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ABSTRACT 

Some Effects of Light Intensity and Oxygen Concentration on Chlorella 

sorokiniana and an Oxygen Resistant Strain by Sylvia Staehle Morhardt. 

Experiments were carried out to compare the thermotolerant unicell¬ 

ular green alga Chlorella sorokiniana and an oxygen resistant strain 

isolated from the species. Studies were made at 39°C over a range of 

light intensities from about 600 to 4200 ft-c. using a cool white 

fluorescent source. Gas mistures bubbled through the cultures contained 

5% CO2 and either 20% or 95% O2 with the balance nitrogen. A comparison 

of the percent increase in dry weight of the two strains exposed to 

20% 0^ over the range of light intensities showed an optimal intensity 

for the oxygen resistant strain (ORS) at 3600 ft-c. or higher, whereas 

that of the oxygen sensitive strain (OSS) was about 2000 ft-c. When 

both strains were exposed to 95% O2 the ORS also showed a higher optimal 

light intensity and much greater resistance to the combination of high 

light and high oxygen. The tolerance of the ORS to high light and 

oxygen is considered permanent since several months of growth with 

20% O2 and low light intensities did not decrease the tolerance. Hetero- 

trophic growth of the strains in the dark showed that the OSS exposed 

to 95% Og did not increase measurably even after a one month period, 

whereas the OSS exposed to 20% 0£ grew well. Heterotrophic growth 

of the ORS on both 20% and 95% O2 was slower than that of the OSS on 

20% O2. The measurement of several different parameters — doublings 

per day, increase in dry weight, cell volume, relative cell size, cell 

number, total chlorophyll content, and chlorophyll a to b ratios — 

indicated that the two strains were distinct in their responses to light 



intensity and oxygen concentration. After several days of conditioning 

and only under very high light intensities (above 3000 ft~c.) and 95% 

O2 was there a tendency for the OSS to adapt to values achieved by the 

ORS. The tolerance of the ORS was correlated with ability to maintain 

high total chlorophyll and chlorophyll a to b content at light inten¬ 

sities above 3000 ft-c. The relationships between photooxidation and 

oxygen toxicity are discussed and the ORS protective mechanism is postu¬ 

lated to be a naturally produced antioxidant. 
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INTRODUCTION 

Almost as soon as oxygen was discovered it was realized that 

high concentrations of the gas could have harmful effects on living 

organisms. As early as 1878, Paul Bert published a book describing 

the effects of increased pressures of oxygen on several animals, plants, 

and microorganisms. The first well documented account of depression 

of photosynthesis by oxygen was by Otto Warburg (1920), using a 

unicellular green alga of the genus Chlorella. The term, Warburg effect, 

has since been applied to the inhibition of photosynthesis by oxygen. 

Toxic effects of oxygen have now been demonstrated in most major 

plant groups (Caldwell, 1963 and 1965; Turner et al., 1956; Siegel 

and Gerschman, 1959; Siegel et al., 1963). 

The degree of toxicity of oxygen to plants may be determined by 

measurements of gas exchange or growth rate. Effects on gas exchange 

were made first by calculating the decrease in oxygen output of the 

poisoned plant below that of the normal plant. Warburg (1920), 

Turner et al. (1956), and others have shown that the decrease is 

due to a lower photosynthetic rate rather than simply an increase in 

respiratory rate. Later, it was shown that carbon dioxide uptake is 

also inhibited by high oxygen concentrations (Gaffron, 1940; McAlister 

and Myers, 1940; Miyachi et al., 1955). 

Toxicity may also be measured by comparing optimal growth rates 

in air to the rates achieved under similar conditions, but with a 

high concentration of oxygen in the atmosphere. The observed effects 

on growth rates reflect influences of oxygen on all metabolic functions 

rather than on just photosynthesis or respiration. 
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The degree of damage inflicted by oxygen varies considerably from 

species to species with anaerobes showing the most extreme sensitivity« 

The extent of oxygen poisoning to any one plant species is dependent 

on the partial pressures of oxygen and carbon dipxide, the duration of 

exposure, and the light Intensity. At very low carbon • dioxide 

concentrations, even normal and subnormal atmospheric oxygen concentra¬ 

tions may be inhibitory to photosynthesis (Brittain and Turner, 1962). 

If, however, the carbon dioxide concentration is kept high (about 10“^ 

moles/1.) oxygen toxicity tends to occur only at concentrations above 

20 percent at one atmosphere toatal pressure. Oxygen toxicity seems 

to be greater when carbon dioxide is a limiting factor to photosynthesis 

(Tamiya and Huzisige, 1949). Twenty to almost 100 percent oxygen, 

when carbon dioxide is not limiting, generally causes about 30 to 

40 percent inhibition of photosynthesis depending on other environ¬ 

mental conditions (Turner and Brittain, 1962). 

The duration of exposure to high oxygen concentrations has a 

significant effect on the degree of damage caused. Most gas exchange 

studies directly measuring photosynthesis are based on exposures of 

several minutes to a few hours, and the effects are reversed as the 

plant is returned to air (Turner et al., 1956). The partial pressure 

of oxygen and length of time required to kill a plant vary considerably 

with the species (Siegel and Gerschman, 1959), but if the plant is 

returned to normal air before extensive structural damage has occurred, 

it will recover. With animals it has been found that short inter¬ 

ruptions in exposure to hyperbaric oxygen allow greatly increased 

total exposure time before the onset of acute symptoms (Lambertsen, 

1955). 
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The effect of light intensity on oxygen toxicity is not entirely 

clear. A light sensitive oxygen effect may be observed if the carbon 

dioxide concentration is very low. This could be explained on the 

following basis. A low carbon dioxide concentration becomes limiting 

under saturating light intensities, thereby causing maximal oxygen 

inhibition. However, if the light intensity, as well as carbon dioxide 

concentration, is below saturation, then light rather than carbon 

dioxide is most limiting and the toxic effect is less. Actually, 

the light dependent effect of oxygen is indirect—acting through a 

carbon dioxide concentration effect. On the other hand, if the 

carbon dioxide concentration is high, then the percent inhibition by 

oxygen would not vary with the light intensity. However, Turner and 

Brittain (1962) reference some data which does show variation in 

percent inhibition with light intensity even at high carbon dioxide 

concentrations. Obviously, the problem requires further investigation. 

At light intensities near and above saturation, inhibition of 

photosynthesis by oxygen may be accentuated by photooxidation, or 

the non-enzymatic oxidation of cellular material sensitized by chloro¬ 

phyll. Photooxidation shows the same relationship to oxygen and 

carbon dioxide concentrations as does the Warburg effect (Rabinowitch, 

1945), and there is no evidence indicating that the primary mechanisms 

of damage are necessarily different. Therefore, it would be inter¬ 

esting to examine the combined effects of high oxygen concentration 

and high light intensity. 

The specific mechanism of oxygen toxicity is unknown even though 

most of the damaging effects of high oxygen might be explained as 

responses to the uncontrolled oxidation of vital metabolic or struc- 



-4- 

tural cell components. Sulfhydryl containing enzymes are particular¬ 

ly sensitive to oxidative damage. Several of these enzymes have been 

shown to be inactivated by exposure to high oxygen pressures and 

reactivated by incubation with reducing agents or other sulfhydryl 

containing compounds (Stadie et al., 1945; Haugaard, 1955 and 1965; 

Dickens, 1946 and 1962; Davies and Davies, 1964). High oxygen con¬ 

centrations affect nucleic acids, as well as enzymes (Gilbert et al., 

1957), and can result in mutations and loss of viability (Conger and 

Fairchild, 1952; Fenn et al., 1957; Kronstad et al., 1959; Moutschen- 

Dahmen et al., 1959; Berg et al., 1965). 

Hyperoxia causes structural damage to cells such as erythrocytes 

(Mengel and Zirkle, 1965; Mengel and Kann, 1966), and to cell organelles, 

including mitochondria, endoplasmic reticulum, microsomes (Tappel, 

1965) and lysosomes (Allison, 1965). The first change is increased 

permeability of membranes lyse and the damage is irreversible. 

