
ELE-RlC BOAT G R O T O N ,  C O N N E C T I C U T  

A D I V I S I O N  O F  GENERAL DYNAMICS 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
l 
a 

Photosynthetic Gas Exchange 
i n  t h e  

Closed Ecosystem f o r  Space 

P a r t  111. Screening for 
Thermophilic Algae and Mutatipn S tud ie s  

NASA Contract No. NASW-95 1960-61 

N. L. Richards 

R. J. Benoit  

GENERAL DYNAMICS CORPORATION 
E l e c t r i c  Boat Divis ion 

Groton, Connecticut 

Research and Development Department 

Approved by : . Bia leck i ,  Head 
Chemical Engineering Sec t ion  

~4 11 -6 1 -107 
August 1961 



FOREWORD 

This is the third part of the final report of a multiphase program 
directed toward the development of a photosynthetic gas exchanger 
suitable for use in a closed ecological system. The studies have been 
carried,,out under contract NASW-95 entitled, "Photosynthetic Gas Ex- 
changer issued to General Dynamic Corporation's Electric Boat Division 
by the National Aeronautics and Space Administration, Washington, D. C. 

The authors gratefully acknowledge the advice and assistance of 
D r .  F. Trainor, Asst. Professor of Botany at the University of 
Connecticut f o r  aid in the identification of algal isolates and of 
Dr. D. E. Nichols, Professor of Industrial Engineering at University 
of Rhode Island f o r  statistical analyses of growth rate determinations. 
The technical assistance of Messrs. A. Stover and A. Savard, and the 
guidance and constructive advice of Dr. E. A. Zuraw and Mr. A. Bialecki 
(all of the Chemical Engineering Section) were also most helpful. 
Grateful appreciation is extended to colleagues throughout the world 
(Appendix A) who sent samples of algae for the screening program. 
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ABSTRACT 

and nutation s t a y  was undertaken to obtain algae 
u8e in  a photorrynthetic gas exchanger. 

studied, eighteen appeared to  have 
105. Optimization of the physical 
rains is  recommended 88 a way to 
onrmitant oxygen production. The 
71105 is relatively resistant 
o high temperature mutants of 
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PREFACE 

Several approaches to the development of a cloaed ecosystem are being 
explored by Electric Boat. First, and of primary importance, are 
engineering studies designed to provide data f o r  an optimum design 
f o r  a gas exchangeapparatus with minimum power, weight, and volume. 
The second approach is the supporting biochemical studies on Chlorella 
71105*, which consist of improving the chemical environment of the 
alga chosen f o r  the photosynthetic gas exchanger. A third approach 
is the quest f o r  a better alga than is presently being used i n  the 
research, In this quest, we have tried two attacks on the problem. 
First, soil and water samples were screened for fast-growing algal 
strains, and second, the existing strain of Chlorella was irradiated 
with ultraviolet light in an attempt to produce genetic mutants, 
Section I of this paper describes the screening prpgram; Section I1 
describes the mutation studies. 

*A  thermophilic strain of Chlorella was isolated from Texas s o i l  by 
Sorokin and Myers (1953) and designated by them Chlorella renoidosa 
7-11-05. For convenience, we refer to the strain as C h l o r b  

ix 
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INTRODUCTION 

The most reasonable approach to the isolation of an organism with 
specific growth characteristics is to screen samples from environments 
that are similar to the one in which the organism will be cultured. 
In the present study, for example, high-temperature, high light in- 
tensity algae were sought in areas exposed to high mean annual 
temperatures and intense sunlight, 

There are a number of characteristics that an organism should possess 
if it is to be used in a photosynthetic gas exchanger. 

O f  primary importance is the generation time of the organism, 
Since oxygen production is related to growth, it follows that 
the organism selected should exhibit a high growth rate. 

The organism should be photo-autotrophic in its nutrition 
and grow well in a chemically defined medium. 

The strain should excrete minimal amounts of organic compounds 
into the medium. Otherwise, foaming, contamination, and 
growth inhibition may occur. 

The alga should be tolerant of fluctuations in nutrient 
composition and temperature, Growth at high temperatures 
would be most desirable; cooling problem from high-intensity 
lamps or solar sources and the possibility of contamination 
by other microorganisms would be decreased, 

The organism should be tolerant of fluctuations in hydro- 
gen ion concentration. This characteristic could further 
discourage the growth of possible contaminants, 

The organism should not have a tendency to clump or stick to 
surfaces. 

