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ABSTRACT 

GROWTH OPTIMIZED ALGAL CULTURES 

FOR HAZARD ASSESSMENT 

Stephen James Klaine 

Static and dynamic cultures of Selenastrum capricor- 

nutum Printz were optimized and compared for evaluation 

of toxic chemicals. Pigment analysis, nucleic acid and 

protein concentrations, and productivity measurements in¬ 

dicated that once growth was optimized, the alga was 

physiologically similar in both systems. The toxicity of 

phenol and g-naphthol to S. capricornutum was tested using 

both static and dynamic systems and results did not differ 

significantly. Toxicant concentrations were monitored with 

time throughout the toxicity bioassays. Results demonstrate 

that growth optimized static algal cultures can be used for 

hazard assessment without loss of sensitivity. 
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INTRODUCTION 

The bioassay is a test methodology using a living 

organism to determine the effects of an environmental vari¬ 

able (physical, biological, or chemical) upon that organism. 

Bioassays are commonly used for the determination of eutro¬ 

phication potential, effects of radiation, testing of toxic 

substances, and evaluation of other deleterious effects of 

man-induced alterations of the environment. Fish and in¬ 

vertebrates have been the primary test organisms for aquatic 

toxicity determinations and algae have been used to assess 

materials for their eutrophication potential. 

Krock and Mason (1971) define algal bioassays as tests 

to determine the ability of chemicals to affect the process¬ 

ing of energy by algae. This particular definition is appli¬ 

cable whether the bioassays are used to test for algal growth 

potential or for toxicity. MacKenthun (1969) states that the 

bioassay is an important tool for investigating toxic wastes 

because the degree of hazard to aquatic life attributed to a 

particular discharge can be assessed. While much work has 

been done with fish toxicity, there is currently a renewed 

recognition of the need for algal bioassay data in evaluating 

environmental stresses in aquatic systems. 

The use of algae as bioassay organisms to indicate 

changes in water quality is appropriate, since phytoplankton 

form the base of the food chain. Any effect, lethal or sub- 

lethal, on the algae may alter the entire food chain leading 



2 

ultimately to man. Hutchinson (1973) states that the phyto¬ 

plankton are important to study since they are major food 

for grazing zooplankton and fish. Present permissable 

levels of pollutants are based on bioassays using fish and/or 

invertebrates as test organisms. Krock and Mason (1971) 

state that fish are usually the aquatic organisms of greatest 

economic importance to man. Since fish depend on the energy 

processing action of the producers, decomposers, and herbi¬ 

vores, these lower trophic level organisms must be studied 

to adequately understand the dynamics of multi-component 

aquatic systems. 

A "Provisional Algal Assay Procedure" (PAAP) was the 

outcome of a Joint Industrial/Government Task Force on Eutro¬ 

phication held in 1969. The PAAP consisted of three algal 

tests: a static bioassay, a continuous-flow bioassay, and 

an in situ bioassay. According to Toerien et al. (1971), the 

PAAP could aid in the solution of eutrophication problems by 

identifying growth limiting nutrients in both receiving water 

and wastewater. Also, nutrients which need to be reduced 

in concentration, if any, could be determined. The amount 

of needed reduction can only be determined from algal growth 

kinetics information. These same procedures could also find 

practical application in studies of toxicity. 

The Task Force on Eutrophication used several criteria 

in selecting algal assay procedures: 1) methods should be 

simple, convenient, and capable of being carried out by 

technicians, 2) equipment requirements should be simple and 
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economical, 3) results should be accurate and precise, 4) 

geographic variation in the methods should be minimal, and 

5) results should be applicable (with judgment) to the natural 

environment. These procedures have been used for both algal 

growth potential and toxicological assessment. 

Through continued research and evaluation the static 

test was officially adopted by the U. S. Environmental Pro¬ 

tection Agency in 1971 when they issued a bulletin describ¬ 

ing the "Algal Assay Procedure: Bottle Test" (AAP:BT). 

This test has been used both extensively and effectively in 

measuring algal growth potential. Recently, the bottle 

test has been used to assess the possible toxic effects of 

substances in the environment (Payne, 1976; Smock, 1976; and 

Prouse, 1976). 

In outlining the procedures for the static algal bio¬ 

assay, Weber (1973) listed the following uses for the test: 

1) identification of algal growth-limiting nutrients, and 

2) biological determination of the toxic or inhibitory 

effects to algae of various compounds or water samples. The 

procedures are essentially identical whether the test is 

used for algal growth potential or toxicity testing. The 

basic theory, however, is quite different for each of the 

intended purposes. If the purpose of the bioassay is a 

nutrient study, then the limiting nutrient concept is the 

most important consideration in the test. Liebig's law of 

the minimum states that "growth is limited by the substance 

that is present in minimal quantity in respect to the needs 
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of the organism." Similarly, Miller and Maloney (1971) 

state that a nutrient is limiting if growth is stimulated 

by its addition. 

If the bioassay is used for toxicity testing, the 

limiting nutrient concept is not the most important con¬ 

sideration. Camp (1974) states that the concentration of 

the toxicant, the time of exposure, and the mechanism of 

response are the most important factors to consider. 

The second bioassay prescribed by the PAAP was con¬ 

siderably more difficult to establish uniformly. Many 

attempts have been made to establish satisfactory continuous- 

flow bioassays for fish and invertebrates (e.g., Brungs, 

973). These have not been applicable to algae. Trotter and 

Hendricks (1976) proposed a flow-through system using the 

alga Stigeoclonium subsecundum, but this system was only 

useful for benthic algae. Procella et al. (1970) and 

Toerien et al. (1971) used chemostats to study algal growth 

potential. They compared the system to static bioassays 

(AAP:BT) and concluded that because small reductions in 

growth rate are not as noticeable in the static bioassay, 

the chemostat would probably be better for toxicant testing 

where growth rate is a critical parameter. Like the static 

test, the continuous-flow test was developed primarily for 

measuring algal growth potential, but can be used for tox¬ 

icity studies. The general theory of chemostat operation 

has been discussed extensively elsewhere (e.g. Toerien et al., 

1971 and Tunzi, 1972). The kinetic equations are basically 
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those outlined by Michaelis and Menten (1913) (as cited by 

Toerien et al., 1971) in describing enzyme kinetics. Camp 

(1974) points out that they are applicable only for limiting 

nutrient studies and not for toxicity testing. 