The basis for both the enzymatic and structural damage may be 

the formation of oxidizing free radicals that are highly reactive and 

capable of starting chain reactions (Gerschman, 1964). Free radicals 

are formed in the reduction of oxygen by hydrogen or by metabolically 

formed organic radicals. The unsaturated lipids of membranes are 

particularly susceptible to peroxidation and may account for most of 

the free radicals present in vivo under high oxygen concentrations 

(Tappel, 1965). Other lipids, enzymes, and nucleic acids could all 

be oxidized by the free radicals. However, at normal low oxygen con¬ 

centrations, naturally occurring cellular antioxidants such as vitamin 

E, glutathione, and catalase are adequate to control the non-selective 



-5- 

oxidizing tendency. Deficiencies of vitamin E in animals magnify the 

effects of hyperoxia, and cause mild symptoms even at normal oxygen 

concentrations (Tappel, 1965). A similar type of natural protection 

in plants may be the reduction of photooxidatlve damage by carotenoids 

(Burnett, 1965). 

The free radical mechanism of oxygen toxicity may explain the 

destruction of some cellular constituents under severe hyperoxic 

conditions, but it does not indicate the effect of hyperoxia on the 

physiology of an organism as a whole. The differing responses of 

various species to hyperbaric oxygen might be of some value in de¬ 

termining the basis for physiological effects of high oxygen pressures. 

The obvious difficulty is that the physiology of various species 

differs to the extent that it is almost impossible to make a correla¬ 

tion with resistance to hyperoxia. 

The research presented in this thesis is concerned with the 

physiological effects of high oxygen concentrations on the alga 

Chlorella sorokiniana Shihira and Krauss (1963) and an oxygen tolerant 

strain isolated from that species by G. H. Ward. The work is considered 

preliminary to the further characterization of the adaptive nature of 

the new strain and to the eventual elucidation of the mechanisms involved 

in the unusual tolerances demonstrated by the strain. Several differ¬ 

ent experiments were designed in order to determine, by growth rate, 

the extent of oxygen toxicity to both strains and the relation of 

toxicity to both strains and the relation of toxicity to reversibility, 

light intensity and dark respiratory metabolism. Several techniques 

for measuring growth rates were employed and these are compared and 
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raeasuring growth rates were employed and these are compared and 

discussed in relation to efficieny and meaningfulness. Finally, a 

continuous effort was made to reisolate a tolerant strain from the 

normal sensitive strain of sorokiniana in the hope that the original 

circumstances of the isolation could be duplicated exactly and described. 
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GENERAL METHODS 

The subject of all the experiments was the unicellular green 

alga, C. sorokiniana—a thermotolerant form with an optimum tempera¬ 

ture of 39°C. Two different strains of this species were used. 

The standard strain which normally represents the entire species is 

referred to here as the oxygen sensitive strain or OSS. The strain 

isolated from OSS under conditions of high light intensity and high 

oxygen concentration, and apparently resistant to those conditions, 

is called the oxygen resistant strain or ORS. 

Two different concentrations of oxygen were applied to the 

growing cultures by bubbling different mixtures of gasses through the 

liquid medium at atmospheric pressure. The gas mixture approximating 

air contained 20% 0^, 5% CO^* an^ 75% N2. At 39°C the concentration 

of oxygen dissolved in this mixture was calculated to be 3.9 X 10“^ 

moles per liter. High oxygen concentrations were provided from a gas 

mixture of 95% O2 and 5% COg, which is equivalent to 18.6 X 10“^ moles 

of dissolved oxygen per liter. The carbon dioxide concentration was 

kept at 5% so that carbon dioxide would not be a limiting factor in 

photosynthesis and thereby affect the growth rates. The concentration 

of dissolved carbon dioxide at 39°C was calculated to be 11.2 X 10“^ 

moles per liter. 

The basic growth medium used in all experiments was Myers’ Knop’s 

Solution with a doubled source of nitrogen. Figure 1 lists the 

ingredients and their molarities. Deionized glass distilled water 

was used and the pH of the medium was adjusted to 5.7 by adding K0H. 

Axenic cultures were grown in 50 ml test tubes suspended in a constant 



COMPOUND CONCENTRATION 

MgS04 • 7H2O 5 x I0~3 M 

KN03 24 x 10" 3 M 

KH2PO4 9 x 10" 3 M 

Co Cl 2 5 x 10" 4 M 
H3BO3 1.9 x 10" 4 M 

ZnS04•7H2O 3.07 xIO'4 M 

MnCI2 * 4H2O 7.3 xIO-5 M 

H2M0O4 (85%) 5.7 x I0'5 M 

Cu SO4 • 5 Hg 0 6.3 x I0'5 M 

00(1x103)2 ■ 6H20 1.7 x I0‘5 M 

EDTA 1.71 x I0'4 M 
KOH 5.53 x I0"3 M 

FeS04• 7H2O 1.80 x I0'4 M 

FIGURE I- FORMULATION OF MYERS' 
KNOPS MEDIUM 
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temperature water bath maintained at 39 + 0.5°C. Cool white fluorescent 

lamps provided continuous bilateral illumination which could be adjusted 

in intensity either by moving the lamps or by using aluminum screening 

as filters. Light intensity was measured with both a Photovolt, 

model 200, foot-candle meter and a YSI, model 65, radiometer. Light 

intensity values are presented as foot-candles to better indicate the 

amount of light available for photosynthesis. Figure 2 shows the 

relationship between foot-candles (ft-c.) and milliwatts cm” 2 as 

measured in the water bath. 

Figure 3 illustrates the apparatus used to maintain constant 

conditions during the experiments. 

Percent transmittance was used to measure growth of cultures 

during someexperiments. The culture tubes were dried, mixed, measured 

directly in an Evelyn photoelectric colorimeter and returned to the 

water bath and bubbling gas mixture without contamination. Determin¬ 

ations were made for each tube at one to two hour intervals through¬ 

out the growth period. Percent transmittance (% T) readings were 

converted to the corresponding values for log^ of the optical density 

times one hundred — log1Q(0.D. X 100) — by use of a table which also 

corrected for non-linearity of the galvinometer. These values were 

plotted on linear graph paper and the period of maximum growth rate 

was determined from the portion of the graph representing maximum 

logarithmic increase sustained for at least three hours. Then, 

using the beginning of the period of maximum growth as time one (t2) 

and the end of the period as time two (t2) the maximum doubling rates 

per day (dg), were computed according to the following formula: 

d2 = [ (Log10 O.D.t2 X 100) - (Log1() O.D.tl X 100) ] (T) (Log2 10) 



FIGURE 2- CALIBRATION OF RADIOMETER 
AGAINST FOOT-CANDLE METER 
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where O.D. =» optical density 

t = time at beginning 

t2 = time at end 

T => 24 hours divided by the number of hours between 

t and t . 
1 2 

Another measurement used extensively was cell count — usually 

expressed as the number of cells per mm3 Qf culture medium, or per 

liter of culture medium. Cell counts were made from undiluted 

samples of cultures using a Spencer Bright-Line haemocytometer. 

Cell volume measurements were made by centrifuging 10 ml of culture 

in a centrifuge tube with a capillary end calibrated in 0.01’s of a 

ml up to 0.05 ml. The tubes were centrifuged at 2200 X g for one and 

one half hours or until constant volume was achieved. In some cases 

this required as long as eight hours since the cells had a tendency 

to stick to the walls of tubes if they had been grown at high light 

intensities. If 10 ml of culture was not sufficient to yield enough 

cells to measure, the supernatant was poured off, another 10 ml of 

culture was added to the same tube and centrifuged. The process could 

be repeated as often as necessary. 

Dry weights were determined by the millipore filter method. 

Filters were placed in numbered pans and weighted with a small circle 

of aluminum foil to keep them flat while drying at 90 + 5°C for 12 hours. 

The pans were then transferred to a desiccator until needed. All 

filters were weighed immediately prior to use. Samples of well 

mixed culture varying in size from 10 to 100 ml were filtered. Filtered 

samples were replaced in numbered pans without foil weights and sub¬ 

jected to the same drying procedure. All samples were weighed within 
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12 hours after entering the desiccator. 

