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Heavy meta ls  are  introduced into aquatic ecosystems from indus t r ia l  wastes,  agricul- 
tu ra l  runoff  and mining activities. The toxicity of heavy meta l  ions in solution to 
microalgae is well known. The essent ial i ty  and toxicity of heavy meta ls  has  been a 
subject of extensive research (Stokes 1983). From a biological point of view, heavy  meta ls  
can be divided into two categories: essential  and non-essential.  However,  essent ial  
heavy  meta ls  also have been reported to be toxic at  high concentrations.  Many of these 
meta ls  have a direct influence on various physiological and biochemical processes 
including reduction in growth, photosynthesis,  and chlorophyll  content or inhibit ion of 
enzyme activities (Reddy and Prasad  1990). 

Microalgae a l ready have been used as biological indicators to assay pol lutant  toxicity 
(Hhrnstrtim 1990). In teres t  in microalgae can be explained because they make  up most 
of the base production of mar ine  ecosystems, a base which would probably cause effects 
on h igher  trophic levels if  it  was disturbed. 

To evaluate  different aspects of copper toxicity to mar ine  microalgae, growth responses,  
photosynthet ic  pigment  content, photosynthetic rates,  cell viability, and cell volume of 
the  naked mar ine  microalga DunalieUa tertiolecta dur ing exposure to selected concen- 
t ra t ions  of copper were examined. 

MATERIALS AND METHODS 

Dunaliella tertiolecta (Chlorophyceae) was batch cul tured in seawater  t ha t  had  been 
fi l tered through a 0.45 tam Millipore filter, autoclaved at  120~ for 60 min and enriched 
with the growth medium reported by Fdbregas  et al. (1986). Sal ini ty  of seawater  was 
35%o and the ini t ia l  pH of the cultures was 7.6. Cultures were grown in Er lenmeyer  
flasks, previously r insed with nitric acid and washed several  t imes with redist i l led 
water ,  and containing 50 mL of medium. Cultures  were main ta ined  at  18_+1 ~ C and 140 
lamol photon m -2 s -1, with a dark: l ight  cycle of 12:12 hr. Aliquots ofmicroalgal  cul tures  
in logari thmic phases,  with a cell densi ty of 2 xl06 cells mL -1, were exposed to different 
copper concentrations,  added as copper chloride. Control cul tures  without  copper also 
were included. All experiments  were carried out in triplicate.  

The stock copper solution was prepared by disolving CuCl 2 in redist i l led and steri l ized 
water.  Various volumes of copper stock solution (1000 mg Cu L -x) were added to the  
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cultures. Because the  cupric ion can be precipi tated or complexed in the  enriched 
seawater ,  free copper was determined in each growth medium before inoculation. 
Seawater  enriched with cul ture medium and different copper concentrat ions was 
faltered through 0.45 pm Mill ipore-MF filters. F i l t ra tes  were passed through a column 
of Ca-Chelex. The column was eluted with HNO 3 and eluates from the column were 
measured  by atomic absorption spectrophotometry (AAS) (F igura  and McDuffe  1977). 
Free  copper concentrations obtained in the different cul tures were: 8,12, and 16 mg Cu § 
L-1. 

Growth of the microalgal  cul tures  was measured  by counting cul ture aliquots in a 
Coulter Counter  model ZM, and the growth ra tes  are expressed in doublings d -1. 

Pigments  were extracted in 90% acetone at  4~ for 24 hr,  and the concentrat ions of 
chlorophyll a and b were determined by the formula of Jeffrey and Humphrey  (1975), 
and carotenoids concentration by the formula reported by St r ickland and Parsons  
(1972). 

The effect of copper on photosynthesis  was determined by est imation of carbon i'Lxation, 
recording the uptake  of 14C from NaH14CO 3. 14C-bicarbonate (Amersham, 674 pCi  
mff 1) was added to the microalgal  suspensions in cul ture flasks to give an activity of 0.01 
~Ci mL -1. Incubation periods tested were 0.5, 1, 2, and 4 hr, and the photosynthetical ly-  
fLxed radioact ivi ty in microalgal  cells was counted in a LKB scintil l iation counter  with 
Readysafe (Beckman) as scintillator. 

