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Abstract-A Florida red tide organism, Gymnodinium brew Davis, an unarmored dinoflagellate, was grown in 
enriched sea water media at salinities 2&43:<,, and constant illumination. Use of lowest (23%“) and highest (43%) 
salinities resulted in death within 24 hr of inoculation, though good growth was obtained at all intermediate 
salinities (29-39”/,), in accord with field observation. Rates of synthesis of DNA, acidic polysaccharide and ich- 
thyotoxin were determined as a function of salinity and growth constant (K,,). The relative rate of synthesis 
of DNA or polysaccharide increased linearly with growth constant. Mean cell volumes, determined during log- 
phase growth, showed a positive correlation with doubling time. Hemolytic activity was detected in cell extracts 
only at high toxin concentrations (0.35-2.05 mg of ichthyotoxin). No significant difference was noted in hemolytic 
activity of extracts of cells grown in high (3476,) or low (26’:,,) salinity. The rate of toxin synthesis showed a linear 
decrease with the rate of DNA or polysaccharide synthesis. 

INTRODUCTION 
THE TERM ‘Florida red tide’ has been applied to areas of sea water on the west coast of 
Florida from Cape Sable to Cape San Blas that are discolored by populations (2.50000 
cells/l.) of the unarmored dinoflagellate Gq’mnodirzium bretle Davis.” - 4 These blooms have 
been sporadic since the first was noted in 1884 by Walker,’ but the impact of the effects 
of catastrophic fish kills in areas of burgeoning human populations has been greater in 
recent years. 

Following the identification of G. breve as the causative agent of catastrophic fish kills,’ 
many attempts have been made to determine the conditions necessary for sudden blooms, 
but it appears that no single biological, chemical, or hydrological factor is responsible.2,5*6 

However, several workers have noted the possible significance of the trace metals and 
organic compounds + ’ in river effluents. 

The mass marine mortalities associated with G. breve blooms are due to two effects: di- 

1 DAVIS, C. C. (1948) Botan. Gaz. 109, 358. 
’ ROUNSEFELL, G. A. and NELSON. W. R. (1966) U.S. Fish Wildl. Srrl;. Spec. Sci. Report. Fish. 535. 
3 BRYM)N, G. A., MARTIN. D. F. and OLANDER, W. K. (1971) Emiron. Letters 1, 235. 
4 SASNER, JR., J. J. (1973). in Mariw Phurmacognosy (MARTIN, D. F. and PADILLA. G. M., eds.), Ch. 5, Academic 

Press, New York. 
5 ROUNSEFELL, G. A. and DRAGOVICH, A. (1966) Bull. Mar. Sci. 16,402. 
’ COLLIER. A., WILSON, W. B. and BORKOWSKI. M. (1969) J. P/I vcol. 5, 168. 
’ INGLE, M. and Martin, D. F. (1971) Enc>iron. Letters 1, 69. 
s MARTIN, D. F. and MARTIN. B. B. (1973) in Trace Metals and Metal-Organic Interactions in Natural Waters 

(SINGER. P. C., ed.), Chap. 12, Ann Arbor Science Publishers, Ann Arbor. 



534 \-. S. KIWI ;~nd D. t;. M,WIIS 

rectly because of a tieurotoxin,” t5 and indirectly bccausc of anaerobiosis (due to in- 
creased respiratory activity of the bloom organism or by intense bacterial activity asso- 
ciated with decomposition of affected organisms).“.“’ 

The ecological limitations of G. /WPC are significant. For example. the optimum salinity 
was rcportcd to be 27 37”,,,, based on laboratory studies,‘.’ - and Kaq and Aldrich’ ’ have 
noted that G. hrc)t.cand oystersarenormallq separated by low salinity barrier. because of poor 
survival of G. /WC~W below 33”,,,, Once the red Cdc organism enters an estuaritte system. 
particularly a nutrient-enriched one ivith tolerable salinity. ho\vevcr. the organisms can 

be concentrated 1~~ several mechanisms and maintained for sc\~ra~ da! 5. ’ ” Tholtgh 1llllCh 