The chlorophyll analyses were done spectrophotometrically. A 

ten ml aliquot of culture was spun in a table top centrifuge for 15 

minutes or until all the cells were packed in the bottom of the tube. 

All of the medium was poured off and the cells were resuspended in 

about 5 ml of 100% methanol. The tubes were held in a boiling water 

bath allowing the methanol to boil for about 1.5 minutes. More 

methanol was added to the tubes increasing the volume to about 10 ml, 

and the cell fragments were centrifuged to the bottom forming a white 

residue. The methanol containing the dissolved chlorophyll was 

poured into 25 ml volumetric flasks which were then made up to volume 

with more methanol, stoppered and mixed. A Beckman DK - IIA was used 

to scan the absorption spectrum of each sample between 700 and 350 mu. 

The values at 665 and 650 mu were used to calculate total chlorophyll 

(chi), chi a and chi b according to the following formulae: 

total chi « 25.5 D,cn + 4.0 D,,.,. 650 665 

chi a = 16.5 Dg65 - 8.3 D65Q 

chi b = 33.8 - 12.5 Dgg^ 

where D = optical density or absorbance at the wave length indicated 

by the subscript. The solutions to the equations are in mg per liter. 

The equations are derived from the law: 

D - Klc 

where K «* the specific absorption coefficient or absorptivity of the 

material; 1 = the path length in cm.; and c = the concentration. All 

measurements were made with 1=1 cm. D is measured as absorbance on 

the spectrophotometer. The IC for the different chlorophylls varies 
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with the solvent used, and the equations appropriate for 100% methanol 

were taken from a reviexj by Holden (1965). The K’s used to derive 

these equations were determined by the work of MacKinney (1941). No 

coefficients were found in the literature that could be used to give 

a quantitative indication of the total carotenoid content of samples 

in 100% methanol. 
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EXPERIMENTAL METHODS AND RESULTS 

I. Colorimetric Determination of the Effects of Light Intensity 

and Oxygen Concentration on Growth. 

Methods; Maximum doubling rates per day were used to determine the 

extent of inhibition caused to each strain by 95% 0o under several 

light intensities. Screens were used in front of the water bath to 

achieve light intensities of 608, 1092, 1685, 1870, and 2840 ft-c 

with space for duplicate samples of each strain (4 tubes) at each 

light intensity. The cultures were started by innoculating 20 ml 

of fresh, sterile medium at room temperature with a small sample 

from a logarithmically growing culture of the appropriate strain 

that had been maintained on 20% 02* After all the innoculations were 

made and all initial %TTs recorded, the tubes were immersed in the 

water bath and connected to the gas lines. The %T of each tube was 

recorded every 1 to 2 hours for 8 to 12 hours. Then the cultures were 

serially transferred to fresh medium and allowed to grow overnight 

without being measured. The next morning the cultures were again serially 

transferred, the initial %T*s recorded, and the measurements repeated 

throughout the day. This procedure was followed on three consecutive 

days with all of the cultures growing on the 20% 0^ mixture. Then the 

entire experiment was repeated and run for four consecutive days with 

all of the cultures growing on 95% O2. 

Results: In order to compare the two strains at each oxygen concentra¬ 

tion, all of the maximum c^’8 were plotted against light intensity. 

Figure 4 shows the data from the first day level out over the range of 
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Intensities. All figures present data obtained during the first day 

of exposure to increased oxygen. Figure 5 shows the percent inhibition 

by 95% C>2 for ORS and OSS as a function of light intensity. Percent 

inhibition was calculated as suggested by Turner and Brittain (1962): 

% inhibition = 100 rate in 20% 0? - rate in 95% 0?. 
rate in 20% O2 

There was a slight tendency for the percent inhibition by 95% 0 of 

ORS to increase with light intensity, and of OSS to decrease with 

light intensity. Figure 6 shows percent depression of the OSS growth 

rate below that of ORS when both were grown on 20% O2 and on 95% 0^. 

In 20% O2 the strains grew at about the same rate until the light 

intensity approached 2000 ft-c, then the ORS began to show marked 

superiority. In 95% 0^ the superiority of the ORS was primarily at 

the low light intensities, falling off at the optimal intensities 

for OSS, but finally improving again at the highest light intensities. 



60 

50 

40 

30 

20 

10 

608 1092 1685 1870 2840 

LIGHT INTENSITY (ft-c) 

FIGURE 5- PERCENT INHIBITIONS BY 95% 02 

AS A FUNCTION OF LIGHT INTENSITY 



%
 

D
E

P
R

E
S

S
IO

N
 

O
F 

G
R

O
W

TH
 

LIGHT INTENSITY (ft -c) 

FIGURE 6-PERCENT DEPRESSION OF OSS BELOW 
ORS WHEN EXPOSED TO 20% O2 AND 
95% 02 AS A FUNCTION OF LIGHT 
INTENSITY 



-14- 

II. Reversibility of Oxygen Toxicity. 

Methods: This experiment was designed to determine whether or not 

the inhibitory effects of oxygen were reversible. In each case, four 

culture tubes containing one of the strains previously grown on air 

were started at the same time and grown at the same light intensity. 

Two of the tubes were started on 95% 02 and the other two were started 

on 20% 0^. After three or four hours the gas mixtures were switched; 

then after a 3 to 6 hour interval they were switched back to the original 

gas mixtures for a final growth period of 3 to 6 hours. All tubes were 

grown for a total of 12 hours, and the %T was measured every 1 to 2 hours 

throughout the period. Measurements were made for four days with the 

OSS strain and for four days with the ORS strain. 

Another method was designed to account for the fact that tubes 

exposed to high oxygen concentrations at the beginning and end of their 

growth periods were also exposed to different culture densities at these 

times. It was desirable to know if the second exposure to 95% 0^ showed 

an amount of inhibition similar to that of the first exposure without 

the complication of the different culture conditions. Therefore, several 

experiments were run in the same manner as already described except 

that one tube from each identical set was transferred to new medium 

when the second change of gas mixtures was made. These tests included 

12 samples of OSS and 4 samples of ORS. 

Results: Reversibility of oxygen toxicity effects Is demonstrated in 

the data from the two different days of experimentation shown in 

Figures 7 and 8. These are representative of all the reversibility 
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experiments run on OSS — the growth rate tended to decrease when the 

culture was exposed to 95% 02» and gradually increased again when 

the culture was returned to 20% Og* In Figure 7 the total amount 

of time spent on 95% 0^ was almost equal to that spent on 20% O2 for 

all of the cultures, and similarly, there was very little difference 

in the final %T achieved by the different tubes. In Figure 8 however, 

the total exposure time to 95% 0^ was more than twice as great for 

the cultures starting and ending on 95% 0^ than for the cultures 

starting and ending on 20% 02. Here, it can be seen that the tubes 

exposed to the higher oxygen concentration for the longer time had 

the lower final %T. 

The ORS cultures measured at the same times as the OSS cultures 

showed much less effect from 95% O2. The same general responses 

can be seen but to a much smaller extent (Figure 9). The curves, 

which at first appear to be straight, do in fact show trends similar 

to those seen in the response of OSS to alternating gas mixtures. 

In the experiments where the second change in gas mixtures 

was accompanied by a transfer of half of the cultures to new medium, 

growth in the new medium slightly exceeded the corresponding growth 

in old medium regardless of which oxygen concentration was examined. 

However, growth rate in oxygen at the end of the experiment was always 

identical to, or very slightly less than, the growth rate achieved in 

oxygen at the beginning of the experiment even when the final growth 

occurred in fresh medium. If the final growth period was in air, the 

rate achieved was always considerably less than that achieved in air 

at the beginning of the experiment. Once again, the generalizations 

are applicable to both ORS and OSS, but the latter showed the more 

pronounced effects. 
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III. Effects of Previous Oxygen Exposure on Oxygen Toxicity 

Methods: This experiment was intended to show the difference in 

growth rates in 95% O2 of strains with different histories. ORS pre¬ 

viously grown on 20% 0^, OSS from 20% Og, and OSS grown on 95% 0£ for 

30 days were all started at about the same %T in duplicate samples and 

grown for 10 hours. Representative d2*s were calculated for each pair. 