The alga should be able t o  grow,in high intensity light in 
order that it can be grown in a compact culture unit. 
Furthermore, the intense light will help control some 
bacterial contaminants. 

The organism should metabolize urea and the major inorganic 
components present in human wastes, 

The alga should be non-toxic and nutritious to man. 

The organism should be able to grow free of association with 
other microorganisms. 
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An a l g a l  screening program was undertaken t o  o b t a i n  a l g a e  from n a t u r e  
wi th  as many of t h e s e  c h a r a c t e r i s t i c s  as poss ib l e .  A spoonful  of 
soil may contain b i l l i o n s  of  l i v i n g  microscopic organisms, inc luding  
a l g a e ,  molds, y e a s t s ,  b a c t e r i a ,  diatoms, v i r u s e s ,  i n s e c t s ,  and 
nematodes, a l l  of  d i v e r s e  type. 

The a lgae  present  i n  t h e  mlxed f l o r a  of soil have d i f f e r e n t  optimum 
growth ra tes  and n u t r i t i o n a l  requirements. Samples were t h e r e f o r e  
exposed t o  s e l e c t i v e  labora tory  environmental condi t ions  which 
f o s t e r e d  t h e  i s o l a t i o n  of :aicroorganisms wi th  the following charac- 
t e r i s t i c s :  1) r a p i d  growth r a t e ,  2 )  photo-autotrophic metabolism, 
3 )  growth a t  high temperatures,  4 )  growth wi th  urea as a sole n i t r o g e n  
source,  5 )  growth wi th  CO 
in a medium with r e l a t i v e f y  high osmotic pressure.  

A s  pointed out by Lewin (1959), the approach t o  the i s o l a t i o n  of an 
a lgae  should be determined by the  u l t i m a t e  ob jec t ive .  For example, 
thermophilic a lgae  should be sought i n  r e l a t i v e l y  h igh  temperature 
environments. By adapta t ion  and n a t u r a l  select ion,organisms w i t h  the 
des i r ed  c h a r a c t e r i s t i c s  w i l l  predominate i n  t h i s  environment. 

I n  t h e  E l e c t r i c  Boat screening program, soil and water samples were 
c o l l e c t e d  from many areas exposed t o  i n t e n s e  s u n l i g h t  and h igh  mean 
annual temperatures. Samples from t r o p i c a l  and sub- t ropica l  c o u n t r i e s ,  
greenhouses, and hot sp r ings  were p a r t i c u l a r l y  sought. 

Our standard laboratory medium was used i n  t h e  screening s t u d i e s  for 
t h e  following reasons:  

as a primary carbon source,  and 6 )  growth 

1) The f e a s i b i l i t y  of growing Chlore l la  71105 a t  i t s  m a x i m u m  
growth r a t e  us ing  u rea  was w e l l  e s tab l i shed .  Urea, t h e  
primary nitrogeneous waste product of man, should s e r v e  a s  
t h e  s o l e  n i t rogen  source t o  he lp  maintain chemical balance 
i n  a c losed ecosystem. 

C 0 2  i s  the  s o l e  carbon source. 
scrubbing of C02 from a i r .  I n  add i t ion ,  t h e  p o s s i b i l i t y  of 
b a c t e r i a l  contamination from o t h e r  carbon sources i s  g r e a t l y  
reduced,  

The medium i s  inorganic  w i t h  t h e  except ion o f  urea,  s o  bac ter -  
i a l  contamination i s  f u r t h e r  l i m i t e d .  

2 )  This  a l lows t h e  d i r e c t  

3 )  

4 



MATERIALS AND METHODS 

The screening program was divided i n t o  f i v e  genera l  a r eas :  

