dif difference 

G. caribaeus-G. carolinianus 37.09 25.963 TRUE 

G. belizeanus- G. carolinianus 62.33 50.279 TRUE 

Gambierdiscus ribotype 2- G. carolinianus 108.11 50.276 TRUE 

G. carpenteri- G. carolinianus 61.83 38.399 TRUE 

G. ruetzleri- G. carolinianus 107.67 59.842 TRUE 

G. belizeanus - G. caribaeus 25.24 48.572 FALSE 

Gambierdiscus ribotype 2- G. caribaeus 71.02 48.572 TRUE 

G. carpenteri - G. caribaeus 24.74 36.138 FALSE 

G.ruetzleri - G.caribaeus 70.57 58.416 TRUE 

Gambierdiscus ribotype 2- G. belizeanus 45.78 64.907 FALSE 

G. carpenteri - G. belizeanus 0.5 56.211 FALSE 

G. ruetzleri - G. belizeanus 45.33 72.568 FALSE 

G.carpenteri - Gambierdiscus ribotype 2 46.28 56.211 FALSE 

G.ruetzleri - Gambierdiscus ribotype 2 0.44 72.568 FALSE 

G. ruetzleri - G. carpenteri 45.83 64.907 FALSE 
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B.  

Comparison Group Obs dif Critical dif difference 

G. belizeanus-G. caribaeus 3.79 48.571 FALSE 

G. belizeanus-G. carolininaus 41.06 50.271 FALSE 

G. belizeanus-G. carpenteri 1.55 56.211 FALSE 

G. belizeanus-Gambierdiscus ribotype 2 49.33 64.907 FALSE 

G. belizeanus-G. ruetzleri 59.61 72.568 FALSE 

G. caribaeus-G. carolininaus 37.27 25.962 TRUE 

G. caribaeus-G. carpenteri 2.24 36.133 FALSE 

G. caribaeus-Gambierdiscus ribotype 2 53.12 48.571 TRUE 

G. caribaeus-G. ruetzleri 63.47 58.416 TRUE 

G. carolininaus-G. carpenteri 39.51 38.399 TRUE 

G. carolininaus-Gambierdiscus ribotype 2 90.45 50.276 TRUE 

G. carolininaus-G. ruetzleri 100.67 59.841 TRUE 

G. carpenteri-Gambierdiscus ribotype 2 50.88 56.211 FALSE 

G. carpenteri-G. ruetzleri 61.16 64.907 FALSE 

Gambierdiscus ribotype 2-G. ruetzleri 10.27 72.568 FALSE 
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Table5.   

 
 

       
n 

Species  
 Log 

Growth rate 
Late log Stationary 

St 
deviation St deviation St deviation 

15 
G. caribeaus 

Region 1 0.16 0.07 0.01 0.05 0.04 0.01 
11 Region 2 0.16 0.09 0.01 0.03 0.03 0.01 

 
G. carolinianus 

      5 Region 1 0.18 0.09 0.04 0.04 0.02 0.02 
5 Region 2 0.17 0.10 0.06 0.05 0.03 0.02 
5 Region 3 0.23 0.10 0.05 0.05 0.03 0.01 

 
G. ruetzleri 

      1 Region 1  0.25 0.07 0.03 
   1 Region 3 0.19 0.14 0.05 
   

        
n G. caribeaus Log 

 EC50 cells 
Late log  Stationary 

St 
deviation St deviation St deviation 

15 Region 1 133.48 91.78 183.33 42.29 34.83 60.63 
11 Region 2 263.67 176.37 293.93 43.82 38.47 39.94 

 
G. carolinianus 

      5 Region 1 171.27 109.23 222.03 33.08 28.41 32.46 
5 Region 2 1673.20 1468.84 1773.97 856.89 798.49 888.30 
5 Region 3 10432.87 9878.46 11153.48 950.32 990.46 873.38 

 
G. ruetzleri 

      1 Region 1  12.20 6.78 20.34 
   1 Region 3 69.16 42.71 80.68 
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Table 6: The data for G. caribaeus and G. carolinianus were further analyzed with respect to 
differences in toxicity among regions where the isolates originated and with respect to log, late 
log and stationary growth phase.  A Levene homogeneity of variance test indicated that only the 
G. carolinianus regional comparisons failed to meet the homogeneity of variance tests. 