Another experiment was run to demonstrate the permanence of the 

ORS adaptation to 95% 0^- An ORS culture grown on 20% 09 for 

several months was used to innoculate 4 fresh tubes of medium. Half 

were grown on 20% and half on 95% 0? for 12 hours and the d2*s were 

calculated. 

Results: Representative d2*s for the different strains growing on 

95% O2 with the different histories of exposure to 95% O2 were the 

following: ORS previously on 20% Og, d2 - 7.2; OSS previously on 

20% OJJ dg = 3.4; OSS on 0£ for 30 days, d2 = 5.4. Even after an 

extended period of exposure, the OSS was not capable of the growth 

rate achieved under 95% O2 by the ORS which has not been exposed to 

high 0^ concentrations for many months. However, the previous 

exposure of OSS to 95% Og did permit an increase in growth rate over 

the unexposed OSS. 

The ORS previously grown on 20% 0^ did not require a period of 

conditioning to 95% 0^ in order to achieve a high growth rate on that 

gas mixture. Cultures previously grown on 20% O2 had a dg of 8.8 

when grown on 95% 0^ compared to a dj of 9.4 for cultures measured 

over the same time period grown on 20% 62* 
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IV. Effects of Light Intensity and Oxygen Concentration on Algal 

Growth and Culture Characteristics 

Methods: These experiments were designed to show the effect of 

light intensity and oxygen concentration on several parameters that 

would reflect the growth rate and physiology of the different cultures 

under each condition. The measurements for each light intensity were 

made on different days with either 3 or 4 identical samples of each 

culture growing under both 20% and 95% 0^. Two sets of data were col¬ 

lected at 600 and at 1600 ft-c. Series of experiments were run at 

2070, 2960, 3600, 3780, and 4240 ft-c. At the light intensities up 

to and including 3600 ft-c. the cultures were preadapted to their 

experimental conditions for 16 hours to 3 days in an attempt to stabilize 

the growth patterns. At 3780 and 4240 ft—c. the cultures were preadapted 

for 10 and 5 days, respectively, in the latter case to assure growth 

of the cultures under the extreme light intensities. Data from the 

long period of adaptation of the cultures at 3780 ft-c. was compared 

to that from the cultures grown at 3600 foot candles, which were 

preadapted for only 16 hours (or two transfers). 

Each experiment was started by using several tubes of preadapted, 

logarithmically growing culture to made an axenic innoculating mixture 

of about 400 ml fresh medium with enough cells to give a colorimeter 

reading of exactly 90% T. In each case there were four of the mixtures 

-- ORS-20% 02, ORS-95% 02, 0SS-20% 02, and OSS-95% 02. From each of 

these mixtures either 3 or 4 culture tubes were started with exactly 

20 ml of the innoculum. All the tubes were placed in the water bath 

and connected to the appropriate gas mixtures for growth periods of 
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8.5 hours. Colorimeter readings were made after about the first half 

hour and then at intervals of about one and one half hours throughout 

the growth period and at the end of the period. 

While the cultures were growing, the remainder of each innoculum 

was used to run duplicate samples of the standard tests. Cell count, 

milliliters of cell volume, grams dry weight, milligrams total chloro¬ 

phyll, and milligrams chi a and chi b measurements were all made and 

expressed as amounts per liter of innoculum. From these measurements 

calculations x^ere made to express the amounts as per gram dry weight. 

Percent chi a was also determined. 

At the end of the 8.5 hour groxrth period all tubes were measured 

in the colorimeter as they x*ere removed from the bath. Sterile condi¬ 

tions were terminated as the 3 or 4 identical cultures started from the 

same innoculum were mixed together in a graduated cylinder. Enough 

distilled xrater was added to each mixture to bring the volume up to 

60 ml for 3 culture tubes, or 80 ml for 4. Usually only 2 or 3 ml 

were needed to replace the moisture lost by evaporation during the 

experiment. These mixtures were used to make all of the analyses and 

were well shaken before withdrawal of each sample. Each test was 

done in duplicate, and then from averages of the two values the follow¬ 

ing data x?as compiled in tabular form for each strain under each set 

of conditions: 

1. percent transmission 
2. grams dry weight per liter 
3. percent increase in dry weight per liter 
4. cell count per liter 
5. cell count per gram dry weight 
6. milliliters of cell volume per liter 
7. milliliters of cell volume per gram dry weight 
8. milligrams total chi, chi a, and chi b per liter 
9. milligrams total chi, chi a, and chi b per gram dry weight 
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10. percent chi a of total chi 
11. relative cell size determined as cell count per liter divided 

by milliliters of cell volume per liter. 

In addition, the growth of each culture was plotted and the average 

maximum d^ of each identical set of culture tubes was determined. 

Finally, the values for each type of analysis were plotted against 

light intensity. 

Results; Data are presented in Figures 10 through 19. Data points 

representing the results of experiments at the two highest light 

intensities were usually not included on the graphs since they showed 

an erratic amount of adaptation achieved during the long previous expo¬ 

sure of cultures to the extreme light intensities. The growth patterns 

seen at the high intensities are discussed in relation to the trends 

indicated in the plots of other data. 

Taken individually, each graph represents some aspect of the growth 

or physiology of the cultures as they were affected by light intensity 

and by two different concentrations of oxygen. The results indicate 

fundamental differences between the two strains, and this is a necessary 

preliminary to the discovery of the mechanisms involved in the high 

tolerances shown by the ORS. 

Figure 10 is a plot of the final %T’s against light intensity 

and therefore presents growth rate as the amount of increase in the 

optical density of the culture over an 8.5 hour period. At the lowest 

light intensity there was a separation of the 20% 0 and the 95% 0_ 
£• 

grown cultures. Because of this it appeared that the precent inhibition 

caused by 95% O2 was similar for both the ORS and the OSS. Beyond 

the optimal light intensities, however, the percent inhibition by 



FIGURE 10-GROWTH AS PERCENT TRANS¬ 
MISSION OF OSS ANDORS EXPOSED 
TO 20 % Oa AND 95 % Oa AS A 
FUNCTION OF LIGHT INTENSITY 
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oxygen in the OSS dropped sharply and even appeared to reverse. At 3780 

and 4240 ft-c. the OSS-95% 0^ values *?ere adapted to values similar 

to those of ORS-95% Og while the QSS-20% O2 values remained low. 

Figure 11 represents growth in doublings per day and was plotted 

as a function of light intensity. The calculations were based on the 

same data as seen in Figure 10, but doublings per day represent the 

maximum rate of increase sustained for at least three hours rather 

than the actual increase within the total observed time. Figure 11 

shows the same sort of separation at 600 ft-c. that was seen in Figure 10. 

In addition, the d^ plot shows an unexpected result — almost uniform 

maximum growth rate for the ORS-20% 09 at all light intensities. In 

fact, all but the OSS-95% 0^ culture showed unexpectedly high growth 

rates at 600 ft-c. 

The measurement of growth rate by dry freight determinations was 

done in two different ways. Figure 12 shows the final dry weight of 

the cultures after the 8.5 hour standard growth period. These curves 

were similar to those in Figure 10 for %T, except that the segregation 

of 95% O2 and 20% 0^ grown cultures did not appear at 600 ft-c. Figure 

13 shows the percent increase in dry weight of the cultures over 8.5 

hours. This calculation took into account the dry weights of the 

cells in the innoculating cultures as well as the final cultures. The 

inconsistent values at 1600 ft-c. were considered to be due to a 

uniform sampling error in innoculum determinations. From the dry 

weight data it can be seen that the ORS-20% 0^ had a very high optimal 

light intensity — above 3600 ft-c. and probably even above 4240 ft-c. 