Data  were analyzed stat is t ical ly by an overall one-way analysis  of var iance (ANOVA) 
(P<0.05). 

Viability and cellular  volume were determined us ing flow cytometric techniques (FCM). 
Aliquots ofmicroalgal  cul tures  in logari thmic phase were exposed to the different copper 
concentrations. After I h r  of exposure, these cultures were analyzed in a FACScan flow 
cytometer  (Becton Dickinson Instruments) .  Viabilitiy was measured by incubation of 
500 pL of the cul ture sample for 5-10 min at  room tempera tu re  with 10 pL of 3 mM 
propidium iodide (PI) (Sigma) in HBS (HEPES buffered saline) (Rothe and Valet  1990); 
this  compound stains non-viable cells and if  excited by the blue l ight  of an argon-ion laser  
(488 nm), give orange fluorescence (530-560 nm) tha t  was measured  in the  flow 
cytometer. At least  104 cells were measured per  sample. Results  obtained by flow 
cytometry were analyzed with LYSIS II program (Becton Dickinson Instruments) .  

RESULTS AND DISCUSSION 

Copper effects on growth and pigment  content ofD. tertiolecta were determined in 48 
h r  exposures. Growth in control cul tures  and in cultures with 8 mg Cu .2 L 1 was 
unaffected, with maximum cell densit ies of 3.17 and 3.28 xl06 cells mL -1, respectively, 
and growth ra tes  of 0.33 and 0.36 doublings d -1 (Table 1). These da ta  showed a non-toxic 
effect of copper on growth at  8 mg Cu § L -1. Growth was slightly affected in cultures with 
12 mg Cu .2 L -I cultures,  with a cell densi ty of 2.73 xl06 cells mL -1, and growth ra te  of 
0.22 doublings d -1 (Table 1). A toxic effect of copper was observed at  this  concentration 
and growth was significantly lower than  tha t  obtained in the control cultures.  Growth 
was affected strongly in cultures with 16 mg Cu *2 L -1, and min imum cellular  densi t ies  
were obtained (2.02 xl06 cells mL -1) (Table 1); growth rate was close to 0 (0.01 doublings d-l). 

Therefore, the  toxic effect of copper on growth of the mar ine  microalga Dunaliella 
tertiolecta was clearly demonstra ted in cultures with 12 and 16 mg Cu § L 1. Copper is 
an essential  micronutr ient  for growth, metabolism, and enzyme activit ies of various 
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Figure 1. Photosynthetic curves ofDunaliella tertiolecta at different copper concentrations. 

algae, cyanobaeteria,  and other organisms; however, it  is also a proven inhibi tor  of a lgal  
growth at  high concentrations (Lust igman 1986; S tauber  and Florence 1987). The 
concentrat ions used here  were relat ively high in comparison with those repor ted as toxic 
for other  microalgae (Stauber  and Florence 1987). Tolerance to heavy  meta ls  is 
considered highly specific (Visviki and Rachlin 1991) and it has  a l ready been observed 
tha t  the genus  Dunal ie l la  is able to tolerate substant ia l ly  h igher  concentrat ions of toxic 
heavy metals  than  most other mar ine  microalgae (Davies 1976; Gimmler  et al. 1991). 
Lus t igman (1986) used copper concentrations between 5 and 50 mg Cu L -1 with the  same 
species of microalgae, and Riisgard et al. (1980) studied the effect of 5 and 10 mg Cu 
L d on Dunal ie l la  marina.  In addit ion to this, copper inhibit ion of growth is dependent  
on cell densi ty (Stauber  and Florence 1987), leading to decreased heavy meta l  toxicity 
when the cell densi ty increases (Rai et al. 1991), and the cell densi ty used in the  present  
work is relat ively high. 

Other  unicel lular  algae have been reported to respond to toxic levels of meta ls  by 
depressed cell division ra tes  (Fisher  et  al. 1981). I t  has  been suggested tha t  copper might  
prevent  the  production of methionine which appears  necessary for cell division (Davies 
1976). I t  has  also been proposed tha t  metals  inhibit  microalgal  cell division by binding 
reactive thiols on the  tubul in  molecule, which is impor tant  in spindle formation dur ing  

Table 1. Cellular densities after 48 hr exposure (ceils x 106 mL-l), growth rates (doublings d q) and 
cellular features of DunalieUa tertiolecta cells, in cultures exposed to different copper 
concentrations.*Cellular features values were obtained by flow cytometry and are expressed in 
percentages. Those cells stained with propidium iodide are named non viables. 