Source df F P 

Growth phase (G. caribaeus) 2 1.09 0.340 

Growth phase (G. carolinianus) 2 0.04 0.957 

Region (G. caribaeus) 1 0.47 0.493 

Region (G. carolinianus) 2 12.16 6.78 x 10-5 

 
Table 7. Results of an ANOVA testing whether the regional differences in HA within G. 
caribaeus.  
 

Source df Sum Sq Mean Sq F value Pr(>F) 

Region (G. caribaeus) 1 217391 217391 57.17 9.36 x 10-11 

Residuals 73 277565 3802.26 NA NA 

 
Table 8. A Kruskall Wallis non-parametric ANOVA was also conducted to estimate whether HA 
varies significantly by region for both species and for G. carolinianus alone.   
 

Source H-Statistic df P-value 

Region (both species) 71.95 2 2.37 * 10-16 

Region (G. carolinianus) 34.54 2 3.15 * 10-8 
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Table 9. Comparison test for differences among regions in HA examined the G. carolinianus 
data in more detail (see Fig. 1).   
 

Comparison Group (G. carolinianus) Obs dif Critical dif difference 

Region 2 - Region 1 10.93 11.48 FALSE 

Region 3 – Region 1 27.96 11.48 TRUE 

Region 3 – Region 2 17.03 11.48 TRUE 

 
Table 10. An ANOVA testing HA variation with growth phases in G. caribaeus only.   
 

Source df Sum Sq Mean Sq F  Pr(>F) 

Growth phase  (G. caribaeus) 2 134349 67174.3 13.42 1.12 x 10-5 

Residuals 72 360607 5008.44 NA NA 

 
 
Table 11 Comparison test for differences in HA in log, late log, and stationary phases of G. 
caribaeus.   
 

Comparison Groups (G. caribaeus) diff lower upper p adj 

log-late log -61.76 -109.67 -13.86 0.009 

log-stationary 41.22 -6.67 89.13 0.11 

late log-stationary 102.99 55.08 150.89 6.60 x 10-6 
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Table 12. The results of an ANOVA testing whether HA varied significantly with growth phase 
in G. carolinianus.  The results again indicated no significant difference in toxicity with growth 
phase. 
 

Source df Sum Sq Mean Sq F  Pr(>F) 

Growth phase (G. carolinianus) 2 2389103.2 1194552 0.052 0.949 

Residuals 42 961011804 22881233 NA NA 

 

Table 13. Levene Homogeneity of variance test for the temperature experiment where G. 
caribaeus and G. carolinianus were grown at 20, 24, 27, and 31oC. The MTX EC50 values were 
estimated in log, late log and stationary phase for both species. The only data set which failed the 
homogeneity of variance test was the temperature data set for G. caribaeus.  

Source df F-value P-value 

Temperature (both species combined) 3 0.032 0.992 

Growth phase (both species combined) 2 0.037 0.962 

Temperature*Growth phase (both species combined) 11 0.016 1 

Temperature (G. caribaeus) 3 8.616 8.55 x 10-5 

Growth phase (G. caribaeus) 2 0.013 0.986 

Temperature*Growth phase (G. caribaeus) 11 1.963 0.053 

Temperature (G. carolinianus) 3 0.051 0.984 

Growth phase (G. carolinianus) 3 0.051 0.984 

Temperature*Growth phase (G. carolinianus) 11 0.024 1 
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Table 14A). The temperature data for G. caribaeus failed the homogeneity of variance test, a 
Kruskall Wallis non-parametric ANOVA was used to test whether toxicity varied with 
temperature.  All three growth phases were included in the analysis at each temperature. B). A 
multiple comparison test was undertaken using the same data set to test which temperatures 
exhibited statistically significant different levels of hemolytic activity.   
   