1) Sample procurement 

2 )  Fabr i ca t ion  of growth un i t s  

3)  Screening procedure 

4) Growth rate determinations 

5) Manometric s t u d i e s  

SAMPLE PROCUREMENT 

A c i r c u l a r  le t ter  was s e n t  t o  s c i e n t i s t s  i n  var ious  p a r t s  of t h e  world. 
Those that expresaed a wil l ingness  t o  cooperate  were s e n t  a package 
conta in ing  a mail ing tube w i t h  i n t e r n a t i o n a l  p o s t a l  coupons t o  cover 
t h e  c o s t  of the r e t u r n  mailing. The tube contained a ques t ionnai re  
reques t ing  information about the sample and t h e  s i te  of co l l ec t ion .  
Also contained i n  the tube was a p l a s t i c  envelope containing two 
s t e r i l e  screw-cap s h e l l  v i a l s .  To t h e  ou t s ide  of  each mail ing tube 
was affixed USDA P lan t  Quarantine Form 21C, which au tho r i zes  the 
impor ta t ion  of s o i l  samples without treatment.  S o i l  samples have been 
kept  i n  the covered v i a l s  s ince  t h e i r  r e c e i p t .  No samples w i l l  be 
d iscarded  without p r i o r  s t e r i l i z a t i o n  I n  the autoclave.  

Microbio logis t s  i n  many par ts  of the world cooperated by sending f r e s h  
s o i l  and water samples. The  samples were c o l l e c t e d  from environments 
such as hot  sp r ings ,  t r o p i c a l  s o i l s ,  and greenhouses whose s o i l s  
had been p e r i o d i c a l l y  steam-treated. Some samples from l o c a l  and other  
temperature regions have been screened. A l l  s o i l  samples received 
and t e s t e d  i n  t h i s  s tudy a r e  l i s t e d  i n  Appendix B. 

GROWTH UNITS 

The tes t  tube incubat ion u n i t  consis ted of an aquarium w i t h  a bank of 
f o u r  c lose ly  packed General E l e c t r i c  Powergroove f l u o r e s c e n t  lamps. 
An automatic  gas  mixing system provided a 3.0 + 0.5% C02-air mixture. 
A gas washing system cons i s t ing  of two wash ingcy l inde r s  conta in ing  
d i s t i l l e d  water was immersed i n  the water  bath. T h i s  system w a s  used 
t o  w a r m  and humidify the C02-air mixture. 
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During operat ion,  excess water was d i s e n t r a i n e d  from the humidified 
gas stream i n  a t h i r d  cy l inde r .  The  gas  mixture  then passed through 
a b a c t e r i o l o g i c a l  f i l t e r  i n t o  gass ing  manifolds equipped w i t h  needle  
valves .  This arrangement d i s t r i b u t e d  approximately 500 cc  p e r  
minute of warmed, humidified,  s t e r i l e  gas  mixture  t o  each  tes t  tube. 

Clear l u c i t e  racks held aluminum-capped pyrex t e s t  tubes approximately 
f o u r  inches from the bank of lamps. The l i g h t  reading a t  the s u r f a c e  
of the t e s t  tubes was 2,000 f o o t  candles. 

The 50-gallon water ba th  was maintained a t  38.5 + O.5OC. 
d r i v e n  s t i r r e r  was used t o  a s s u r e  an  even temperature. 
f i l t e r s  cleaned the water bath of debris.  The  g a s  d i s t r i b u t i o n  and 
f i l t e r i n g  s y s t e m  was disassembled and autoclaved before  each ex- 
perimen t . 

A motor- 
Two a i r - l i f t  

Incubators  f o r  the p e t r i  dishes were f a b r i c a t e d  from r e f r i g e r a t o r s  by 
i n s t a l l i n g  l igh ts  and thermoregulators which a c t i v a t e d  c i r c u l a t i n g  
f a n s  t o  vent h o t  a i r  t o  the room and draw i n  f i l t e r e d  coo l  room a i r .  

SCREENING PROCEDURES 

The following r o u t i n e  was used for the  pre l iminary  screening  of s o i l  
and water samples. 

Approximately 0.1 gram of soil was placed i n  three s t e r i l e  
t e s t  tubes and 50 m i l l i l i t e r s  of  standard* medium was added 
t o  each. 

Tubes were incubated a t  3 8 . 5 O C ,  45OC, and 50°C i n  the 
aquarium u n i t s  u n t i l  a lga l  growth was apparent.  If 
there was no growth a f te r  48 hours,  o r  longer  i n  some 
cases, the tubes were discarded. 

S tep  (1) was repeated w i t h  a l l  samples tha t  were nega t ive  
i n  s tep ( 2 ) .  