information is av:&ble on the toxin from G. /YCW. “.I ‘L”~” little is kno\vt~ of the condi- 

tions under which rhe toxin is produced. The ichthyotoxin is reported to be hemolytically 
active” which gives a convenient assay. The toxin appears to be a degradation product 
of cell wall constituents’-’ so that toxigenesis should be related to the development of cell 
polysaccharide content. perhaps cell size (area) or cell DNA content. The present in\estiga- 
tion was undertaken to determine if toxin production is related to salinity-induced changes 
in the growth of G. /MW and ho&, these chanpcs a&t biosynthetic capnbilitics. Specifi- 
cally. the relationships betwceti salinit!. pro\vth t-ate. cell size. rote of s~nthcsis of DNA 
and polysaccharide content. toxicity and hemolytic activity were investigated. 

RESl’L.TS 

The growth pattern was evaluated for two series of four cultures of G. ~WW at 25 & 1 
in enriched tncdia (salinity range of 21L39”,,,,, see Table 1). After a lag period of 1 week 

(similar to that noted before).” the cells entered log growth until the stationar\ phase 
(6--c) x 10” cells,‘l.) was attained at 6 7 weeks. The variation in gro\blh constant. K,,, (= 
2.303 ML where HI is the slope of the linear portion of the log-growth phase of fhc semilog- 

arithmic plot. log cells as a function of time) and doubling time. D.T. (= log,,2, K,,,), with 
salinity is indicated in Table I. For two separate series of cxperitnents, the optimum salini- 
ties appear to be 3&M”,,,,. and agreement between the two series of experiments was good 
(Table 1 ). The growth constant at salinity 3636”,,,, \vas 0478 & 0009 day ’ u-hi& agrees 
with a previously reported value’” of 0083 & 001 for salinity 33 35”,,,, for similar media. 
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Below salinity 22%,, cells were rapidly lysed (i.e. within 24 hr) and good growth was never 
observed; growth constants at salinities 26 and 392, were significantly lower than those 
at salinity 30-34’& (Table 1). 

TABLE 1. GROWTH AND BIOSYNTHESIS FOR Gymnodiniurn brew GROWN IN ENRICHED SEA WATER (NSW medium) 
AT VARIOUS SALINITIES* 

26 0 0602 5-O 33 142 X.52 

30 

34 

0.0575 5.3 117 6.61 
0 075 40 30 143 IO-73 
O-08 I 3.7 75 6.06 
0.066 4.6 31 119 7 85 
0.0x9 3.4 7x 694 

36 

38 

39 

43 

o-097Q 3-l RX9 8.62 

0-06X 44 64.4 4.38 
0.050 6.0 34 x7-o 4 35 

0 

0.79 
I IO 
I -00 
I -00 
o-73 
I-14 

0.80 

0.72 
0.41 

5-I 0 .?I 0 76 
?., 6 1 97 1.57 

5.4 0.41 I 00 
155 I 26 I.00 
5 0 0.33 0.X2 

20.9 I.86 I -4x 

x-n n TX 0 62 

7-2 0 49 0.39 
1.x O-09 022 

0 OS’! 

0 Oh7 

0.064 

O-099 

0-I 14 

* Enrlchments.‘l sea mater FeCI,-6H,O. 20 mg; Na,EDTA. 50.0 mg: 5.0 ml of sulfides m,xture. (\tock \oIu11on, g’lr. NH,(‘I. 0.2. K,HPo,. 0 I: 
NaHCO,. 02; M&I,-hH,O. 0.4; Na,S.9H,O, 0.15): Vitamin B,>, 1 1’~. bmtm, 0.5 pg: thiamlnc HCI. 104 mp. 
t Enprcssed a~ spherical equivalents 

These results were compared with the variation of cell size with salinity. Mean cell 
volumes, expressed as spherical equivalents, varied with salinity, and minimum cell dia- 
meters were observed at optimum salinities. Quantitatively, the linear correlation coeffi- 
cient, r, relating cell volume (or cell diameter) and doubling time is statistically significant 
(r = 0.962, P = 255%). 