For the purposes of this research, the working equations 

in continuous-flow completely mixed systems are derived from 

the material balance equations for biomass. The schematic 

of the continuous-flow system (Figure 1) illustrates the 

necessary symbols and designs. The volumetric flow rates 

into and out of the system are equal and constant. The 

material balance for biomass in the culture system is: 

Rate of Biomass Change = Inflow - Outflow + Production 

vff = q(Xin) - q(X) + V . y. X (1) 

where 

V = volume of system (1) 

X = concentration of biomass in the system and 

discharge (mg*l~^) 

X. = concentration of biomass in inflow (mg*l ^) in 

q = volumetric rate of flow into and out of system 

(l*hr-1) 

y = algal growth rate in the system (hr ^) 

At steady state, the change in biomass with time is zero. 

Note also that in algal systems X^n is zero since no algae 

are contained in the inflow. So, dividing equation (1) by 

V gives; 

0 = X + y X (2) 



Figure 1. Schematic diagram of a continuous-flow 

system 
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and rearranging equation (2) and dividing by X gives: 

a = u <3> 

Thus, growth rate in the dynamic system is controlled by flow 

rate alone. 

The continuous-flow bioassay is an open system in which 

fresh sample to be assayed is constantly being fed into the 

chemostat. This continuous addition of sample allows the 

maintenance of relatively constant chemical conditions in 

the medium. As the algae grow, their metabolic activities 

do tend to change the chemical constituency of the medium, 

but the constant flow of fresh medium into the system tends 

to stabilize the conditions. Assuming algal growth is not 

inhibited by a toxicant in the sample, the steady state 

level of growth attained by the algae is a function of the 

limiting nutrient concentration and the rate at which the 

sample is fed into the chemostat. If toxicants are present 

in the sample, the limiting nutrient concentration is no 

longer a primary factor in determining the steady state 

level of growth. Addition of certain concentrations of tox¬ 

icant might reduce growth, halt growth altogether, or kill 

the cells regardless of the limiting nutrient concentration. 

If growth is completely halted or if the cells are killed, 

the chemostat will eventually be flushed of all algal cells, 

eliminating the possibility of steady-state growth. If 

growth is only reduced by the toxicant, then steady-state 

growth may be achieved, but at a lower rate than if no 
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toxicant were present. 

Another bioassay method that is worth mentioning is the 

semi-continuous-flow bioassay. According to Reynolds et al. 

(1976) , "A semi-continuous-flow culture is defined as being 

a culture with a fixed volume from which a withdrawal of cell 

mass, substrate, and metabolites occurs at regular time 

intervals. Fresh substrate is added to the culture to re¬ 

place that which has been removed." The semi-continuous-flow 

system is an approximation of a continuous-flow system (Aach, 

1952; Fencl, 1966). Reynolds et aJL. (1976), compared the 

two systems. 

Using the continuous-flow system developed by Toerien 

(1971) and a semi-continuous-flow system, Reynolds conducted 

a toxicity experiment testing "The Effects of Temperature on 

the Toxicity of Phenol to the Green Alga, Selenastrum capri- 

cornutum." A mathematical model was developed for the 

kinetics and the inhibition constants were calculated for 

both systems. The kinetic inhibition model was based on the 

Michaelis-Menten-Monod enzyme inhibition kinetics. Results indi¬ 

cated that the semi-continuous-flow system did not provide the 

information from which to draw solid conclusions. Inhibition 

constants obtained in semi-continuous-flow cultures indi¬ 

cated less phenol toxicity to S. capricornutum than inhibi¬ 

tion constants obtained from continuous-flow cultures. They 

believe this difference is because of the variation in or¬ 

ganism specific growth rate typically observed in semi-con¬ 

tinuous cultures which may mask certain toxic effects. 
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The tests that have evolved from the PAAP use S. 

capricornutum under nutrient-limiting conditions. While 

these conditions may be suitable for nutrient testing, they 

have certain disadvantages for the testing of toxic sub¬ 

stances. Nutrient limitations serve to stress the alga. 

Growth rate as well as cell yield may be hindered. An 

organism already stressed cannot serve adequately as a test 

organism in a toxicity bioassay. The results obtained are 

only useful under the growth conditions described in the bio¬ 

assay. A more fundamental approach might be to have the 

alga growing optimally and then subject it to the toxicant. 

The effect on the growth of the alga is then because of the 

toxicant and not to a combination of toxicant and experimental 

procedure-related stresses. A nutrient saturated system 

enables these effects to be separated. 

Under natural conditions, phytoplankton may exist in a 

non-growth-limiting or nutrient saturated system. Bannister 

(1974) discussed the nutrient saturated epilimnion which is 

characterized by total, or near total, light absorption. 

The phytoplankton are not strictly light limited because the 

fraction of the light absorbed by the phytoplankton is sub¬ 

stantially less than unity. 

A rapidly diluted continuous culture can provide these 

same conditions. If the concentration of nutrients is high 

enough that the steady state conditions are undisturbed by 

the addition of more nutrients, the system is nutrient 

saturated. The algal concentration in a rapidly diluted 
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continuous culture is low enough that the phytoplankton are 

not light-limited if photosynthetic rate-saturating light 

is provided to the culture. 

The Algal Assay Procedure: Bottle Test is a viable 

tool for the study of nutrient limitations. Miller et al. 

(1978) stated that this test has great potential for the 

evaluation of complex wastes, "The biggest stumbling block 

in the validation of this test is the evaluation of the 

toxic and/or stimulatory effects of organic compounds." 