If a l g a l  growth i n  a tube was apparent ,  a small p o r t i o n  
(approximately 0.1 m i l l i l i t e r )  was t r a n s f e r r r e d  t o  f resh  
medium and the incubat ion was repeated. 

After the sub-cul ture  a t t a i n e d  an  o p t i c a l  d e n s i t y  of 0.1- 
0 . 2  u n i t s  (denser  c u l t u r e s  were re-incubated as i n  s tep  ( 4 ) ) ,  
d i l u t i o n s  were made i n  s tandard medium, and 0.1 m l  o f  each 
d i l u t i o n  were streaked on s tandard agar p la tes  i n  t r i p l i c a t e  
and incubated i n  t h e  l i g h t e d  p e t r i  d i s h  incubators .  
(Standard a g a r  p l a t e s  were prepared w i t h  E l e c t r i c  Boat 
Division s tandard medium and 2.5% aga r . )  

*The composition of E l e c t r i c  Boat s tandard medium i s  given i n  
Appendix C. 
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Well i s o l a t e d  a l g a l  colonies were t r ans fe r r ed  t o  aga r  s l a n t s  
as soon as they could be seen w i t h  a d i s s e c t i n g  microscope 
a t  3OX. Slan t s  showing growth were then maintained as stock 
c u l t u r e s  on one-half s t r eng th  s tandard agar s l a n t s .  Only 
i s o l a t e d  co lonies  that appeared u n i a l g a l  and bac te r i a - f r ee  
were picked under a d i s sec t ing  microscope using obl ique t r ans -  
mit ted l i g h t i n g  as described by Henry (1933). 

To determine b a c t e r i a l  contaminants, s l a n t s  were washed and 
p l a t ed  ou t  on n u t r i e n t  agar. Some c u l t u r e s  proved t o  be 
f r e e  of b a c t e r i a  af ter  only one p l a t ing ;  o t h e r s  s t i l l  had 
a s soc ia t ed  b a c t e r i a  a f t e r  s e v e r a l  t r ans fe r s .  

Prel iminary I s o l a t i o n s  

According t o  Trainor  (1960) and Hyatt and Levinson (1961), the growth 
of some microorganisms I n  r e s t i n g  s t a g e s  may be stimulated by exposing 
them t o  heat f o r  s h o r t  per iods  of t i m e .  Therefore,  t e n  s o i l  samples 
that previous ly  d id  no t  y i e l d  growth by the  r egu la r  procedure were 
se lec ted .  Sub-samples of t hese  were then exposed t o  6OoC f o r  t e n  
minutes and Incubated i n  the regular  way. This procedure d id  not  
r e s u l t  i n  the i s o l a t i o n  of any algae from previous ly  nega t ive  samples. 

Di lu t ion  of Samples 

The poss ib l e  advantages of d i l u t i n g  soil samples be fo re  Incubat ion 
were s tudied  on the t e n  samples that gave no i s o l a t i o n s  i n  pre l iminary  
cu l tures .  The following advantages were a n t i c i p a t e d :  

1) Soils that have been heavi ly  f e r t i l i z e d  w i t h  phosphates 
have been repor ted  t o  i n h i b i t  a l g a l  growth. Di lu t ion  lowers 
the phosphate concent ra t ion.  

H i g h  concentrat ions of soil permit  many b a c t e r i a  t o  grow 
because of increased organic nu t r i en t s .  The secondary 
b a c t e r i a l  growth may i n h i b i t  a lgae  growth as a r e s u l t  of 
t h e  sec re t ion  of ant i -metabol i tes ,  by the  hydro lys is  of urea,  
o r  by d r a s t i c  pH changes. 

2) 

Ten negat ive samples were d i lu t ed  1:lO and 1:lOO and incubated i n  t h e  
r e g u l a r  way. T h i s  procedure d i d  not r e s u l t  i n  the growth of a lgae  
i n  any of t h e  t e n  cases. 

Many s o i l  samples yielded no i s o l a t e s  under the  r e g u l a r  procedure,  bu t  
o the r s  y ie lded  seve ra l  s t r a i n s .  S t reak  p l a t e s  of t e s t - tube  c u l t u r e s  
r e s u l t e d  i n  some p l a t e s  covered with a lgae  growth. Di lu t ions  of these 
c u l t u r e s  y ie lded  p l a t e s  w i t h  i so l a t ed  co lonies .  I n  some cases ,  bac t e r -  
i a l  and fungal  colonies  outnumbered t h e  algae. T r i p l i c a t e  p l a t e s  of 
each d i l u t i o n  increased the  chances of obta in ing  we l l - i so l a t ed  co lonies .  

