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ABSTRACT 
Two Gymnodinium species were studied for their rheo-
toxic and cytotoxic activity. G. mikimotoi was found to 
have marked rheotoxicity and relatively low cytotoxicity 
(measured as haemolytic activity), while G. cf. mague-
lonense showed both effects. The effects of cysteine 
compounds, known as mucolytic agents and as protectors 
against O-radical damage, were investigated as a possible 
mitigation tool. N-acetyl-L-cysteine and ethyl-L-cysteine 
ester reduced: fish mortality; rheological yield stress; 
haemolytic activity. Beneficial action started at 0.01 
mMolar. L-cysteine is also active. The study suggests 
that addition of cysteine or its compounds to the water 
may be an economically feasible mitigation tool. 
 
INTRODUCTION 
 
 Some phytoplankton secrete polymers that make the 
water more viscous [1, 2]. This effect can asphyxiate fish 
by reducing water flow and hence oxygen availability at 
their gills [3], when it is termed �rheotoxicity�. Some 
exosecretions of harmful phytoplankton are also associ-
ated with �cytotoxicity�, which can be assayed by meas-
uring their haemolytic activity [3,4,5]. The aim of the 
present study has been to apply the results of previous 
studies on the rheology [6] and other ichthyotoxic [7,8] 
properties of seawater including its phytoplankton, so as 
to mitigate the total toxicity to fish during HABs of two 
ichthyotoxic Gymnodinium species. To assay toxicity, we 
used the survival time of fish. Both Gymnodinium species 
showed haemolytic activity, while the rheology of the 
water constituted a second indicator of its biological 
quality in relation to fish survival. We will show that the 
use of mucolytic substances, derivatives of cysteine [9, 
10, 11], allowed the toxic properties to be markedly 
reduced in both cases. 
 
MATERIAL AND METHODS 
 
 The culture of Gymnodinium mikimotoi (G. mik) 
studied (Stock GM95TIN) had been isolated at Tinduff 
(Rade de Brest, France) in 1995, while that of G. cf ma-
guelonense (G. mag), isolated by E. Erard-Le Denn, 
originated from Tunisian waters, north of Sfax in the 
Gulf of Gabès in 1994, after an intensive fish kill. Both 
cultures were cultivated at 18°C, and illuminated 12h/12h 
at 60µmole quanta.m-2.s-1 at IFREMER, Brest. Enriched 
f/2 medium was used, made using ocean water of salinity 
36 ppt. All cultures were investigated at the end of their 
exponential phase. Cells were enumerated by optical 
microscopy. 

 Seabass, Dicentrarchus labrax, of about 80 g, reared 
under controlled conditions on untreated feed by the 
Department of Living Resources, IFREMER, were used 
for investigation both of survival and of flow through the 
gills. 
 Fish survival tests were carried out on batches of 
three fishes in 3 litres of algal culture or filtered seawater 
under a battery of fluorescent lamps. Investigations were 
furthermore done with and without aeration, so that in-
formation about the effect of the oxidative environment 
on fish survival might help elucidate any role of free oxy-
gen species associated with algal toxicity. Survival time 
was taken as that until the fish turned ventral side up for 
the first time. Survival time in seawater without aeration 
was considered to be limited by available oxygen 
content. 
 Haemolytic activity in cultures was determined using 
the method of Arzul et al. [12], slightly modified to ob-
tain a more sensitive repsonse. This test reveals the pres-
ence of substances able to lyse cell membranes. We used 
horse red blood cells (RBCs) from Pasteur-Sanofi, Paris, 
or human RBCs when horse RBCs were unavailable.  
 Some G. mik culture was subject to sonification 
using a Deltasonic® apparatus for 8 minutes at 42 kHz 
(Table 2b). 
 Rheological measurements of flow through fish gills 
under differing hydrostatic pressure differences were 
made following Jenkinson & Arzul [3]. The same gill-
flow apparatus was used. We estimated the yield stress y 
of the culture or seawater, by solving for y in the 
equation 
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where P0 and Pt are the hydrostatic pressure at times 0 
and t respectively. η and k (both assumed to remain con-
stant during an individual flow trial) are the dynamic 
viscosity (in the limit of high shear rate) and k is a flow 
coefficient for the geometry of the gill passages. 
 The L-cysteine (C), ethyl L-cysteine ester (EC) and 
N-acetyl-L-cysteine (AC) were provided by Sigma and 
used as dilutions of stock solutions in seawater. 