(not shown). The ORS-95% Og reached the optimal rate of increase 
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FIGURE 12-GROWTH AS DRY WEIGHT OF OSS AND 
ORS EXPOSED TO 20% 02 AND 95% 02 

AS A FUNCTION OF LIGHT INTENSITY 
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somewhere around 2000 ft-c., and was stable with Increasing light 

intensity. The 4240 ft-c. measurement was the same as those at 2070, 

2960, and 3600 ft-c. It seems, then, that the percent inhibition by 

95% 0^ of the ORS increases with light intensity over the range studied. 

The optimal rate of increase of dry weight of the OSS occurred at 

about 2000 ft-c., but was greatly reduced above 3000 ft-c. The OSS 

had the greatest percent inhibition by 95% 0^ at the optimal light 

intensity. At 4240 ft-c. both OSS cultures showed growth improved 

over the 3600 ft-c. level, but, typically, the OSS on 95% 0^ showed 

the greater amount of adaptation. 

Figure 14 shows final cell number as a function of light intensity. 

The shapes of the curves were dependent on the strain, and showed that 

the greatest numbers of cells corresponded rather well to the optimal 

light intensities as determined by dry weight measurements. There 

was a curious difference between the strains in the response of cell 

number to oxygen concentration. The ORS, when subjected to 95% Oj, 

tended to have fewer cells, but the OSS cultures subjected to 95% 0j 

had more cells than their 20% O2 counterparts. 

Figures 15 and 16 show cell weight and size as functions of 

light intensity. Cell weight showed a relatively clear linear corre¬ 

lation with light intensity in the OSS, with the heaviest cells 

occurring at the highest light intensities. The ORS plots were less 

clear, but the heaviest cells were in the middle range of light 

intensities. The cell size curves did not seem to show any meaningful 

consistencies except for the extremely reduced size of OSS-95% 0g 

cells at low light intensities. 
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FIGURE 14- GROWTH AS NUMBER OF CELLS 
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FUNCTION OF LIGHT INTENSITY 
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The final weight of total chlorophyll in each of the cultures 

was plotted against light intensity in Figure 17. All of these curves 

showed a decline in total chi at or below the 2960 ft—c. intensity. 

The difference between OSS in 20% and 95% 02 was great at the low light 

intensities but decreased at the higher intensities due to the more 

rapid decline in the 20% 02 culture. 

Figure 18 shows that total chi per gram of dry weight decreased 

with light intensity in all cases. The curves on this graph showe 

that the amount of chi per gram dry weight of cultures growing on 95% 

02 was about 5 mg less than for those cultures growing on 20% 02 at 

all light intensities. The upper curve indicates the maximum values 

for the OSS, and the lower curve indicates the minimum values for the 

ORS. At the highest light intensities (which were included on this 

graph), the OSS growing on 20% 02 had considerably less chi per gram 

dry weight than any of the other cultures, and only a slight tendency 

toward adaptation was observable. In contrast, the OSS grown on 

95% 02 showed almost complete adaptation to the ORS-95% Og level at 

the highest light Intensities. 

Figure 19 shows that the relative amounts of chi a and b varied 

somewhat with light intensity. The OSS-20% 0^ had an unusually low chi 

a content at light intensities above saturation. The 0RS-20% 02, 

however, had a somewhat high chi a content ranging from 70 to 75%. 

Both strains on 95% oxygen fell in the 65 to 70% chi a range at satura¬ 

tion, but the OSS showed a tendency to decrease at the high light 

intensities whereas the ORS showed a tendency to increase at the high 
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light intensities. 

Comparisons between all graphs allowed evaluation of the methods 

(see discussion), and pointed out generalities that exist through all 

the data. There are continuities in the data that indicate definite 

responses to light intensity that occurred regardless of the parameter 

analysed. By any measure of growth rate, ORS-20% C>2 was superior to 

the other cultures under conditions of high light intensity. (See 

Figures 10-14.) This was not necessarily the case at lower light 

intensities. The optimal light Intensity for the ORS was higher than 

for the OSS, and the response of each strain to light Intensity was 

characteristic regardless of the oxygen concentration. This accounts 

for the fact that the shapes of the curves for a particular strain 

tended to be similar regardless of the oxygen concentration. (See 

Figures 10-15.) The data related to chlorophyll content did not show 

characteristic curve shapes for each strain (see Figures 17-19), 

but at least in the high intensity range the data points for a single 

strain were grouped together rather than the data points for a single 

oxygen concentration. 

Another interesting general observation is that in most cases 

at the highest light intensity (3600 ft-c.) the OSS-95% 0£ value was 

somewhat better than the OSS-20% O2 value. (The "better" value was 

designated as that which was closer to the ORS-20% O2 value, since the 

ORS-20% 02 clearly had the greatest rate of increase at 3600 ft-c.) 

At 3780 and 4240 ft-c., not shorn in most cases, the tendency for 0SS-20% 

O2 to perform the most poorly was even more pronounced. This observa¬ 

tion will be discussed critically since it appears that at high light 
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intensity, high oxygen concentrations promote rather than inhibit 

growth if the OSS culture has been previously exposed for one to 

three days to high oxygen. 
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V. Effect of Oxygen on Heterotrophic Growth in the Dark. 

Methods: Experiments were performed in the dark to determine the 

effects of 95% 0^ on growth that was dependent only on the respiratory 

pathways of the two algal strains. Darkness was maintained throughout 

the experiments by keeping a heavy black cloth around the entire water 

bath and gas manifold. The regular Myers' Knop's mineral nutrient 

medium was supplemented with 0.5% glucose. All growth rate determina¬ 

tions were obtained from cell counts made from a few drops of culture 

withdrawn aseptically. Counts were made from each culture tube twice 

a day for the duration of the experiments. Each experiment included 

six ORS cultures, half on 20% O2, and six OSS cultures also divided 

equally between the two gas mixtures. 

The first set of culture tubes was innoculated from uniform 

suspensions of cells that had been growing on nutrient agar exposed to 

room air and light. These cultures were counted twice a day for 12 

days or until the cell density reached a maximum and started to level 

off. A second experiment was run similarly except that the cultures 

were started from ORS and OSS cells that had been grown in liquid 

0.5% glucose medium in the dark exposed to 20% O2 for about a week in 

advance. This experiment continued for lb days, and when the cultures 

under one set of conditions reached the end of logarithmic growth 

they were serially transferred to new medium. The growth was then 

plotted through another cycle. Whenever a culture tube was terminated 

a small portion of cells was plated on; tryptic soy agar to assure 

maintenance of axenic conditions throughout the growth period. Con- 
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taminated cultures were discontinued from the experiment. 

At the end of the log phase of growth the cultures from the latter 

experiment were analyzed for dry weight, cell volume, and chlorophyll 

a and b content. The following values were computed for ORS-20% 02, 

ORS-95 O2, and OSS-20% 02: 

1. dell count per cubic millimeter 
2. grams dry weight per liter 
3. cell number per gram dry weight 
4. cell volume per gram dry weight 
5. milligrams total chi, chi a, and chi b per gram dry weight 

No determinations were done for OSS-95% 02 since the cultures did not 

grow, and therefore did not provide enough material for analysis. 