With the test organism growing at maximum growth rate, the 

stimulatory effects can be separated out and only the toxic 

effects measured. 



RESEARCH OBJECTIVES 

Current algal bioassays in use for hazard assessment 

utilize algal cultures growing under non-optimum conditions. 

Under these circumstances chemical toxicity is confounded 

with stress imposed by procedure related variables. The 

different stresses between cultures provide bioassays which 

may have physiologically dissimilar organisms. Under these 

circumstances comparisons of toxicity results between in¬ 

vestigators are ambiguous and tenuous at best. A comparison 

of growth responses obtained in static and dynamic cultures 

is just as misleading unless the algal cultures are physio¬ 

logically similar. 

Research objectives were as follows: 

1) Develop growth optimized static and dynamic 

cultures for S. capricornutum. 

2) Compare the physiological state of S. capricornutum 

in static and dynamic cultures. 

Compare toxicity testing results obtained with 

static and dynamic cultures of £5. capricornutum. 

3) 



MATERIALS AND METHODS 

Organism 

S. capricornutum is a unicellular green alga with 

cells which are characteristically lunate with apices 

acutely pointed. The cells are approximately 2 y wide 

and 20 ]i long. S. capricornutum occurs in both oligo- 

trophic and eutrophic waters. 

Reproduction of this alga is by autospores formed by 

transverse division of the protoplast, usually into four 

daughter cells. Colony formation can occur if these auto¬ 

spores cling together. Colonies are composed of 4, 8, 16, 

or more cells without a gelatinous envelope. In this case 

the cells are arranged back to back to form the small 

colonies. The lunate cells are apposed by their convex 

surfaces. 

Young cells have a single, laminate, pariental chloro- 

plast located on the convex side. Old cells contain one 

chloroplast which fills the entire cell. 

S. capricornutum Printz was obtained from stock cultures 

in our laboratory. These cultures were originally secured 

from the Corvallis Environmental Research Laboratory, U. S. 

Environmental Protection Agency, Corvallis, Oregon. 

All glassware used in these experiments was routinely 

washed in laboratory detergent followed by sequential rins¬ 

ing with tap water, dilute hydrochloric acid, and deionized 

water. Before any glassware was used, it was autoclaved 

for 15 minutes at 15 psi and 121°C. Transfer pipettes were 
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either plastic disposable or glass and were washed and auto 

claved as above. 

A stock culture of the test alga was maintained in a 

cotton stoppered 750 ml Erlenmayer flask. The culture was 

transferred to fresh medium every 72 hours. The stock 

culture was incubated in a Psycrotherm Controlled Environ¬ 

ment Incubator Shaker (New Brunswick Scientific Co.). 

Temperature was maintained at 24 ± 0.5°C. The flask was 

shaken at 100 rpm for mixing and gas transfer. Lighting 

from both above and below the flasks was provided by six 

24" cool-white high-output fluorescent tubes. Light in- 

-2 -1 tensity was held constant at 100 u*E*M *sec 

Nutrient Solution 

The liquid phycological medium used throughout the 

experiments was the basal nutrient medium developed for the 

Selenastrum capricornutum Printz Algal Assay Bottle Test 

(Miller et al., 1978) with-some modifications. The ni¬ 

trate nitrogen concentration was increased ten-fold and 

the medium was buffered at pH 7.1 with a 0.03 M phosphate 

buffer. The medium was prepared from deionized water and 

reagent grade salts. Table 1 shows the concentrations of 

the salts as well'as the elemental composition of the 

medium. The medium was routinely autoclaved for 15 min¬ 

utes at 15 psi and 121°C. After cooling and atmospheric 

equilibrium, the final pH was in the range of 7.0 and 7.2 

and did not vary throughout the experimentation. 
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Table 1 

Liquid Phycological Medium 

Macronutrients 

Compound Cone.(mg/1) Element Cone.(mg/1) 

NaNO-, 
-> 

225.000 N 42.000 

MgCl2•6H20 12.164 Mg 2.904 

CaCl2*2H20 4.410 Ca 1.202 

MgS04-7H20 14.700 S 1.911 

K2HPO4 1.044 P 0.186 

NaHC03 15.000 Na 11.001 

K 0.469 

C 2.143 

Micronutrients 

Compound Cone.(yg/1) Element Cone, (yg/1) 

H3BO3 185.520 B 32.460 

MnCl2-4H20 415.610 Mn 115.374 

ZnCl2 3.271 Zn 1.570 

COC12-6H20 1.428 Co 0.354 

CUC12*2H20 0.012 U 0.004 

Na2Mo04•2H20 7.260 Mo 2.878 

FeCl3-6H20 160.000 Fe 33.051 

Na2EDTA*2H20 300.000 — — 

Buffer: 0.03M Na2HP04/NaH2P04 pH = 7.1 
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Culture System 

Two different culture systems were used in the nutrient 

saturation experiments. In the first system, 20 ml volumes 

of cells were grown in cotton stoppered 22x175 mm Kimax 

test tubes. The test tubes were suspended in a water bath 

with temperature controlled by a recirculating Haake thermo¬ 

statically controlled water circulator. Temperature in the 

culture tubes was maintained at 24 ± 0.5°C. Lighting was 

provided by four bilateral 48" cool-white 1500 fluorescent 

tubes. The light banks were adjusted to provide a light 

-2 -1 intensity of 70 y.E.M «sec on both sides of the trans¬ 

parent water bath. The cultures were aerated for mixing 

purposes as well as the introduction of different levels 

of carbon dioxide in the aeration air. The aeration air 

was supplied through a sterilizing filter, a gas distribu¬ 

tion manifold, individual control valves, flexible tubing, 

and finally into the culture tubes through cotton plugged 

glass pipettes. Two flowmeters separated by a mixing 

chamber were used to mix air and carbon dioxide to give 

various levels in the aeration air. Carbon dioxide con¬ 

centrations ranged from 0.005% to 1.0% in the air. 