7 



In the regular procedure, slants showing growth were washed with 
standard medium and used to inoculate a test tube in the aquarium unit. 
After growth had proceeded in the tube, an aliquot was plated on 
standard agar supplemented with 0.1% polypeptone, encouraging the 
growth of any bacteria that might have been present. The stock 
cultures that resulted were apparently bacteria-free, unialgal, and 
able to grow at high temperatures in intense light and in the absence 
of soil nutrients. Stocks of isolated cultures were maintained 
on dilute standard agar slants in dim light to prevent rapid growth 
and eventual loss of viability. 

The cellular morphology was observed from cells grown on slants, in 
test tubes, and in the liquid phase of slants flooded with medium 
and incubated to induce formation of motile phases. Cultures in 
test tubes kept in the dark at room temperature were also used for 
motility determinations. Nigrosine and iodine stains were used to 
detect capsules and internal starch formation. 

GROWTH RATE DETERMINATIONS 

The rate of production of algal cellular material is directly related 
to the rate of  photosynthesis. However, the rate of  production of 
cells can be much more easily and accurately measured than gas ex- 
change in small scale runs. Rate o f  growth therefore was determined 
as a preliminary criterion for the selection of desirable strains. 

Measurement o f  Growth Rates 

Growth rates for the various isolates were determined in the aquarium 
units. The increase in optical density as a function of time was 
determined with a Fisher Electrophotometer at 550 millimicrons. 

Growth rate determinations were standardized to insure measurements 
on actively growing cells. Stock cultures were first transferred 
onto fresh slants. The new growth on the fresh slants was washed 
o f f  with standard medium and used to inoculate test tubes in the 
aquarium. 

When the test tube cultures had grown to reasonable density, a second 
tube was lnoculated and incubated. When this second sub-culture had 
grown to reasonable density (after 24-48 hours), a set of  four or more 
test tubes was inoculated with varying small amounts of the culture. 
These cultures were grown overnight and their optical densities 
measured in the morning. This measurement was made by removing a 
tube from the rack, wiping it dry, and placing it directly in the 
Fisher Electrophotometer. 
dimensions; tubes of adequate optical quality can be selected from 
stock lots with little difficulty,) 
of the light path during the photometric reading. 

(The 100-ml tubes are of the appropriate 

The gassing tube was raised out 
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Some cultures, those that had received an inordinately heavy inoculum, 
were too dense after overnight growth; these were not diluted but dis­
carded, since sterile technique was striven for in the growth measure­
ments. Most tubes would have attained a density of about 0.1 units, 
but some few were less dense after overnight growth. Optical density 
readings were made hourly for periods from three to 14 hours, usually 
for eight hours. No further readings were made after cultures attained 
a density corresponding to full scale on the photometer. The relation­
ship between packed cell volume (PCV) and optical density for Chlorella 
71105 (given in Appendix D) is non-linear. The significance of this 
relationship to growth rate determinations is discussed in a later 
section. 

The protocol used in the growth measurements was suitable from the 
standpoint of the effective use of available facilities and scheduling 
of steps in the procedure. The us e of pure cultures, while obviously 
to be deSired, gave rise to s ome problems. Autoclaving medium con­
taining urea undoubtedly resulted in different degrees of hydrolysis. 
The amount of evaporation from tubes varied in spite of provisions for 
saturating the air-C02 mixture with water vapor at the growth temper­
ature. The water loss was not made up before optical denSity measure­
ments becuase of the difficulty of maintaining sterility while making 
periodic additions t o cultures. No correction factor for volume was 
applied t o optical density readings, but tubes whose evaporation loss 
was estimated in excess of 15% were not measured. 

As growth rate determinations were being made, qualitative observations 
were made on cultural characteristics such as clumping, sticking, and 
settling tendencies of cells. An example of a desirable and undesirable 
cultural characteristic is given in Figure 1. The culture on the left 

FIGURE I 

UNDESIRABLE AND DESIRABLE\ 
GROWTH 

exhibi ts undesirable clumping and settling; the 
other exhibits a desirable uniform distribution. 