Results: Figure 20 shows the increase in cell number of each culture 

through the first cycle of growth when all cultures originated from 

dark grown cells. Curves presented are characteristic of all experi¬ 

ments. A lag phase, the duration of which is characteristic of the 

culture, was followed by a phase of logarithmic increase until the 

final leveling off of cell number. The curves end where serial transfers 

were made. Of the cultures that grew, OSS-20% 02 was most rapid and 

ORS-95% O2 the slowest. The ORS-20% 0^ value usually fell closer to 

the OSS-20% O2 rate than to the ORS rate on 95% 0^. The OSS subjected 

to 95% 0? did not show any measurable growth even though several of the 

culture tubes were maintained on the high oxygen concentration for a’lv 

long as a month. Surprisingly, the lack of growth in these cultures 

did not simply indicate that all the cells were killed by the high 

oxygen concentration since samples plated on nutrient agar gave rise to 

small colonies of algal cells within several days. 
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Figure 21 compares the data from the analyses on the three differ¬ 

ent cultures that grew during the experiment. Values for the different 

strains made on a per gram dry weight basis showed that the most 

pronounced differences were in chlorophyll content. The fastest 

growing strain contained the intermediate amount of chlorophyll. The 

ORS-20% 02 contained the most chlorophyll and the ORS-95% 0£ the 

least, and also the least proportion of chi a. 
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DISCUSSION AND CONCLUSIONS 

I. Data from the first day of exposure of the different strains 

to different oxygen concentrations fell into smooth curves which varied: 

with light intensity. These represent the initial effects of various 

light intensities and oxygen concentrations on strains that had pre¬ 

viously been grown on 20% O2 at the same light intensity. Data from 

subsequent days of exposure to 20% O2 gave flatter curves indicating 

less variation in growth rate with light intensity. The results of 

experiment IV, presented in Figures 10-19, indicate that the flatter 

curves probably reflect adjustments in the chlorophyll content and 

size of the cells in response to the light intensity. These adjustments 

probably resulted in Improved assimilation rates at least at the low 

light intensities, but the flatness of curves determined by maximum 

d2*s was not necessarily mimicked by the assimilation rate as measured 

by gain in dry weight. However, the growth rate of the ORS on 20% 

0^ was markedly greater than other growth rates at the highest light 

intensity, and probably would have continued to increase with further 

increase in light. Other growth rates started to decline at about 

1800 ft-c. 

With increasing light intensity up to almost 3000 ft-c, as studied 

in this experiment, the inhibition of the ORS by 95% O2 tended to 

increase. This results from the fact that the growth rate in 20% O2 

increased over the entire range whereas the rate on 95% O2 reached a 

peak at low light intensity and decline at higher light levels. 

Inhibition of OSS by oxygen was least at the high light intensities 
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since the OSS-20% O2 rate was decreased proportionately more than 

the OSS-95% O2 rate when the optimal light intensity was exceeded. 

The apparent superiority of the ORS over the OSS when exposed to 

95% O2 at low light intensities (Figure 6) is undoubtedly a result of 

the fact that the cells of the OSS at the low light levels were much 

smaller and contained much less chlorophyll per gram dry weight. 

The same tendency is seen in the d2's graphed in Figure 11 but it is 

not substantiated by the dry weight data. Therefore, colorimeter based 

measurements of growth rates of OSS under very low light intensities 

are misleadingly low in comparison to assimilation rates. 

At intermediate light intensities and 95% 02, the advantage of 

the ORS over the OSS was minimal since the range of intensities was 

optimal for OSS but not for ORS. Then at higher intensities, the ad¬ 

vantage of the ORS again increased because the OSS rate dropped rapidly 

while the ORS remained relatively constant. 

II. Inhibition of growth by 95% 02 was reversed by returning 

the cultures to low oxygen levels. Both inhibition and recovery 

showed a lag phase which was expected if the high oxygen concentration 

affected photosynthesis. There waB no resistance to inhibition by 

95% O2 during a second exposure of the same culture when 95% 02 was 

the first and last gas mixture applied. When 20% 02 was applied first 

and last, the total growth during the last period was much smaller 

than the first because of the lag from inhibition by 95% 02. 

In 1949, working with ellipsoidea, Tamiya and Huzisige report¬ 

ed that the inhibitory effect of high oxygen concentrations on the dark 
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reactions of photosynthesis was reversible. Although the mechanism 

postulated at the time is no longer supported by Tamiya and Huzisige, 

it is now generally accepted that the Warburg effect is reversible. 

Turner et al. (1956) made a survey demonstrating oxygen toxicity in 

25 plant species including several of Chlorella. They found that all 

inhibition was reversible on return of the plants to air, but the lengths 

of exposure to hyperbaric oxygen were seldom more than two or three 

hours. 

Coombs and Whittingham (1966a), while studying oxygen inhibition 

of photosynthesis using pyrenoldosa, reported that at low (370 ft-c) 

light intensities and only 0.04% CO2, Inhibition by 99.96% 0^ reached 

a 30% maximum in five minutes and was completely reversible within ten 

minutes. However, at 2340 ft-c and the same low carbon dioxide con¬ 

centration, inhibiton increased steadily over a thirty minute period 

after which there was no apparent recovery. It is well established 

that the toxicity of oxygen is Increase when the carbon dioxide con¬ 

centration is low (Coombs and Whittingham, 1966b; Miyachi et al., 1955), 

and reports of lethality of hyperbaric oxygen within short periods 

of time can usually be correlated with very low carbon dioxide con¬ 

centrations. 

The ability of Chlorella to withstand high oxygen and high light 

intensities as shown in the data from experiment IV (Figures 10-19), 

and the ability of the cultures to recover from 95% 0^ treatment 

reported in this experiment, is undoubtedly related to the high carbon 

dioxide concentration used throughout the experiments. 
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III. The OSS did not adapt to high oxygen concentrations, at 

least, not at the light intensities used in this experiment — about 

2500 ft-c. This is contrary to the work presented in an abstract by 

Wagner and Welch (1967), in which the OSS was adapted to the ORS 

within 24 hours of exposure to 95% 02 and 5% COg. It is possible that 

these experiments were carried out under very high light intensities 

and that the adaptation achieved so readily was similar to that seen 

at the very high light intensities in experiment IV (Figures 10-19). 

However, Wagner and Welch stated that the adaptation was independent 

of light. They also stated that when the growth rates measured in 

doublings per day for ORS and OSS were identical, the dry weight 

produced by ORS was twice that produced by OSS. My experiments showed 

that at the high light intensities where the growth rate of the OSS 

had adapted to values nearly the same as the ORS, the dry weight pro¬ 

duction was also nearly identical. When the dry weight production of 

OSS was much lower than that of ORS, the growth rate as determined by 

colorimetry, was also much less whether the cultures were compared on 

20% or 95% 02. 

The ability of the ORS to grow on 95% 0^ was not reversed by 

prolonged growth on 20% 02> as shown by the high d2*s of the ORS 

growing on 95% 0^ after an indefinitely long exposure only to air. 

This is in agreement with the findings of Wagner and Welch. It seems 

somewhat incongruous that a very readily achieved adaptation would 

not be reversible. 
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IV. In this experiment it is valuable to compare each method of 

measurement to the others in order to determine the validity of the 

technique as a representation of growth. 

Figure 10, using %T as a measure of growth, does not take into 

account changes in cell size, weight, or chlorophyll content that also 

occur as a function of light intensity, and might affect the colorimetric 

readings. For instance, a high chi content at very low light intensities 

might cause a relatively low %T on the colorimeter that was not reflected 

by a corresponding increase in dry weight. To estimate the validity 

of %T readings, Figure 10 may be compared with Figure 12 giving dry 

weight versus light intensity. The two sets of data show similar re¬ 

sults with only a minor exception. The %T indicates a separation of 

the 20% O2 and 95% 0£ grown cultures at 600 ft-c. This separation is 

not seen in the dry weight data, but can probably be attributed to the 

total chi contents of the different cultures at 600 ft-c. (see Figure 

17). Therefore one the basis of %T data we cannot consider it signifi¬ 

cant that the ORS and OSS appear to have similar percent inhibitions 

by 95% O2 at 600 ft-c. The adaptation of the OSS-95% at high light 

intensities will be seen to be consistent with other data and is considered 

significant to the understanding of the strains. 

Percent T measurements are certainly the simplest means of deter¬ 

mining growth rate. Furthermore, the process does not require harvesting 

or disruption of the cultures. For these reasons the method is very 

desirable, but it should probably be used only over a narrow range of 

environmental conditions and only after a careful determination of the 

correlation between %T and increase in dry weight or another meaningful 
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measure of growth rate. 

The determination of doublings per day as a measure of growth 

rate has some advantages over the use of change in %T after a standard 

length of time. Presumably the d2 represents the maximum potential 

rate of increase of the culture under any given set of conditions 

because it does not average the period of logarithmic increase with 

the initial lag phase or the final leveling off phase. Another advant¬ 

age of d£ calculations is that the experimental cultures do not all 

have to be started at exactly the same %T or measured over exactly the 

same length of time. However, since the colorimeter is still the 

instrument of measurement, the difficulties inherent in %T curves 

will also be reflected in d2 curves. Therefore, it is not surprising 

to see the separation of the 20% O2 and 95% O2 grown cultures at the 

600 ft-c. intensity. 