After the carbon dioxide saturation experiments were 

completed, the rest of the experimentation was done in a 

Microferm Fermentor (New Brunswick Scientific Co.). This 

instrument can be operated as a static or closed system, 

as well as a dynamic or flow-through system. Light satura¬ 

tion experiments were conducted under static conditions. 
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The fermentor had a volume of five liters and the medium 

was agitated by both a propeller and aeration with carbon 

dioxide enriched air. Tests for homogeneity in the fer¬ 

mentor indicated that a propeller speed of 600 rpm was 

sufficient for complete mixing. Illumination was provided 

by two semi-circles of fluorescent tubes (Westinghouse 

Naturescent) around the fermentor. Light intensity, as 

measured just inside the glass fermentor jar, was varied 

-2 -1 
from 70 to 400 y*E.M .sec with aluminum mesh screens. 

Temperature in the system was maintained at 24 ± 0.5°C 

using a Forma Scientific thermostatically controlled re¬ 

circulating water bath. 

Growth Measurements 

Biomass determinations in both systems were made 

directly through cell counts or indirectly through measure¬ 

ment of absorbance at 660 nm. Cell counts were made using 

a Spencer Bright-Line hemocytometer and a binocular com¬ 

pound microscope. Counts were made on undiluted samples 

of algal suspension. 

Absorbance at 660 nm was read using an Evelyn photo¬ 

electric colorimeter. Growth in the test tube system 

could be monitored non-destructively by using the culture 

tubes as spectrophotometric cuvettes. The culture tubes 

were removed from the water bath, dried, the contents 

mixed with a vortex mixer, and the tubes placed in the 

light path chamber. 

The validity of absorbance as a measure of biomass 
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is not obvious (Sorokin, 1973) and the equivalence or corre¬ 

lation between absorbance and cell counts must be demon¬ 

strated for the alga, the specific growth conditions, and 

the particular instrument used for absorbance measurements. 

A plot of absorbance at 660 nm versus cell number was 

done under the growth conditons of each experiment. This 

plot, done for the carbon dioxide saturation experiments, 

is linear over the range of A = 0.010 to 0.200. Other con¬ 

ditions tested gave similar results (Figure 2). 

Since cell size is inversely proportional to light 

intensity (Figure 2), actual cell numbers were computed 

from the calibration curves. This was done because single 

optical density measurements were found to be more accurate 

representations of algal population than single cell counts. 

Growth Rate Determination 

Growth rates in the static system were measured as 

the slope of the straight-line portion of the semi-log 

plot of cell numbers versus time. Growth rate (u) in the 

dynamic system is numerically equal to the steady state 

flow rate (q) divided by the constant culture volume (v), 

as shown earlier. 

Analysis of General Cell Composition 

One method to compare the algae in the two systems 

was to determine the cellular constituents in both cases. 

Total pigment, carbon, RNA, DNA, protein, and starch were 

determined. In the static system, a log culture was 

harvested; a steady state culture was harvested from the 



Figure 2. Cell number vs absorbance for different 

light intensities for S. capricornutum 
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dynamic system. Both samples were handled identically for 

the analyses. 

Cells were harvested on ice, centrifuged in the cold, 

washed with fresh medium and resuspended in acetone (Hall, 

1971). These were kept on ice and in the dark to prevent 

pigment degradation. The cells were broken using a Soni- 

fier Cell Disrupter (Heat Systems-Ultrasonics, Inc.) equip¬ 

ped with a microtip. Five y glass powder was added to each 

sample to insure 99+% breakage. 

A single sample served for both protein and starch 

assays. After the cells were sonicated in 100% acetone, 

the sample was divided into two parts, one for protein 

determination and the other for starch. Since both pro¬ 

tein and starch are insoluble in acetone, they were sepa¬ 

rated as pellets from the homogenate by centrifugation at 

10,000 x g. 

The protein fraction was dissolved in 0.65N NaOH 

overnight and an aliquot assayed by the Lowry method 

(Lowry et al., 1951) . The standard consisted of bovine 

serum albumin. The starch fraction was extracted twice 

with hot 80% ethanol, then twice for 20 minutes according 

to McCready et al. (1950) using anthrone-sulfuric acid 

reagent and glucose as a standard. 

Another sample served for both pigment and nucleic 

acid analysis. Samples were sonicated in 100% acetone and 

further diluted to 11 ml with acetone. Centrifugation was 

followed by an additional acetone wash to ensure complete 
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pigment extraction. The supernatant and wash were kept on 

ice for pigment analysis. The pellet was washed with cold 

10% trichloroacetic acid (TCA) and hydrolyzed for 15 min¬ 

utes at 90°C with 2.5 ml 5.0% TCA. The sample was centri¬ 

fuged for four minutes at 2000 x g, the supernatant was 

saved, and the pellet was extracted again with 2.5 ml of 

hot (70°C) 2% perchloric acid for 15 minutes. After re¬ 

centrifugation, the supernatant was combined with the pre¬ 

vious supernatant and diluted to 5.0 ml. DNA was mea¬ 

sured by the diphenylamine method (Dische, 1955) while RNA 

was measured using the orcinol method (Clark, 1961). 

The original acetone extract and wash were combined 

and analyzed spectrophotometrically for the different pig¬ 

ments. First, it was diluted to a known volume in 80% 

acetone in water. Chlorophyll concentrations were calcu¬ 

lated from the pigment spectra (Hall, 1971) using the 

following formulae: 

yg/ml Chi a = 12.7 x Agg^ - 2.69 x Ag45 

yg/ml Chi b = 22.9 x Ag4g - 4.68 x Agg^ 

yg/ml Total Chi = 
A656 
0.0345 

Total carotenoids were estimated from the same spec¬ 

tra using the following formula: 

(A460 - 0.195) x 1000 
yg/ml Carotenoids =    

Total carbon was measured using a Beckman total 

organic carbon analyzer. Potassium hydrogen phthalate 
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(KHP) was used as a standard. 