 
RESULTS  
 
Effects of aeration, AC and EC on fish survival in 
Gymnodinium culture 
 We made a first batch of experiments to investigate 
the effects of aeration and EC. In this series of experi-
ments, the G. mik was of concentration 21 million cells L-



1, and that of G. mag was 6.4 million. Both were in sta-
tionary phase. Table 1 shows the results.  
 In reference trials using filtered seawater instead of 
culture, and no aeration, the fish survived 90 or 95 min-
utes, with the appearance of asphyxia, the opercula being 
open and rigid. It is considered that death was induced by 
oxygen depletion in the 3-L volume of water. In 21 mil-
lion .L-1 of G. mik, aeration (with or without EC) elimi-
nated observed mortality, while EC without aeration also 
prolonged survival. 
 In contrast, G. mag was the more toxic. 3.0 million 
L-1 (Table 1a) and 6.4 million L-1 gave only ~25 minutes� 
survival (Table 1b). Importantly, the respective modulat-
ion by aeration and EC on the effects of G. cf mag were 
practically reversed with respect to those of G. mik: aera-
tion increased survival only moderately, while EC pro-
longed survival markedly (with or without aeration).  
 At 0.1, 1 and 5 mM EC, fish survived in G. mik cult-
ure, (G mag was not tested at this concentration) 132, 88 
and only 7 minutes respectively (Table 1b), suggesting 
toxicity by the compound itself.  
 
Effects of AC and EC on Gymnodinium survival 
 In preliminary trials, using 18 million L-1 G. miki-
motoi, the fishes showed high agitation, perhaps caused 
by irritating material produced by the algae. 
 In this series of experiments, no aeration was 
employed, but the flasks were brightly illuminated by 
fluorescent lamps. The G. mik was of concentration 23 
million cells L1, and that of G. mag was 3.0 million. Cells 
were counted 1 hour after addition of compound. AC was 
tested up to 0.1 mM, and had little effect on cell numbers 
of either Gymnodinium species. EC was tested up to 5 
mM, and between 0 .01 and 0.1 mM, no cells G. mag 
were apparent, but those of G. mik fell less markedly: by 
30% at 0.01 and 0.1 mM, by 48% at 1 mM and by 57% at 
5mM. However, it was noticed that in 1 mM EC, 
numerous cells of both species rounded up and became 
immobile.  
 
Haemolytic activity of the Gymnodinium spp., and its 
reduction by cysteine compounds 
  The haemolytic activity of cultures after addition 
of three cysteine compounds was tested. G. mik at 23 
million cells L-1 in stationary phase, and G. cf mag at 10 
million cells L-1 in exponential phase were used. Horse 
red blood cells (RBCs) were employed. G. mik showed 
no detectable haemolytic activity. By contrast, G. cf mag 
was markedly haemolytic. 
 Figs 1A and 1B show the haemolytic activities meas-
ured in cultures of both Gymnodinium species in the 
presence of cysteine compounds. C at 0.1 and 0.5 mM 
reduced haemolytic activity, as did EC at levels from 0.1 
to 0.5 mM. Haemolytic activity was completely sup-
pressed by 10 and 20 mM EC, as well as by AC at 0.1 
and 0.5 mM. At the highest concentrations tested C and 
AC themselves became haemolytic. G. mik culture, al-
though only weakly haemolytic, showed the same trends. 

At the lowest concentrations tested: 0.01 mM, EC and 
AC were only weakly haemolytic (data not shown). 
 