In addition, the cell DNA and acidic polysaccharide content were measured during log- 
phase growth for two series of experiments (Table 1). Qualitatively, as the salinity de- 
creased, or increased from the optimum range, nucleic acid and anionic polysaccharide 
content decreased, and the mean DT increased. Quantitatively. rates of biosynthesis of 
cellular components and rates of growth can be related by means of the growth equation: 
N, = N,2f’” (where a = DT, t is the time interval between measurements, N, and N, are 
the number of cells initially and after time t). 

The growth equation was utilized by substituting for N, and N, the values of DNA, 
polysaccharide, or other cellular component that must double from division to division.” 

Using the data in Table 1, the rate of synthesis of DNA or polysaccharide was calculated 
as pg of component/106 cells/day. In order to normalize the data from two series of exper- 
iments, the relative biosynthetic rates were calculated [ = (rate at S = n7’;J/(rate at S = 
30x,,) where n is 26, 34, etc.]. Data for S = 30%, were used as standard because maximum 

growth constants were observed for the range 30-34?&,. The relative rate of biosynthesis 

of DNA (RDNA) or polysaccharide (Rpo,ys,) was a function of growth constant, K 1o. The 
least-squares treatment gave the following results: RDNA = -0.40 + 0.19 + 17.6 i 2.7 
K .R 107 pdys = -1.2 &- 0.5 + 28 f 6.8 K,,. 

L5 PADILLA, G. M. (1970) J. Protozool. 17,456 



Toxigmisis 

The ichthyotoxicity of extracts of G. ~IYLY culture (salinity, 34”,,,,) has been measured.” 
One toxin unit was defined’ 3 as the amount of toxin needed to kill a fish. Po~ci(i~ .sph~~~~p.s. 
(4-6 cm, l-2.5 g) in 20 + 3.X min. Our study indicates that one toxin unit was Equal to 
0.3 mg of crude toxin. The amount of toxin (mg/lO” cells) obtained and the rate of s),nthesis 
varies parabolically with salinity. The minimum in amount or rate ~‘11s observed at salinit! 

30--34j’;,,, . amount and rate of synthesis of toxin approximately doubled at S z= 39”,1,, and 
was slightly greater at suboptimum salinities (97”,,,,) (see Fig. I ). 

The rate of toxin synthesis (mg’10” cells/day) was a linear function of DNA and polysac- 
charide synthesis rates (R’,,, and R’po,yr,. respectively. expressed as /lg.’ IO” cclis:day). A 
least-squares treatment gave the following results (& indicates sd.): Rate of toxin synthe- 
sis = 0.205 + 0.026 - 0.02 I Ifr 0904 R’,,, : Rate of toxin synthesis = 0~127 + 0~010 - 

0.0362 + 0.007 R polv’;. 
Toxigenesis was also studied by determining the hcmolytic activity of extracts from two 

G. ~WCP cultures (salinity. S. 34”,,,, and 36”,,,,). Red blood cells were incubated with the meth- 
anolic solution of toxin and the absorbance of the supernatant at 540 nm (,‘lilo) was mea- 
sured, relative to control. .Applying a least-squares treatment. WC found that iog il ,diso = 
--CI + h (mg toxin), where cl and h are the intercept and the slope. respectiveI>. of the linear 

relationship. and where the concentration of toxin is expressed as mg of toxin in 5 ml of 
red blood cell suspension (2”,, v/v, MeOH-blood buffer). The values of <I and h \vere 4.03 i 
0.3 1 and 2.20 + 0.23 respectively. (S = 34”,,,,) 3.75 F 00X and 1 .X1 i 0406, respectively 
(S = 269,,,,). Thus, no significant differences in hemolytic activity. seemed evident at these 
salinities (mg toxin = 0.15 2.05). 