Measurement of Algal Productivity 

To complete the comparison of the algae in the static 

and dynamic systems, algal productivity was measured. In 

the static system, a log culture was harvested; a steady 

state culture was harvested from the dynamic system. Both 

samples were handled identically. 

14 Productivity was determined using the C method 

(APHA/AWWA/WPCF, 1975). Replicate 125 ml light and dark 

14 bottles were used with five p Ci of C - NaHCO^. The 

samples were incubated in a growth chamber for five hours. 

-2 -1 Light intensity was 110y*E»m *sec ; temperature was 24.5°C. 

After incubation, 100 ml portions were filtered under 

a slight vacuum onto 0.45 y Millipore filters. These 

filters were rinsed with equal amounts of deionized water, 

folded twice and placed in open glass scintillation vials. 

The filters were fumed in HCl vapor for 10 minutes and 

dried in an oven at 70-80°C for 10 minutes. Biofluor (New 

England Nuclear) was added to each vial. Samples were 

counted in a Packard 2300 Scintillation spectrophotometer 

using the channel ratio method to correct for quenching. 

Productivity was determined using the following equation: 

DPM X 125/100 (ALK x 0.28 x 1000) x 1.06 
= 2.22 x 10°(5)  

5 hours 

where 

-1 -1 P = productivity in mg c*l *hr 

DPM = disintegrations per minute 
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125/100 = ratio of sample volume to filtered volume 
g 

2.22 x 10 = counts/minute/microcurie 

14 (5) = number of y Ci of C per sample 

ALK = alkalinity 

0.28 = conversion factor 

5 hours = incubation time 

* 14 
1.06 = correction for slower uptake of C as 

, . , 12 
compared with C 

Toxicity Bioassays 

Reagent grade chemicals were used for the bioassays. 

The purity was checked with High Performance Liquid Chroma¬ 

tography (HPLC). The toxicant was added to the static cul¬ 

ture during exponential growth when the optical density of 

the culture was approximately 90% transmittance. This was 

also the steady state biomass level in the dynamic cultures. 

Cell counts were made twice daily in both static and 

dynamic systems. Toxicant concentration in both systems 

was monitored using reverse phase HPLC equipped with a 

Lichrosorb Cg column. A linear gradient from 0 to 100 to 

0% methanol in water was programmed for 20 minutes at a 

flow rate of two ml-min”^. Growth rate in the static sys¬ 

tem was monitored by the slope of the semi-log plot of 

cell number versus time. 

The dynamic system was operated as a turbidostat 

maintaining cell density at 90% transmittance by adjusting 

the flow rate. When steady state was achieved, the growth 

rate, u , was determined by dividing the flow rate, q, by 
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the volume, v, as described above. 

Three replicates of the static bioassay and two repli¬ 

cates of the dynamic bioassay were performed. Analysis of 

variance was used to test for significant differences be¬ 

tween treatments. 



EXPERIMENTAL METHODS AND RESULTS 

I. Optimization of the Growth Rate of S. capricornutum 

with Respect to Inorganic Salts 

Methods. These experiments were designed to deter¬ 

mine the saturation concentration of the inorganic salts 

in the growth medium. A culture tube apparatus was used. 

-2 -1 Growth conditions were: 70y*E*M *sec illumination, 

24 ± 0.5°C temperature, and aeration with filtered air. 

Table 1 contains the nutrient medium. These salts were 

doubled in concentration to check for growth rate enhance¬ 

ment. Six replicates were done for each sample and growth 

rates were computed. 

Results. Growth rates were compared using a 

Students's t-test (Zar, 1974). Figure 3 presents the data 

plotted semi-logarithmically. No significant difference 

was indicated between the slopes of the two nutrient con¬ 

centrations. The error bars represent 95% confidence in¬ 

tervals for six replicates. These results indicate that 

the original modified inorganic salts medium (Table 1) was 

not limiting algal growth. Growth rate in the cultures 

-2 -1 
was 2.5 x 10 hr 

II. Optimization of Growth Rate of S. capricornutum with 

Respect to Carbon Dioxide 

Methods. These experiments were designed to determine 

the saturation concentration of carbon dioxide in the 

aeration air. The culture tube apparatus was used with 



Figure 3. Semilogarithmic plot of cell numbers vs 

time for different nutrient concentrations 

for S. capricornutum 
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the conditions described above. Carbon dioxide concentra¬ 

tions ranged from 0.005% to 1.000%. Six replicates were 

done for each concentration and growth rates were computed. 

Results. Table 2 shows the carbon dioxide concentra¬ 

tions and the computed growth rates. These growth rates 

were first analyzed using an analysis of variance technique 

(Zar, 1974). This determined if two or more growth rates 

were not statistically different, thus indicating satura¬ 

tion (Figure 4). Rate saturation occurred above 0.03% 

carbon dioxide. 

Next, the data were analyzed to determine kinetic con¬ 

stants of the system. First, the data were linearized and 

plotted on a Lineweaver-Burke plot (Figure 5) assuming 

Michaelis-Menten saturation kinetics (Lehninger, 1978). 

Using the slope and intercept of the regression line, the 

maximum growth rate (y ) and the saturation constant 

(K ) were determined. Secondly, the data were fitted to 
9 

a curve using a nonlinear least squares program (Went¬ 

worth, 1965). The kinetic constants were also computed. 