TABLE 1. Fish survival in Gymnodinium spp. culture. 
a) Batch 1 of experiments : effect of EC and AC  

Material Survival 
(min) 

n SD P 

Seawater  90 3  10  
G. mik 23 million/l  53 3  12 Cont. 
G. mik + 0.1 mM EC.  132 3  43 0.04 
G. mik + 1 mM EC.  88 3  11 0.01 
G. mik +  5 mM EC  7 3  0.5 104 

G. mik + 0.01 mM AC  81 2  4 N.S. 
G. mik + 0.1 mM AC  129 3  33 0.02 
G. mag 3.0 million /l  24 3  4 Cont 
G. mag + 0.01 mM EC  55 3  2 0.0004
G. mag + 0.1 mM EC  88 3  19 0.005 
G. mag + 0.01 mM AC  26 3  3 N.S. 
G. mag + 0.1 mM AC  58 2  10 0.01 
b) Batch 2 of experiments : Effect of EC and aeration 

Material Survival 
(min) 

n SD P 

Seawater  95 3  68  
G. mik 21 million/L  34 3  0.6 Cont. 
G. mik + bubbling   No mortality (n=3) 
G. mik + 0.7 mM EC  55 3  6 0.004 
G. mik + 0.7 mM EC + 
bubbling 

  No mortality (n=3) 

G. mag 6.4 million/L  <25 3   Cont. 
G. mag + bubbling  <25 3    

G. mag + 0.7 mM EC   No mortality (n=3) 
G. mag (Treatment 1)  105 2  46  
Treatment 1: Fishes in previous class then transferred to 
bubbling without EC ; Cont.: control. 
 
Effect of cysteine compounds on flow of Gymnodinium 
culture through fish gills 
 For G. mik, the yield stress, y, (corrected for filtered 
seawater zero) varied from 3.3 to 3.8 mm water for 21 
and 23 million cells L-1 respectively (Table 2a,b). Previ-
ous values for the same algal stock [3] were similar for 
slightly denser culture. For G. mag, corresponding values 
were comparable, 0.7 and 2.2 mm water for 10 and 21 
million cells L-1, respectively. 
 Addition of 0.01 mM AC reduced y by 80% in 
G. mik and 66% in G. mag culture, while 0.01 mM EC 
reduced y 84% also in G. mag culture. Bubbling reduced 
y in G. mik culture 65%.  
 Table 3 summarises the action thresholds of the cyst-
eine compounds tested. 
 
Price of cysteine 
 For L-cysteine anhydrous and L-cysteine mono-
hydrate, we were quoted lowest prices of 8.50 to 13 US 
dollars per kg, usually with a minimum order of 1 or 1.5 
tonnes. 



 
TABLE 2a. Yield stress of culture (y). Batch 1 

Material y (mm 
water) 

n SD P 

G. mik 23 million L-1  + 3.80 1  N.S. 
G. mik + 0.01 mM AC.  + 0.76 3  0.008 0.016 
G. mik + 0.1 mM AC.  + 0.69 3  0.097 N.S. 
G. mag 10 million L-1  + 2.20 3  0.045 0.001 
G. mag + 0.01 mM AC  + 0.75 3  0.016 0.05 
G. mag + 0.01 mM EC  + 0.36 3  0.07 N.S. 
TABLE 2b. Yield stress of culture (y). Batch 2 

Material y (mm 
water) 

n SD P 

Seawater  0.22 6  0.31  
G. mik 21 million L-1  3.50 2  0.50 <10-4 

G. mik + 0.07 mM EC.  0.05 4  0.57 N.S. 
G. mik after bubbling  1.15 2  0.05 0.01 
G. mik bubbl + sonific'n.  0.25 2  0.25 N.S. 
G. mag 6.4 million L-1  0.93 3  0.31 0.02 
P: Probability that value differs from seawater; y is ex-
pressed as difference from seawater in a, but in absolute 
values in b.  
 