Cu Cellular density Growth rate abnormal size* non viable* 
(mg L -1) (Cell x 10 s mL "1) (doubling d -1) (%) (%) 

0 3.17-+0.10 0.33 1.54 0.78 
8 3.28_+0.08 0.36 2.32 0.70 

12 2.73_+0.15 0.22 1.81 1.17 
16 2.02_+0.01 0.01 21.36 45.36 
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Figure 2. Pigment content (pg cell 1) of Dunaliella tertiolecta grown at different copper 
concentrations. ( 1  0 mg Cu Ll ;  [] 8 mg Cu Ll ;  �9 12 mg Cu L-l; �9 16 mg Cu L l )  

mitosis (Onfelt 1983). Copper, or other toxic heavy metals, may bind to -SH groups and 
interfere with a number  of associated metabolic pathways, one or more of which are 
essential for main ta in ing  normal cell division rates (Fisher et al. 1981). 

Real copper concentrations of 8, 12 and 16 mg Cu § L -1 were also used to determine 
photosynthetic rates; cultures without copper were used as control. Values of photosyn- 
thetic rates (Fig. 1) appeared very similar among cultures without copper (control) and 
with 8 mg Cu § L -1, without significant differences between them. However, no 14C- 
bicarbonate fixation occurred at the remaining copper concentrations assayed. There- 
fore, the inhibition point for the photosynthesis rate was between 8 and 12 mg Cu .2 
L -1. Copper inhibition of photosynthesis was observed previously in several species of 
microalgae. For instance, in the diatom Nitzschia closterium photosynthesis was 
affected at lower copper concentrations, above 100 pg Cu L -1, with a cellular concentra- 
tion of 0.2 xl06 cells mL -1 (Stauber and Florence 1987). 

Cell pigment contents ofD. tertiolecta cultures during 48 hr  of exposure to different Cu .2 
concentrations are shown in Fig. 2. Chlorophyll a and carotenoid contents were more 
affected by Cu than  chlorophyll b content. Chlorophyll b content remained constant  in 
the different cultures during the test time with no differences among cultures with the 
different copper concentrations and control cultures (Fig. 2). Cellular content in 
chlorophyll a and carotenoids also remained constant except in cultures with 16 mg Cu § 
L-I; these cultures showed a strong decrease in cell content in chlorophyll a and 
carotenoids after 24 hr  of copper exposure. Final  pigment content, after 48 hr  of copper 
exposure, was copper concentration dependent, decreasing as copper-concentration 
increased, with min imum values at 16 mg Cu § L -1. These values were 3.3 times lower 
than  those obtained in control cultures for chlorophyll a and 4.4 times lower for 
carotenoids, whereas differences accounted for only 1.56 times chlorophyllb. Lust igman 
(1986) observed enhancement  of pigment concentrations in D. tertiolecta as a result  of 
copper toxicity; however, the duration of the experiments were different (14 days). 

Besides these effects, cellular responses ofD. tertiolecta to copper were also considered 
after I h r  exposure. These responses were analyzed by flow cytometry (FCM) using a 
1024-channel resolution. Copper exposure induced changes in cellular volume (Fig. 3). 
There was a great increase in the cellular volume (FSC in flow cytometric terms) when 
the copper concentration increased (Table 1), observed by the movement of the 
population along the x-axis in the scattergram s (Fig. 3). The percentage of cells bigger 
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Figure 3. Scattergrams of samples o f D u n a l i e l l a  t e r t i o l e c t a  exposed to different copper concentra- 
tions. In these figures the intensity of laser light scattered in the forward direction (FSC related to 
volume) is plotted along the x-axis, while the y-axis represents the intensity of laser light scattered 
in the side direction (SSC related with cellular complexity). 

t han  normal  was 21.36 in cultures with 16 mg Cu +2 L -1. Changes in cel lular  volume were 
quantif ied defining an area  corresponding to normal cellular volume in control cultures,  
and the percentage of cells into this  a rea  was calculated for the  different cul tures  with 
copper. Normal  cells in control cul tures (the left-low quadran t  in the Fig. 3) accounted 
to 98.19%; similar  percentages occurred at  8 and 12 mg Cu +2 L -1, with values  of 97.36 
and 97.79%, respectively. A strong decrease in the percentage of these normal  cells was 
observed in cultures with 16 mg Cu § L -1, with only 75.31% of normal  cells. 