The results of both linearization and curve fitting pro¬ 

cedures are summarized in Table 3. Both procedures gave 

similar values, but the nonlinear least squares procedure 

is more accurate because it does not transform the data 

before analysis. A carbon dioxide concentration of 0.5% 

in the aeration air was used in the rest of the experi¬ 

mentation . 
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Table 2 

Growth Rate of S. capricornutum with Increasing CO2 

Carbon Dioxide 
Concentration (%) Growth Rate (hr- ■h 95% C. I.* 

1.0 4.2 X lo"2 ± 0.6 X 10-2 

0.6 4.2 X 10-2 ± 0.5 X 

C
M
 

1 O
 

«—1 

0.03 3.4 X O
 1 t
o
 

± 0.4 X 10-2 

O
 

• O
 

1.9 X 10-2 ± 0.2 X 10"2 

0.005 1.4 X 10'2 ± 0.3 X 10"2 

* N = 6 replicates 

Table 3 

Kinetic Constants for Carbon Dioxide Saturation Data 

Kinetic Lineweaver-Burke Non-Linear 
Constants Least Squares 

^max 4.2 x 10-2 hr-1 4.1 x 10-2 hr-1 

Ks 0.01% co2 0.008% C02 



Figure 4. Carbon dioxide rate saturation curve for 

S. capricornutum 
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Figure 5. Lineweaver-Burke plot of carbon dioxide 

data 
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III. Optimization of Growth Rate of S. capricornutum with 

Respect to Light Intensity 

Methods. This set of experiments was designed to 

optimize light intensity in the fermentor system. The ex¬ 

periments were conducted in the fermentor because this 

system was to be used for both static and dynamic cultures. 

-2 -1 Light intensity ranged from 75 y*E*M *sec to 200 y*E* 

-2 -1 M «see . Each light intensity was replicated once and 

growth rates were computed. 

Results. Table 4 shows the light intensities and the 

computed growth rates. As with the carbon dioxide data, 

analysis of variance technique was used to determine if 

two light intensities produced significantly different 

growth rates. Rate saturation occurred at a light inten- 

-2 -1 sity greater than 80 y *E*M *sec . Since only three light 

intensities were used, kinetic constants were not deter- 

-2 -1 mined. Maximum growth rate was approximate 4.1 x 10 hr 

-2 -1 (Figure 6). A light intensity of 120 y-E-M .sec was 

used in the rest of the experimentation. 

IV. Analysis of Pigment Content in Static and Dynamic 

Algal Cultures 

Methods. Pigment content was determined in each sys¬ 

tem in order to compare the physiological state of the 

organisms. The analysis was carried out on the dynamic 

culture operating at steady state. A one liter sample 

was centrifuged, the cells washed and resuspended in 



Figure 6. Light saturation curve for S. capricornutum 
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acetone, and sonicated for 30 minutes. Pigment analysis 

was carried out spectrophotometrically in 80% acetone. 

The static culture was harvested during log growth. Cell 

density at the time of harvest approximated that in the 

dynamic culture at steady state. 

Results. Pigment contents are reported on a yg/cell 

basis. Table 5 lists the concentrations of each pigment 

for both systems. Optical density and cell number at time 

of sampling are also listed. The values listed are 

arithmetic means of two replicates and the difference be¬ 

tween the systems are within the experimental error of the 

test. 

V. Analysis of Cellular Constituents in Static and Dynamic 

Cultures 

Methods. Cellular constituents, including DNA, RNA, 

and protein, were determined to compare the physiological 

state of the algae in both systems. Cells were harvested 

from each system, washed, resuspended in acetone, and soni¬ 

cated for 30 minutes. Both systems contained approximately 

the same concentration of algal cells at harvest. DNA 

was measured using the diplenylamine method (Dische, 1961). 

RNA was measured using the orcinol method (Clark and 

Switzer, 1961). Protein was measured using the Lowry 

method (Lowry, 1951). 

Results. All values are reported on a ug/cell basis 

and are contained in Table 6. These values show a good 

similarity between the algae in both systems. 
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Table 4 

Growth Rate of S. capricornutum as a Function 

of Light Intensity 

Light Intensity 

(yE*M-2.sec-1) 

Growth Rate 

(hr-1) 95% C.I.* 

80 2.6 x 10-2 ± 0.4 x 10 

120 4.0 x 10-2 ± 0.6 x 10 

200 4.1 x 10-2 ± 0.5 x 10 

-2 

-2 

-2 

* N = 3 replicates 

Table 5 

Pigment Analysis for S. capricornutum 

Static System Dynamic System 
(yg/cell) 95% C.I.* (yg/cell) 95% C.I. Parameter 

Chlorophyll a 

Chlorophyll b 

Caroteinoids 

Chi a/Chl b 

Total Chlorophyll 

Culture - 
Optical Density 

Cell Number 

1.5xl0-7 ± 0.8x10 

4.7xl0-8 ± 1.0x10 

4.5xl0-® ± 1.1x10 

3.2 

2.7xl0-7 ± 1.0x10 

0.0386 

2.4xl06 

2.OxlO-7 ± 1.0x10 

6.2xl0-8 ± 2.2x10 

5.lxlO-8 ± 2.0x10 

3.2 

4.2xl0-7 ± 1.7x10 

0.0339 

1.9xl06 

* 

* N = 3 replicates 
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VI. Productivity Measurements in Static and Dynamic 

Cultures 

Methods. Productivity measurements were made to com¬ 

pare the physiological state of the algae in both systems. 

Samples were taken when both cultures had the same cell 

density. They were incubated in a growth chamber with 

14 
C-NaHCO^ for five hours. At least three light bottles 

and two dark bottles were done for each system. An anal¬ 

ysis of variance technique (Zar, 1974) was used to deter¬ 

mine if there existed a significant difference between 

systems. 

Results. Productivity for both systems is listed in 

Table 7. Values are in mg of carbon uptake per cubic 

meter per hour. Statistical analysis of the values showed 

no significant difference between the two systems. 

VII. Toxicity of Phenol to S. capricornutum 

Methods. The growth response of S. capricornutum to 

phenol was evaluated in both static and dynamic cultures 

using the Microferm Fermentor apparatus. Static bioassays 

lasted three to four days while dynamic bioassays lasted 

18 to 21 days. 