SCIENTIFIC DISCUSSION  
 Comparable concentrations of G. mik gave rheologi-
cal yield stress similar to that of G. mag (Table 3), but 
showed markedly less haemolysis-associated cytotox-
icity. However, G. mik may attain higher bloom concen-
trations and therefore be of comparable danger to fish 
and shellfish.  
 At the lowest concentration tested, 0.01 mM, both 
AC and EC reduced firstly fish mortality in vitro, sec-
ondly y, and thirdly (as did cysteine) haemolytic activity. 
Even lower concentrations should be tested in future.  
 That aeration reduced both y and fish mortality in 
G. mik culture (Tables 1b, 2b) may reflect firstly me-
chanical rupture of polymers and increased O2 levels 
reducing the effect of poor gas exchange at the gills. In 
contrast, bubbling did not reduce fish mortality in G  mag 
culture. The beneficial affects on O2 availability to the 
fish and polymer rupture may have been offset by a 
greater tendency to free-radical-mediated cytotoxicity 
associated with haemolytic activity [13]. So aeration as a 
mitigation strategy may be inappropriate in haemolytic 
blooms with free O-radical activity. 
  AC is prescribed for humans to dissolve mucus 
at a dose of  0.6 g/day for persons >7 years old [14]. 
Assuming a retention time of 1 day and a soft tissue 
weight of 30 kg, this gives a tissue concentration of 
3mM. Thus, use of 3mM or less to aquaculture water is 
likely to pose little danger to fish consumers. Also severe 
harm to the environment seems unlikely. 

Fig. 1. Reduction in haemolytic activity (measured as 
optical density at 540 nm) of Gymnodinium mag (A) and 
Gymnodinium mik (B) with different cysteine 
compounds.  
 
 These results show that both Gymnodinium species 
were rheotoxic and cytotoxic. Furthermore, all the cyst-
eine compounds tested, not only reduced fish mortality, 
but also reduced both haemolytic activity (related to 
cytotoxicity) and rheological thickening. These cysteine 
compounds were found to protect fish against lethal fac-
tors secreted by both algal species, probably mainly by 
acting both physically and chemically on these secre-
tions.  
The live and dead fish used in this study always had very 
clean gills before contact with algal cultures. Thus our 
rheological results reflect dissolution by cysteine com-
pounds only of algal polymers and not of fish mucus. 
When irritated by harmful algae, mucus secreted by fish 
has frequently been suggested as causing asphyxiation 
[14]. As cysteine compounds lyse mammalian and algal 
mucus, they may furthermore dissolve fish mucus, adding 
to their mitigation power. So cysteine compounds should 
also be tested for dissolution of fish mucus. As when 
added to feed [11], cysteine compounds added to the 
water might then protect fish also from the effects of 
excess gill mucus, secreted in respons to diatom-spine 
irritation [11]. 
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ECONOMIC CONCLUSIONS 
Estimated cost to treat 1 m3 water 
 Since the mitigation effects of AC and EC against 
Gymnodinium spp. rheotoxins and cytotoxins start at 0.01 
to 0.1 mM, that is ~1.55 to ~15.5 g/m3. If cysteine prod-
uces the same effects for the same concentration, the 
price will be 1.4 to 14 US cents/m3 of water.  
 
Estimated cost to treat 1 tonne fish 
 Salmonids are frequently stocked at densities 
~10 kg/m3. The cost of treatment would then be 1.40 to 
14 USD/tonne of fish. The possible error is large, so pilot 
trials are needed, as well as investigation of cysteine 
residence time in the environment. 
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TABLE 3. Threshold concentration (mM) at which cysteine compounds start to eliminate
the effects due to both Gymnodinium species

Compound Haemolysis Gill flow Fish survival Action on
Gymnodinium

G. miki G. mag G. miki G. mag G. miki G. mag G.miki G.mag
AC (1) ≤0.1 ≤0.01 ≤0.01 ≤0.01 to

0.1 (2)
0.01 to

0.1
≤0.01 >0.1

EC (1) 0.1 à 0.5 n.t. ≤0.01 ≤0.1 ≤0.01 0.1<1<5
(2)

0.01 à
0.1

C n.t. ≤0.1 n.t. n.t. n.t. n.t. n.t. n.t.
Notes: (1) - Culture not haemolytic ; (2) - effect gradual ; n.t. - not tested.
AC:  L-acetyl cysteine ; EC: Ethyl cysteine ester ; C: Cysteine
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