Estimation of Growth Rates 

If a single algal cell is considered to divide to 
form two cells with a characteristic frequency 
(this is not strictly correct for many unicellular 
algae), the number of cells in a culture, N, at 
the end of an increment of time, t, is determined 
by the initial number, No, multiplied by 2 raised 
to a power, n, the number of doublings in time, t. 

If logarithms to the base 2 are taken; 
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If periodic measurements of cell numbers are made, n can be calculated. 
Where the period of time is projected to 24 hours, n is the number of 
doublings per day, the growth rate constant of Myers (1957). This 
number is constant during the so-called logarithmic phase of population 
growth; if growth is observed during the log phase, the slope of the 
line relating log N to time is a direct measure of n or k (generation 
time). It was hoped that cell numbers could be measured in such a 
way that optical density would be a log function of the number of cells 
in the light path of the Fisher Electrophotometer. At 550 millimicrons 
the relationship between optical density and concentration proved to 
be curvilinear as shown in Appendix D. The relationship was un­
fortunately not logarithmic; a plot of log concentration against optical 
density was also curvilinear. In any case, optical density readings 
can be converted to concentrations for the calculation of kJ but in 
our case, the hourly increment in optical density did not increase with 
time as it should during the logarithmic phase of growth but remained 
constant, as shown in the section on results. This fact coupled with 
the curvilinear but nonlogarithmic relationship between optical density 
at 550 ~ and concentration suggests that the range of culture densities 
used fell between the logarithmic phase and the linear phase of the 
growth curve for Chlorella and other strains of algae cultured in our 
set-up. This precluded any realistic estimate of k. Dr. Jack Myers 
in a personal communication has pOinted out that relative growth in 
the linear phase may be a better index than the logarithmic growth 
constant for predicting the usefulness of an alga for the photosynthetic 
gas exchange application. 

Since determination of conventional growth indices was precluded, 
growth rates were evaluated in three ways : 

1) 

2 ) 

3 ) 

The equation and slope of the regression line was obtained 
from the optical density measurements on four replicate 
cultures . 

The arithmetic mean of the hourly increments in optical 
density during the entire growth- rate determination period 
was calculated. 

The maximum growth increment over any hourly reading was 
also noted as an indication of the maximum growth rate 
potential. 

All three of these indices were considered in assessing the potent ial 
usefulness of the vari ous cultures . 
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MANOMETRIC STUDIES 

Oxygen production rates of three promising cultures were compared 
with Chlorella 71105 in a Bronwill illuminated Warburg apparatus. 
The following procedure was followed during the manometric studies: 

Dilute cell suspensions were cultured in the aquarium unit 
to obtalnan activelygrowlng culture with an optical density 
Of 0.17-0*27 units. 

Cellular dry weight determinations were made from an aliquot 
of the suspension. This procedure is outlined in Appendix E. 

Carbonic anhydrase with an enzyme activity of 1300 Phllpot 
units per milligram was added to a stock mixture consisting 
of three parts 2.5 as rec- 
ommended by D r .  Dean Burk in a personal commcnicat?on. The 
final concentration of carbonic anhydrase was approximately 
one milligram per ten milliliters. 

Triplicate double sidearm flasks were inoculated with 1.6 
milliliters of cell suspension in the main body of each 
flask; 0.2 milliliters of  the enzyme-substrate mixture 
were added to each of the two flask sidearms and also to the 
center well. 

KHCO3 and one part 2.5 M K2C0 

The manometers and flasks were then attached to the shaker 
apparatus. Flasks were immersed in the water bath and 
agitated at 38.5OC for 30 minutes to allow the carbon dioxide 
concentration in the f lasks  to reach equilibrium. 

The apparent photosynthetic rate was determined using the 
standard manometric techniques described in Umbreit, et a1 

The photosynthetic rate of the algae tested was expressed in 
terms of 
oxygen evo ed per hour per milligram of dry cellular material. 

-- 
( 1959 I 

value which is defined as the microliters of 96 
During the manometric studies, steps 3 )  and 4) above were done as 
rapidly as possible to conserve carbon dioxide in the flasks. Gas 
saturated cultures were pipetted directly Into the Warburg flasks. 
The carbonic anhydrase solution was added to the flasks immediately 
after mixing, and the manometers were attached immediately after the 
mixture was added. 