Results. A threshold of response to phenol occurred 

at about 20 mg/1 in static cultures (Figure 7). Response 

in dynamic cultures to phenol paralleled that in static 

cultures. 
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Table 6 

Cellular Constituents for S. capricornutum 

Static 
(ug/cell) 

System 
95% C.I.* 

Dynamic System 
(ug/cell) 95% C.I.* 

Protein 6.7xl0-6 ± 1.3xl0"6 5.8xl0-6 ± l.OxlO-6 

DNA 6.7xl0-7 ± 2.lxlO-7 5.OxlO-7 ± 1.2xl0-7 

RNA 4.3xl0"7 ± 1.7xl0“7 3.3xl0”7 ± 0.9xl0"7 

* N = 3 replicates 

Table 7 

Productivity Measurements for S. capricornutvim 

X 95% C.I.* 

Static 3.6x10^ mg/m^/hr ± 1.3xl04 

Dynamic 
4 3 

3.5x10 mg/m /hr ± 0.4xl04 

* N = 3 replicates 



Figure 7. Toxicity of phenol to S. capricornutum 
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VIII. Toxicity of 3-naphthol to S. capricornutum 

Methods. Both static and dynamic bioassays were 

performed using the Microferm Fermentor. Sterile media 

was run through a column containing glass beads coated 

with 3-naphthol in order to saturate the medium with 

toxicant. This was diluted appropriately to the desired 

concentration with fresh sterile media. 

Results. Inhibition of growth rate occurred at less 

than 1 mg/1 3-naphthol in both static and dynamic cultures 

(Figure 8). Dynamic cultures appeared slightly more sen¬ 

sitive but the difference was not statistically significant. 



Figure 8. Toxicity of fr-naphthol to S. capricornutum 
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DISCUSSION 

The experimental results presented can be separated 

into three sections: development of nutrient saturated 

cultures, cytological and physiological analysis of S. 

capricornutum in both static and dynamic systems, and the 

use of these systems for toxicity testing. The first 

portion consisted of three basic optimization experiments 

culminating in the determination of culture conditions 

producing maximum growth rate. Only kinetic parameters 

were considered,eliminating the need for measuring yield 

which is a stoichiometric quantity. Alteration of growth 

rate was the parameter used for the toxicity bioassays. 

The optimum conditions for growth are listed in 

Table 8. These conditions were used throughout the rest 

of the experimentation. The addition of nitrogen (Coffey, 

1975) and a phosphate buffer (Reynolds et al., 1976) to 

the EPA medium assured that neither nitrogen nor phosphorus 

was kinetically limiting. Also, the pH remained constant 

at 7.1 ± 0.1 throughout the experimentation. This was 

particularly important when using high levels of carbon 

dioxide in the aeration air. 

The results of the carbon dioxide experiments indicate 

rate saturation at or slightly below 0.5%. This result 

agrees with work done on another green alga, Chlorella sp. 

by Davis et al. (1961). They reported carbon dioxide 

saturation from 0.5% to 4.4%. Direct comparison with 

literature values should be avoided because of the taxo- 
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nomic differences between Chlorella and Selenastrum and 

because of differences between the culture apparatus. 

The latter point is illustrated in Table 9. The con¬ 

ditions used in the culture tubes were also used in the 

Microferm Fermentor. Growth rate in the fermentor was 

roughly 30% less than the culture tubes. This was direct¬ 

ly attributed to light intensity. Light in the culture 

tubes was measured after it had passed through the tubes. 

The fermentor light intensity was measured at the vessel 

surface. Thus, actual light intensity in the two vessels 

was much different. Therefore, the rest of the experi¬ 

mentation was done in the fermentor since this apparatus 

was to be used in the toxicity bioassays. 

The results of the light intensity experiments indi¬ 

cate light saturation in this system at or slightly below 

800 ft-c. This agrees with the results of Sorokin and 

Krauss (1958) . They determined rate saturating light in¬ 

tensities for seven species of green algae. All reached 

saturating light intensity by 600 ft-c. This number, 

however, disagrees with Haaland (1973) who found light 

saturation to occur at about 1400 ft-c. These results 

also contradict Murray et al. (1971). They reported that 

light intensities of 500 ft-c reduce growth rates of S. 

capricornutum in bottle test compared with 350 ft-c. In 

both cases the investigators used different culture sys¬ 

tems as well as different growth media and other environ¬ 

mental parameters. Also, the immediate growth history of 
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Table 8 

Optimum Growth Conditions for S. capricornutum 

Nutrient Medium 

CO2 inaeration air 

Light intensity 

Mixing speed 

Temperature 

Modified EPA (Table 1) 

0.5% v/v 
-2 -1 

100 y*E*M *sec 

600 rpm 

24°C 

Effect of 

Table 9 

Culture Tube Apparatus and 

Microferm Fermentor on Growth Rate 

Culture Tubes Fermentor 

Light intensity 75 U«E.M-2.sec-1 75 y*E*M-2.sec_1 

C°2 0.5% 0.5% 

Medium Modified AAP Modified AAP 

Temperature 24°C 24°C 

Mixing Aeration Aeration + Mixing 

Growth Rate 4.2 x 10"2 hr-1 

(600 rpm) 

2.6 x 10"2 hr"1 
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the organism prior to testing may influence its growth, 

especially when changing light intensities. Increasing 

light intensity usually produces a long lag period until 

the cells become acclimated to the new light intensity. 

A chemostat system was run to support the light 

saturation results. Steady state was obtained and then 

light intensity was increased. No perturbation in the 

steady state was seen indicating saturation. A doubling 

of the inorganic salts concentration did not change the 

steady state biomass concentration either. 

After obtaining nutrient saturated batch cultures, 

the same conditons were applied to the continuous flow 

system. This system was operated at a light transmittance 

of 90% to prevent mutual shading by the algae. Flow rate 

was increased until biomass washout occurred; then it was 

decreased just enough to attain a steady state. From this 

work and other work being done it appears that, unlike 

bacterial systems, dynamic algal systems can be operated 

at flow rates very near to washout. This, therefore, pro¬ 

vides a steady state culture of algae growing at approxi¬ 

mately maximum growth rate (i.e., a nutrient saturated 

culture). 