A. 

Source df H-Statistic P 

Temperature (G. caribaeus) 3 9.060 0.028 

 

 
B.  
Comparison Groups (G. caribaeus) Obs dif Critical dif difference 

20°C-24°C 4.83 16.82 FALSE 

20°C-27°C 17.36 16.82 TRUE 

20°C-31°C 13 16.82 FALSE 

24°C-27°C 12.53 16.82 FALSE 

24°C-31°C 8.16 16.82 FALSE 

27°C-31°C 4.36 16.82 FALSE 

     



51 

 

 

Table 15A.) Temperature experiment ANOVA which tested whether HA in G. caribaeus varied 
significantly with growth phase.  B.) A multiple comparisons test was done using the same data 
set to determine which growth phases contained statistically different levels of hemolytic 
activity.  The test examined the difference in HA between log and late log phase, log phase and 
stationary phase, and between late log and stationary phase.  

 A.  

Source Df Sum Sq Mean Sq F  Pr(>F) 

Growth phase (G. caribaeus) 2 44094.1 22047.05 4.346 0.017 

Residuals 57 289115.9 5072.209 NA NA 

 

B.  

 

Comparison Groups ( G. caribaeus)           diff            lower        upper         p adj 

Transition from log to late log phase -27.1 -81.29 27.09 0.456 

Transition from log to stationary 
phase 38.95 -15.24 93.14 0.203 

Transition from late log-stationary 
phase 66.05 11.85 120.24 0.013 
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Table 16. ANOVA test on the individual effects and interactions of temperature and growth 
phase on HA in G. carolinianus.   
 

Source Df Sum Sq Mean Sq F  Pr(>F) 

Temperature (G. carolinianus) 3 4615937 1538646 0.047 0.986 

Growth phase (G. carolinianus) 2 3684998 1842499 0.056 0.944 

Temperature * Growth phase (G. carolinianus) 6 739404.8 123234.1 0.003 1 

Residuals 60 1.95x 109 32482229 NA NA 
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Figure S1. Representative growth curves for the species investigated in this study.  These curves 
were included to illustrate the growth status of the cells collected in log, late log and stationary 
phase. 
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Table S1. Temperature comparison (EC50 cells) between G. carolinianus and G. caribaeus. 

  
Species  

EC50 
cells 

EC50 
cells EC50 cells 

 

Growth 
Rate 

 Temperature Region G. carolinianus Log  Late log Stationary Log  Late log Stationary 

 
1 Mex Algae gam 1 201 179 222 0.09 0.009 0.001 

 
1 WBHR 21 Gam 2 284 266 301 0.09 0.009 0.001 

 
2 RROV5 1799 1584 1816 0.11 0.02 0.003 

20C 2 ST 1 F7 255 209 281 0.1 0.04 0.004 

 
3 Kenny6 12205 11999 12596 0.12 0.02 0.005 

 
3 Big Fish gam 5 11856 11663 12001 0.11 0.03 0.001 

         
 

1 Mex Algae gam 1 189 162 243 0.11 0.06 0.009 

 
1 WBHR 21 Gam 2 259 178 279 0.1 0.04 0.002 

24C 2 RROV5 1672 1434 1737 0.12 0.05 0.004 

 
2 ST 1 F7 201 132 269 0.17 0.06 0.01 

 
3 Kenny6 11887 10059 12333 0.16 0.06 0.002 

 
3 Big Fish gam 5 11553 11074 12887 0.12 0.07 0.003 

         
 

1 Mex Algae gam 1 149 110 189 0.22 0.1 0.02 

 
1 WBHR 21 Gam 2 236 167 257 0.16 0.09 0.04 

27C 2 RROV5 1587 1352 1605 0.17 0.08 0.04 

 
2 ST 1 F7 113 58 236 0.15 0.1 0.07 

 
3 Kenny6 11212 10212 12000 0.23 0.07 0.06 

 
3 Big Fish gam 5 12658 12002 12888 0.21 0.1 0.06 

         
 