An analysis of the gss phase within the flasks at equilibrium was done 
with a Perkin-Elmer Model 1544 Vapor Fractometer. 
mixture contained approximately 1.5% carbon dioxide. 

The equilibrium 

11 



RESULTS AND DISCUSSION 

Some 40 thermophilic algae cultures were subcultured and growth 
measurements were made on 33. Although most types were Chlorella-like 
in morphology, Oijcystis, filamentous blue-greens, Chlamydomonas, 
Chlorococcum, and Palmell.ococcus-like forms were also isolated. The 
morphology of the isolates i s  treated below. Some of the isolates 
are shown in Figures 2 through 8. Samples were screened at 38.5, 45, 
and 5OOC, but all cultures except one were isolated at 38.5OC. The 
one 45OC strain, a filamentous blue-green, was deemed unsuitable be- 
cause it grew poorly and adhered to the test tube as a mat. 

MORPHOLOGY OF THE ISOLATES 

Oscystis-like 2156. This culture is grass-green in color and consists 
of nonmotile, solitary, ellipsoidal cells over 10 microns long. The 
cell wall is smooth and thin with cells occasionally having small 
polar nodules. Reproduction is by cell division with the parent cell 
containing many autospores. One chloroplast is present. 

Oscillatoria-like 3292. The blue-green culture grows as an inter- 
woven filamentous adhering mat. The straight, uniserate, unbranched 
trichomes have hundreds of cells and are without a sheath or heterocysts. 
The trichomes have a very uniform diameter throughout. Pigments are 
not localized in definite chromatophores and no flagellated cells 
were observed. 

Chlamydomonas 13123. This microorganism consists of green algae having 
different stages: a motile zygote, palmella stage, and resting zygote. 
Motile cells are biflagellate, solitary, ellipsoidal and usually con- 
tain an eyespot at the base of the cell. Union of motile cells was 
occasionally observed, and asexual reproduction with formation of four 
or more daughter protoplasts within the parent cell wall was common. 
Palmella stages predominated at 38.5OC, but motile cells were released 
at room temperature. This indicates that 38.5Oc is not the optimum 
temperature f o r  this organism. Resting zygotes were not green, but 
appeared colorless. This isolate is shown in Figure 2 under 440 X. 
Chlorococcum-like 12223. The solitary, spherical, green cells re- 
produced by forming autospores commonly and zoospores rarely. The 
cell wall is smooth. Cells have cup-shaped parietal chloroplasts. 

Palmdlococam-like 1115. The solitary, ellipsoidal, smooth-walled 
cells are nonmotile and contain one or more chloroplasts. Repro- 
duction is by formation of autospores. 

12 
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FIGURE 2 

ACTiVELY GROWING CHLAMYDOMONAS 13123 CUL­
TURE, SHOWING REPRESENTATIVE MORPHOLOGICAL 
TYPES. NOTICE PREDOMINANCE OF RESTING AND 
PALMELLA STAGES INDICATING THAT GROWTH CON­
DITIONS WERE NOT OPTIMUM. 

FIGURE 3 

CHLAMYDOMONAS 13123 MOTHER CELL 
OBSERVED UNDER 970 x . 

13 

FIGURE 4 

CHLAMYDOMONAS 13123 MOTILE CELLS 
RELEASED FROM MOTHER CELL WHEN 
THE CULTURE WAS PLACED AT ROOM 
TEMPERATURE. 
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FIGURE 5 
MIXED CULTURE GROWING IN LIQUID 
ON PRIMARY ISOLATION OBSERVED AT 
440x . NOTE DIVERSE MORPHOLOGY 
OF CELLS. 

FIGURE 7 

13118 OBSERVED UNDER 970 x . 

----- ._._- --

14-

FIGURE 6 

UNIDENTIFIED GREEN ALGAE ISOLATE 
13118 OBSERVED UNDER 440x. LARGE 
MOTHER CELLS AND SMALL DAUGHTER 
CELLS ARE SHOWN . 