The explanation for the uniquely high dj's at 600 ft-c. can be 

found in the plots of logjoCO.D. x 100) from which the d2*s were cal¬ 

culated. Except for the OSS-95% 02» these consistently show that 

there was an initial increase in the %T. Microscopic examination 

showed that this was due to a clumping together of cells rather than 

to a decrease in cell number. However, growth proceded at the character¬ 

istic rate and as the population increased the clumping problem became 

less and less pronounced. This resulted in colorimeter readings that 

showed faster growth than actually occurred, since cells that had 

previously been in clumps were contributing to the %T as if they were 

new cells. At 600 ft-c. then, d2 is a less accurate measure of growth 

than the change in %T over the standard time. 
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Dry weight is probably the most accurate way to measure the growth 

of the cultures. It reflects the cumulative metabolic activity of the 

cells as their capacity to synthesize new cellular material from 

carbon dioxide and dissolved mineral nutrients. Results are not 

affected by cell size, number, or chlorophyll content. The difficulties 

in the method involve getting large enough samples to assure consistent 

results, and in the requirement that the cultures be harvested. The 

final dry weight measure assumes that the dry weights of the cultures 

at the start of the experiment were the same at the same %T readings, 

but this is not necessarily the case. Because the percent increase 

in dry weight measure is derived from the initial and final dry weights 

of the cultures, it is the more accurate determination of growth. 

Cell counts were difficult to do accurately because of the vari¬ 

able occurance of clumping together of cells in the culture. In this 

study, cell number is not intended as measure of growth rate. It is, 

however, important to note the different responses of the strains to 

light intensity and to oxygen concentration. This is the only case 

in which 95% 0^ affects the quality of the response of the two strains 

differently. The greater number of OSS cells occurring in 95% O2 

cultures can be attributed to the drastic decreases in cell size and 

weight (Figures 15 and 16). 

Although the weight of cells is clearly affected by the light 

intensity, there is no correspondence of a given cell size with the 
\ 

optimal light intensity for a culture. For instance, the cell weights 

are the same for both optimally and minimally increasing ORS—20% 0£ 
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cultures. 

Packed cell volume proved to be a difficult measurement to make, 

and is of variable accuracy due to the tendency of some of the cultures 

to leave cells sticking to the sides of the centrifuge tubes. Since 

cell size determinations involved using the packed cell volume data, 

differences of one of two units on the size scale are not necessarily 

meaningful. The striking feature of Figure 16 is the exceedingly 

small size of the OSS-95% O2 cells at low light intensities. 

The spectrophotometric determinations of chlorophyll content 

were not tested for their absolute accuracy since no samples of known 

concentrations of chi a and b were available. (Commercially available 

preparations are not considered reliable.) Results may be compared 

to those of Sargent (1940) by determining the percent chlorophyll of 

the dry weight. Sargent obtained a range of about 2-7% while the data 

from Figure 18 give a range of about 1-5%. The slight discrepancy 

could easily be explained by the fact that Sargent used pyrenoidosa, 

and that his light intensities were probably not the same as those 

used in this experiment. Because of the very reasonable range of 

values it is believed that the measurements of mg of chi are fairly 

accurate. On a comparative basis values are highly accurate since 

determinations on identical, simultaneously extracted samples seldom 

varied more than 0.1 mg chi per liter of culture. Therefore, the 

discrepancy of some points in Figure 18 is probably due to magnified 

errors in dry weight rather than in chi content. The percent of chi a 

shown in Figure 19 is also considered accurate and corresponds to 
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established amounts for other species of Chlorella (Steeman-Nielson, 

1961). 

It Is unfortunate that the spectrophotometric methods could not 

be extended to establish an estimate of relative amounts of carotenoids. 

Different extraction procedures or else a chromatographic separation of 

major pigments would have to be employed for this determination. 

The experimental data permit certain generalizations about the 

cultures. The different characteristic responses to light intensity 

shown by the two strains and the remarkably high growth rates at high 

light intensities achieved only by ORS-20% C>2 indicate that the strains 

are distinct in several ways. They have different responses to light 

intensity which are qualitatively independent of the oxygen concentration. 

The optimum light intensity for ORS growing on 20% 0£ is very much 

higher than for OSS growing on 20% 0^. On the basis of percent 

increase in dry weight, the optimum light intensities are about 4000 

vs 2000 ft-c. for the strains growing on 20% O2. The data are less 

clear for the strains growing on 95% O2 since the OSS has some tendency 

to adapt to the values achieved by the ORS, especially when the light 

intensity is high. Another distinct difference between the two dif¬ 

ferent strains ia the response of cell size to light intensity under 

high oxygen concentrations. Only the OSS shows a marked decrease in 

cell size with lowering light intensities. This might indicate a 

stimulated cell division rate of the OSS by high oxygen concentrations 

or inhibition of cell division by high light intensity. 

The total amount of chlorophyll per gram dry weight decreases 
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with light intensity for all the cultures studied, but at the very high 

light intensities the ORS maintains a higher level than the OSS. At 

the light intensities where growth of the OSS (especially on 20% O2) 

begins to fall off, there is a distinct decrease in the percent chi a, 

accompanied by a fall in total chi. This suggests that the high light 

intensities inhibit chi a more than chi b in the OSS. This is not 

contradictory to the work of Steeman-Nielsen (1961), demonstrating that 

in C. Vulgaris, chi b is always about one third as abundant as chi a 

regardless of the light intensity. His range of light intensities went 

only as high as 2700 ft-c. which is about where the shift begins. 

In the ORS the percent of chi a is the same, or even higher, at high 

light intensities. Brown and French (1959), studied the bleaching of 

chlorophylls by light and reported that chi b was more stable than any 

of the forms of chi a that they found in C_j_ pyrenoldosa. Taken together, 

the evidence indicates that chi a in the ORS is somehow stabilized or 

protected against bleaching at high light intensities, so that a 

decrease in the total amount of chi does not change the proportions 

of chi a to b. At high light intensities, the fastest growth rate 

(that of the ORS-20% O2) correlates with the highest chlorophyll con¬ 

tent per gram dry weight and the highest percentage of chi a. The 

poorest growth at high light intensities is shown by OSS-20% O2* 

which correlates with the lowest total chi content and the lowest 

percentage of chi a. It appears that the resistance of ORS to high 

light intensities might be associated with a stabilization of at 

least some of the chi which enables the cells to use the excess light 
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to their advantage. 

The strange behavior of the OSS-95% 0^ observed in much of the 

data at very high light intensities is probably due to some degree of 

adaptation. It would seem illogical that the 95% C>2 grown OSS cultures 

should grow better than the 20% O2 grown OSS cultures, unless the pre¬ 

sence of high oxygen concentrations were necessary to stimulate the 

adaptation of the culture. This discussion will be expanded later 

to Include the pertinent results of experiment V. 

V. The OSS does not adapt to high concentrations of 0^ when 

grown heterotrophically in the dark — in fact, growth is almost 

completely inhibited even after long periods of exposure. In terms 

of cell number, ORS-95% 0^ grows more slowly than either ORS-20% 0j 

or OSS-20% O2, but for a given cell number the ORS-95% O2 cells 

represent the greatest dry weight. The difference is enough to indicate 

that the rate of increase in dry weight may be about equal for ORS 

grown on either gas mixture. However the OSS on 20% 0^ grows better on 

glucose than does ORS on either gas mixture. One of the changes that 

occurred in the original adaptation of OSS to ORS reduced its ability 

to grow on glucose in the dark. It is also significant that 95% O2 

does not seem to further reduce the ability of ORS to grow, xfhereas 

95% 02 administered to OSS growing on glucose in the dark completely 

inhibits growth. Once again, these results are not in accord with 

those of Wagner and Welch (1967), who state that OSS will adapt to the 

ORS while growing heterotrophically in the dark or the light. 