If both systems are operating at maximum growth rate 

under the same conditons, then the algae in each should 

be physiologically identical. Cellular constituent anal¬ 

ysis along with productivity measurements indicate no sig¬ 

nificant difference between the algae in both systems. 
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Pigment analyses agree with those found in the litera¬ 

ture. The ratio of chlorophyll a to chlorophyll b was 

about 3.2. Hall (1971) reported ratios for Chlorella 

sorokiniana between 3.0 and 3.2. 

Protein, DNA, and RNA did not differ significantly 

between static and dynamic systems. Holm-Hansen (1968) 

reported values for DNA and total carbon for 10 unicellular 

green algae, not including S. capricornutum. Figure 9 

shows Holm-Hansen's data. The point for S. capricornutum 

is not significantly different from the regression line 

indicating that these data fit the relationship for other 

unicellular green algae. 

Productivities were measured to do a physiological 

test on the algae. Counting efficiency was reduced to 

about 50% because of the chlorophyll in the system. The 

relative values between the systems can be compared because 

of the reproducibility of the test. No significant differ¬ 

ence between the systems was found. 

From the pigment analysis, cellular constituents, and 

productivity results, no difference between the algae in 

the two systems is seen. Thus, unlike bacterial systems, 

an algal steady-state dynamic system can be contrived in 

which the algal cells are physiologically the same as that 

in a static system operating at maximum growth rate. Growth 

responses to toxicants should then be comparable between 

static and dynamic systems. Any differences seen should 

not be a function of algal physiology, but rather system 



44 

dependent variables characteristic of the differences 

between static and dynamic bioassay systems. 

Phenol was selected as the first toxicant because of 

reported toxicity to S. capricornutum (Table 10). Reynolds 

et al. (1975) used dynamic bioassays, while Giddings (1979) 

used static bioassays. The apparent discrepancies in 

toxicity thresholds between the investigators may be system 

or organism related. 

The data indicate a threshold response to phenol at 

about 20 mg/1 (Figure 7). This agrees fairly well with 

the results of Reynolds et al. (1975) who used dynamic 

cultures and suggests that factors other than phenol may 

have limited the growth of algae in Giddings' tests. 

The second toxicant, B-naphthol, was chosen because 

it is the next in a homologous series of compounds start¬ 

ing with phenol, each with an additional benzene ring. 

The threshold response is less than 1 mg/1 in both static 

and dynamic cultures (Figure 8). Again, these results are 

more sensitive than those of Giddings (1979) who reported 

a threshold of toxicity at about 10 mg/1 B-naphthol (Table 

11) . The dynamic cultures appear to be a little more sen¬ 

sitive to the toxicant, but the difference is not statis¬ 

tically significant. One reason for this slight difference 

between the two systems may be toxicant concentration with 

time in the culture. 

For phenol, concentration did not change with time 

in the static system (Figure 10). However, when a certain 
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Table 10 

Toxicity of Phenol to capricornutum 

Reynolds et al.(1975) Using Dynamic Bioassay 

Phenol 
mg/1 

Cell No. x 10”*Vml 
(24°C) 

0 4.110 

20 3.000 

40 2.658 

60 2.048 

80 1.560 

100 1.113 

120 0.561 

Giddings (1979) Using Static Bioassay 

Phenol % of Control 
mg/1 Productivity 

10 105 

100 92 

1000 19 

Table 11 

Toxicity of 8-naphthol to £3. capricornutum 

Giddings (1979) Using Static Bioassay 

8-naphthol 
mg/1 

% of Control 
Productivity 

7.4 64 

74 12 

740 3 



Figure 9. Total carbon vs total DNA for various 

unicellular green algae 
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Figure 10. Phenol concentration with time in static 

bicassay 
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amount of phenol, for example, 90 mg/1, was added to the 

culture, a sample taken immediately and analyzed using HPLC, 

only 74 mg/1 was recovered. This difference was probably 

because of absorption to the container walls and organism. 

8-naphthol shows a much different concentration pat¬ 

tern with time in the static culture. A decay probably 

attributable to volatilization and adsorption is seen and 

then a leveling off occurs (Figure 11). This plateau of 

concentration may be because of a leaching back into 

solution of previously adsorbed B-naphthol. Also, note 

that in the presence of light, a degradation product is 

produced which is insoluble and precipitates on the con¬ 

tainer at the water surface. The production of this unknown 

compound takes place only when the lights are turned on 

(Figure 12). Further work to identify this breakdown 

product and its effect on the toxicity results is needed. 

The results indicate that, at least for the toxicants 

tested, static bioassays can be as sensitive as dynamic 

bioassays for toxicity assessment. This is important be¬ 

cause static bioassays are simpler and more economical than 

dynamic bioassays. Results can also be obtained in a much 

shorter period of time in static bioassays (three days 

versus two weeks). 

Algal cells growing under optimum growth conditions, 

whether in static or dynamic bioassay systems, are physio¬ 

logically similar and respond similarly to toxicants. 

Hence, the discrepancies reported in the literature are 



Figure 11. g-naphthol concentration with time in 

static bioassay 
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Figure 12. g-naphthol concentration with time in a 

static system varying different physical 

parameters 
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probably attributable to physiological differences between 

the algal cultures and not system dependent differences 

between static and dynamic bioassays. 



SUMMARY 

1. Growth optimized cultures of S. capricornutum can be 

grown in both static and dynamic systems at maximum 

growth rate. 

2. Growth optimized cultures of £3. capricornutum are 

physiologically similar in both static and dynamic 

systems. 

3. Both static and dynamic systems are equally sensitive 

and quantitatively related to toxicant concentration 

when growth is optimized. 

CONCLUSION 

The data suggest that growth optimized static cultures 

should be used for hazard assessment without loss of 

sensitivity. 
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