The use of the growth equation has certain limitations. notably that the systems must 

be in the exponential phase and that the cells be in balanced growth. That these conditions 
obtained was indicated b). the low standard errors associated with repetitive samples from 
the same or separate cultures of the same time in log phase. Applications of the groivth 
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curves in analyses similar to the present study were done with Astasia longa, a bleached 
strain of Euglena gracilis,27 the dinoflagellate Gonyaulax tamarensis,28 and the euryhaline 
chrysomonad Prymnesium parvum.25 

The application of these data must be made with some caution. Whether the results mean 

that the ability to adapt to salinity is initially mediated through a change in cell division, 
with a parallel, but secondary change in rate of synthesis of DNA, is uncertain. No obvious 
breaks or changes in the relative rate of biosynthesis appear for the growth constants 
obtained, and the natural range of salinity was covered. For the chrysomonad Prymnesium 
parvum, however, Padilla25 found that below a certain division rate, the rate of DNA syn- 
thesis was independent of division rate. For example, our measurements were made with 
cells that had been adapted for several generations to an optimum salinity (ca 35x,), 
though in the same medium (NSW), but rapid change to higher and lower salinities was 

characterized by a slightly longer, slightly more erratic lag phase than would be typical 
of the optimum salinity. It appears that controls for DNA synthesis for this organism 
(though not for P. parvum) relate fairly closely to the kinetics of cell division.25 

Our results have practical implications. Many others believe that during outbreaks, high 
populations of G. brrve do not occur overnight because of high division rates’ 6 but that 
concentrating mechanisms (including prevailing onshore winds, convergence of water 
masses, and convection cells”) must be invoked to account for appearance and main- 
tenance of the high populations of cells. It is easier to apply these results to account for 
the appearance of G. breve in Tampa Bay (normal salinity ca 20x,,). During a severe 
drought (197@-1971) the salinities in the Bay increased to 28-30’:&, and approached values 
for optimum growth. 

In the second part of the study, analysis of ichthyotoxicity and hemolytic activity, no 
variation of hemolytic activity with salinity of media was noted, though we found a varia- 
tion of ichthyotoxicity with salinity of the media from which the toxin was extracted. In 
contrast, Padilla25 found the highest level of hemolysin in P. parvum was induced at a par- 
ticular salinity, though cells had a similar protein and nucleic acid content over a range 
of salinities above and below the critical one. Also. in our study, ichthyotoxin activity in 
extracts was a minimum when obtained from cells grown in the salinity of optimum 
growth. There seems to be no obvious correlation between ichthyotoxin activity and 
hemolytic activity for crude G. breve toxin, but the relationships between rate of synthesis 
for ichthyotoxin, DNA, and polysaccharide are statistically (and ecologically) significant. 

The implications require some consideration. Analyses of DNA and polysaccharide con- 
tent were based on separation of cells, though the toxin analysis is based on extraction 
of the media, following lysis of cells. The two procedures are probably equivalent, because 
previous workers ’ 2 have found that, within experimental error, all the toxin is associated. 
with cells in log growth; following careful filtratfon of the cells, no toxic activity could be 
extracted from the filtrate.12 The opposing rates of biosynthesis for toxin vs DNA or poly- 
saccharide could indicate that toxin production occurs at the expense of normal growth. 

The extrapolation of laboratory results of the present study to environmental conditions 
must be done cautiously, but available evidence suggests that the extrapolation is justified 
in some instances. As noted earlier, the salinity optimum observed in the present study 
is in accord with previously reported values, as are salinity limitations. The division times 

x KAHN V. and BLUM, J. J. (1967) Biochonistrv 6, 817. 
” BLUM,‘J. J. and BLTTOW, D. E. (1963) Exp. dd. Rrs. 29,407 
” PRAKASH. A. (1967) J. Fish. Rrs. Bd. Cm. 24, 1589. 



observed for the salinity optimum observed are similar to those in outbreaks.“’ If the 
trends in biosynthesis cm be extrapolated, there would be reason for some optimism: 
blooms of G. ~WW that extend into an estuary could grow under conditions that would 
favor the rate of biosynthesis of DNA or RNA at the expense of toxin. and physical uptake 
of toxin by shellfish would be a less serious problem than if there were a parallel rclation- 
ship between the biosynthetic rntcs for toxin and DNA. The results therefore suggest that 
the accumulation of toxin by shellfish, though a problem. “I is probable much Icss serious 

than it might nther\visc be. 