1 Mex Algae gam 1 181 134 249 0.14 0.09 0.002 

 
1 WBHR 21 Gam 2 175 153 184 0.15 0.08 0.01 

31C 2 RROV5 1331 1183 1549 0.11 0.074 0.002 

 
2 ST 1 F7 99 77 123 0.16 0.08 0.004 

 
3 Kenny6 10008 9608 12750 0.11 0.01 0.004 

 
3 Big Fish gam 5 9902 9810 10100 0.12 0.01 0.005 

         

  
Species  

EC50 
cells 

EC50 
cells EC50 cells 

 

Growth 
Rate 

 Temperature Region G. caribaeus Log  Late log Stationary Log  Late log Stationary 

 
1 Mexico Algae1gam1 212 206 294 0.11 0.04 0.0026 

 
1 WBHR 26 gam1 208 198 273 0.12 0.02 0.003 

20C 1 Gam 19 234 191 251 0.12 0.04 0.001 

 
2 Keys jar 7 gam7 245 232 265 0.12 0.016 0.001 

 
2 Dive 1 fa gam 4 301 274 317 0.11 0.006 0.001 

         
 

1 Mexico Algae1gam1 205 181 234 0.11 0.02 0.001 
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1 WBHR 26 gam 1 216 190 259 0.14 0.02 0.006 

24C 1 Gam 19 202 196 238 0.13 0.05 0.002 

 
2 Keys jar 7 gam 7 239 221 269 0.13 0.06 0.009 

 
2 Dive 1 fa gam 4 273 256 304 0.13 0.07 0.002 

         
 

1 Mexico Alga 1 gam1 209 140 194 0.15 0.08 0.008 

 
1 WBHR 26 gam 1 91 69 121 0.24 0.14 0.02 

27C 1 Gam 19 58 16 121 0.16 0.03 0.003 

 
2 Keys jar 7 gam 7 246 172 262 0.21 0.14 0.014 

 
2 Dive 1 fa gam 4 263 231 284 0.14 0.1 0.005 

         
 

1 Mexico Alga 1gam 1 198 176 267 0.15 0.06 0.001 
31C 1 WBHR 26 gam 1 94 77 125 0.22 0.14 0.02 

 
1 Gam 19 64 31 112 0.16 0.08 0.001 

 
2 Keys jar 7 gam 7 253 233 331 0.18 0.02 0.002 

 
2 Dive 1 fa gam 4 250 229 319 0.11 0.03 0.001 
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Table S2. Sonication of whole cell vs. cell pellet to determine where the majority of the MTX activity occurred. 

 
  
 

Species Log Log % Late Log Late Log % Stationary  Stationary % Mean Standard 
 Pellet  Total Difference Pellet Total Difference  Pellet Total Difference   Deviation 
  
 
G. caribaeus    212 174 82 191 155 80 218 186 85 82 1.8 
     208 169 81 193 152 80 220 181 82   
             
G. belizeanus    127 114 90 144 118 82 224 248 90 90 3.2 
     132 117 89 136 122 90 231 256 90   
             
G. carpenteri    227 207 91 144 161 89 239 206 86 88 2.2 
     235 216 89 141 159 89 250 212 85   
 
G. ruetzleri      21 15 70 19 10 64 30 21 70 68 3.6 
       25 17 68 16 12 63 36 26 72   
             
G. carolinianus 11313  11408 97 12609 11777 91 11760 11555 98 95 2.6 
  11194 11387 93 13001 11533 96 12008 11689 97   
             
G. ribotype II      24 17 67 18 12 71 27 20 74 70 3.6 
       22 16 65 17 10 73 29 21 72   
             
G. australes      70 56 80 18 24 75 75 60 80 78 2.4 
       73 57 78 15 20 75 79 63 80   
             
G. pacificus      87 57 66 14 23 61 65 46 71 66 3.4 
       81 55 68 16 24 65 69 44 64 
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