Researchers  examining the effects of heavy meta ls  on uni- or mul t icel lular  algae have 
repor ted that ,  a t  least  for some species, cells respond to toxic levels of meta ls  by increased 
cell size (Fisher  et al. 1981; S tauber  and Florence 1987; Bolafios et al. 1992). Increase  
in cell volume was noted in cells from several  phyla  and including studies with different 
heavy  metals.  In  the present  work an increase in size was observed after  only 1 hour;  
this  resul t  is in accordance with those found by Riisgard et al. (1980) for D .  m a r i n a  at  
a copper concentration of 5 and 10 mg Cu L d, probably due to the increase  of the  
permeabi l i ty  of cell membrane  to Na+. Heavy meta ls  change cell membrane  permeabil-  
i ty to small  cations (Overnell  1975). 

321 



PI Fluor . . . . . . . .  

16 

u Concentration 
(mg L 1) 

Figure 4. Histograms of samples of Dunaliella tertiolecta exposed to different copper concentra- 
tions. In these figures the log of PI fluorescent light emission in channels is plotted along de x-axis, 
while the y-axis represents the number of cells. 

Cel lular  viabil i ty was determined using the propidium iodide (PI) unabi l i ty  to pass 
through intact  cell membranes.  The integr i ty  of the  cell membrane  fails as cells die, so 
tha t  PI  is able to enter  the cell and selectively bind to nucleic acids (Ormerod 1990). In  
this  way, PI  fluorescence can be used to discr iminate between live non-fluorescent cells 
and dead or damaged fluorescent cells. As shown in Fig. 4 and Table 1, there  was an 
increase in number  of non-viable (fluorescent) cells (log PI fluorescence, observed by the 
movement  along the y-axis) with copper concentration. The percentage of non-viable 
cells a t  8 and 12 mg Cu .2 L -1 and in control cul tures were similar,  between 0.70 and 1.17 
%, whereas  16 mg Cu § L -1 invoked a strong decrease in cel lular  viability, and the 
percentage of non-viable cells reached the 45.36 % (Table 1). Most of non-viable cells 
presented an abnormal  size. 

Among the many  methods providing an evaluat ion of toxic effects on cul tured cells, 
viabi l i ty  assays are the  oldest and most widespread technique. The major  cr i ter ia  
employed in viabil i ty assays is the membrane  integrity.  Cells tha t  have lost the  in tegr i ty  
of their  p lasma membrane,  and have become permeable  to external  compounds, such as 
dyes and enzymes, are  considered to be non-viable and they are not metabolically active 
(Frankfur t  1990). Measurements  of cell viabil i ty may be of importance for characteriza-  
tion of cell populations exhibit ing spontaneous cell death,  such as ceils affected by 
cytotoxic agents  (Frankfur t  1990). Fluorescent  exclusion dyes can be used to monitor  the  
viabil i ty of cells by FCM. Although viabil i ty determinat ions  by FCM correlate well with 
conventional microscopic counting methods and present  some advantages  (speed of 
measurement ,  improved stat is t ical  analysis,  and suppression of subjective analysis  
biases) (Adolphe and Ronot 1986), this  technique is not ye t  used as a rout ine tool in 
cellular  toxicology. This study provides the efficiency of this  technique to study cytotoxic 
effects in mar ine  microalgae. 

Results  obtained show tha t  h igh concentrations of copper are toxic to this  microalga, 
leading to depressed photosynthesis  rates,  cell division ra tes  and pigment  concentra- 
tion. Cellular  da ta  also showed that  16 mg Cu § L 1 was toxic to D. tertiolecta in short  
term exposures. 
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