The total amount of chi formed in the dark is expectedly much 

less than that formed in the light, but for the cultures on 20% O2 
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the ratio of chi a to b is at about the normal 30% level even though 

OSS has only about half the quantity of chi as ORS on a per gram dry 

weight basis. The presence of 95% C>2 not only causes a reduction in 

the total amount of chi, but also causes a shift in the chi ratios 

in favor of chi b. 

All of the attempts to force the conversion of the OSS to the ORS 

indicate that the possibility exists only under conditions of very 

high light intensities and high oxygen concentrations. It seems that 

the OSS will not adapt in the light without 95% O2, nor will it adapt in 

95% O2 without light. 

High light intensities without high oxygen concentrations can 

cause photooxidative damage to plants (Rabinowitch, 1945) and this 

probably accounts for the sharp decline in growth rate and chlorophyll 

content of OSS-20% at light intensities above optimal. High pres¬ 

sures of oxygen are known to cause mutations in some organisms (Conger 

and Fairchild, 1952; Fenn et al., 1957; Kronstad et al., 1959; Moutschen- 

Dahmen et al., 1959; Berg et al., 1965). Most of these reports were 

of data obtained from seeds at oxygen pressures far exceeding atmospheric, 

but it is very likely that Chlorella cells are more sensitive than 

seeds to high oxygen concentrations. It is also likely that high 

light intensities enhance the effects of oxygen since excess light 

absorbed by chlorophyll represents excess oxidizing potential. Sironval 

and Handler (1958) working with pyrenoidosa and vulgaris found 

that high light intensities in a pure nitrogen atmosphere were not 

destructive. When oxygen was present the rate of destruction increased 
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in proportion to the concentration of oxygen. 

In the OSS-95% 0£ cultures under high light intensities one would 

expect a great deal of oxidative damage to cells. In fact, the cultures 

exposed to experimental conditions only about a day before experimenta¬ 

tion, grew very poorly. The cultures grown at 4240 ft-c. (not included 

on most graphs were preconditioned for about five days in order to get a 

sufficiently dense culture. During that time mutations probably 

occurred some of which enabled the culture to withstand the severe 

environment and to achieve growth rates superior to the OSS growing 

on 20% oxygen. 

The original adaptation of the ORS has allowed it to grow very 

successfully at light intensities that substantially inhibit the OSS. 

This does not necessitate a change in the photosynthetic pathways 

of carbon dioxide fixation, but could require only a resistance to 

photooxidation that would normally occur in high light intensities. 

This possibility is supported by the results of the chlorophyll analyses 

which show that normal chi a to b ratios of the ORS are preserved at 

high light intensities, whereas, in the OSS, chla is more readily 

destroyed as would be expected on the basis of studies showing the 

relative stabilities of the two pigments to light (Sironval and Kandler, 

1958; Brown and French, 1959). 

The relationship between photooxidative bleaching of pigments and 

inhibition of photosynthesis is well illustrated by the work of Kandler 

and Sironval (1959). They found that bleaching of Chlorella cells 

exposed to very high light intensities (about 10,000 ft-c.) began only 

after an induction period the length of which was inversely related to 

the oxygen concentration. During the induction period photosynthesis 
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was strongly inhibited resulting in much reduced assimilation rates. 

The intense visible radiation was thought to initiate the same type of 

oxidizing free radical effect as postulated for the cause of X-irradia- 

tion and ultra-violet damage. Photooxidative bleaching of pigments, 

however, occurred only after metabolic damage which presumably resulted 

in the breakdown of protective structural protein complexes within 

the pigment systems. Killing the cells by boiling resulted in elimina¬ 

tion of the induction period. In the ORS under examination in this 

thesis, a pigment stabilizing system has also been postulated, but the 

system probably is not structural and is not limited to protection of 

chlorophyll. 

If photooxidative damage and hyperbaric oxygen inhibition of 

photosythesis are both the result of abnormal oxidations as is suggest¬ 

ed by Rabinowitch (1945) and Gerschman (1964), one might expect that 

protection against photooxidation would be associated with a tolerance 

to high oxygen concentrations. In fact, J. Franck (cited by Turner and 

Brittain, 1962), feels that chlorophyll radicals are ultimately responsi¬ 

ble for both photooxidation and the Warburg effect. In both cases 

excess excitation energy is manifested as excess oxidations. Photo¬ 

oxidation of many cellular components is known to be sensitized by 

chlorophyll (Rabinowitch, 1945), and although the direct oxidants are 

unknown, the mechanisms of damage may be closely related to formation 

of oxidizing free radicals, postulated by Gerschman (1954) as an 

explanation for the mechanism of oxygen poisoning and X-irradiation 

damage. There are several theories for the mechanism of the Warburg 
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effect all involving the oxidation of some photosynthetic enzyme or 

intermediate which might then cause the formation of oxidizing free 

radicals that could further inhibit by the Gerschman method. Extensive 

secondary damage of this nature would not necessarily be reversible 

except through the formation of new tissue. 

One of the most widely held theories for the primary mechanism 

of the Warburg effect is that involving the reaction of molecular 

oxygen with a reducing substance formed in the light reactions of photo¬ 

synthesis (Miyachi et al., 1955; Coombs and Whittingham, 1966a). The 

Miyachi group did not know what the reducing substance was, but since 

then Whittingham has suggested that it is reduced ferredoxin which 

accumulates as a result of either excess light entering the system, 

or a reduction in the pool of NADP which is normally reduced by the 

reduced ferredoxin. When the carbon dioxide level is low, little 

phosphoglycerate is formed, and very little NADPH is used for the re¬ 

duction to phosphoglyceraldehyde. Therefore, most of the pyridine 

nucleotide remains in the reduced form and reduced ferredoxin is free 

to react with molecular oxygen. This reaction is enhanced by increas¬ 

ing concentrations of oxygen, so the theory can explain the effects of 

light intensity, low carbon dioxide concentration and increasing 

oxygen concentration on the Warburg effect. Taraiya and Miyachi differ 

with Coombs and Whittingham in their ideas about the role played by 

the hydrogen peroxide (E^O'j-) formed in the 'Mehler* reaction. Tamiya 

believes that the reaction is normal and that the is decomposed 

by catalase (cited by Turner and Brittain, 1962). Whittingham thinks 
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that the E2°2* °r some otlier peroxide formed by the light reaction, 

furthers inhibition of photosynthesis by reacting with the two-carbon 

transketolase addition complex to release glycolate and thereby deplete 

the pool of sugar phosphates. 

The experiments done with the OSS and ORS growing heterotrophical- 

ly in the dark indicate that the respiratory as well as photosynthetic 

pathways of ORS are protected against hyperbaric oxygen. Oxygen damage 

to respiratory systems is generally believed to be the result of the 

oxidation of enzymes (Davies and Davies, 1964) — a mechanism not 

favored for causing the Warburg effect (Miyachi et al., 1955; Coombs 

and Whittingham, 1966b). This indicates that the ORS must either have 

several specific adaptations to protect separately its photosynthetic 

and respiratory functions, or have one general protective adaptation 

that inhibits oxidative damage. Considering that the ORS and the OSS 

are very closely related organisms, the latter possibility seems the 

more probable. It is well known that artificially supplied antioxi¬ 

dants reduce oxygen toxicity in both animals and plants (Gerschman, 

et al., 1954; Gerschman and Siegel, 1959), and there is strong evidence 

for naturally occurring antioxidants as well (Tappel, 1965; Burnett, 

1965). 

If the conditions of high light intensity and oxygen concentra¬ 

tion under which the ORS was originally isolated, caused mutations, 

the changes that permitted survival in the extreme environment would have 

become permanent characteristics of the new strain. Furthermore, when 

dealing with billions of cells, it is possible that similar protective 
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Mutations could occur under the same severe conditions. Such an 

explanation supports the results presented in this thesis, and the type 

of general protection achieved by ORS is very likely to be a result of 

increased production of some natural antioxidant. 
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