FIGURE 8 

A CULTURE THAT WAS REJECTED BE­
CAUSE OF EXCESSIVE CLUMPING, 12322, 
OBSERVED UNDER 440x . SINCE THE 
MASS OF CELLS EXTENDS IN THREE 
DIMENSIONS, ONLY A FEW REPRESENTA­
TIVE ONES ARE CLEARLY SHOWN. 
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Chlore l la - l ike ,  Most s o i l  i s o l a t e s  were i n  this group. The s p h e r i c a l  
t o  e l l i p s o i d a l  c e l l s  have a s ing le  p a r i e t a l  cup-shaped ch loroplas t ,  
Reproduction i s  by means of autospores. 

I n  add i t ion ,  many thermophilic a lgae  propagated on primary i s o l a t i o n ,  
b u t  could not be maintained on s tandard medium. Included i n  t h i s  
group were a lgae  that  were similar t o  Hormidium, Te t r aa l l an tos ,  
Scenedesmus, and o t h e r  genera. No growth measurements could be  made 
on these  cu l tures .  

GROWTH MEASUREMENTS 

The r e s u l t s  of  growth measurements are given i n  Tables 1-5. Each 
run Included a group of r e p l i c a t e  c u l t u r e s  o f  Chlore l la  71105. T h i s  
set w a s  included w i t h  each run t o  provide a c o n t r o l  on each ba tch  of 
medium; our  misgivings about var iab le  hydro lys is  of urea have a l r eady  
been mentioned. The r e s u l t s  i n  the t a b l e s  represent  average values  
over  t h e  set  of r e p l i c a t e s .  
been included i n  t h e  t ab le s ,  s ince  there was an  apparent  bu t  weak and 
v a r i a b l e  tendency f o r  dense cu l tu re s  t o  produce g r e a t e r  hourly i n -  
crements i n  o p t i c a l  density.  This  is exac t ly  w h a t  would be expected 
wi th  c u l t u r e s  i n  the  log phase. The ca l cu la t ed  least squares re- 
g res s ion  between o p t i c a l  densi ty  and time was l i n e a r ,  however, i n  
a l l  b u t  t h e  f e w  cases  that a r e  noted i n  the tables. 
no regress ion  l i n e  s lope  I s  given. 

From Table 1, a l l  s t r a i n s  are deemed worthy of f u r t h e r  a t t e n t i o n  ex- 
cep t  1311 and 12227. It is noteworthy that the maximum hourly l n -  
crement serves t o  d i s t i n g u i s h  fast-growing from slow-growing s t ra ins  
as wel l  as the  average increment o r  t h e  s lope  of t h e  regress ion  l i n e  

The average i n i t i a l  dens i ty  has a l s o  

For these  cases ,  

does. 

Table 1 

Growth Rate Determinations; Run 1 

Organ 1 sm 
71105 
1116 
1311 
1161414 
12227* *** 
1311@* 
13119* 
1313Or+ 
*Regre 8 s i o  

l i n e a r 1  t y  

Mean I n i t i a l  Regression Mean Hourly Maxlmum Hourly 
Density Line Slope Increment Increment 

0.15 0.087 0.11 0.19 
0.22 0.11 0.12 0.26 
0.00 0.031 0.033 0.09 
0.12 0.085 0.085 0.18 
0.17 -- 0.055 0.12 
0.13 0.089 0.088 0.20 

0-  077 0.19 0.17 -- 
0.12 0.11 0.12 0.20 

1 of o p t i c a l  dens l ty  on t i m e  depar ted  s i g n i f i c a n t l y  from 

**See a l s o  Run 2 
***See a l s o  Run 5 
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From Table 2,  only s t r a i n  32411 seems worthy of' note;  aga in  t h e  maxi- 
mum hourly increment as we l l  as s lope  d i s t i n g u i s h e s  t h e  fast-growing 
s t r a in .  

Table 2 

Growth Rate Determinations; Run 2 
, 

Mean Initial Regression Mean Hourly Maximum Hourly 
O.-ganlsm Density Line Slope Increment Increment - 
71105 0.21 0.059 0.090 0.22 

1319 0.09 0.036 0.039 0.10 
2159* 0.25 --  0.027 0.11 

13118** 0.25 0.019 0.023 . 0.09 

32411 0.38 0.086 0.099 0.25 
13130** 0.11 0.038 0.053 0.13 

*Regression of optical density on time departed significantly from 
linear1 ty . 
* * S P P  a l s o  R i i n  1 

I n  Table 3, regress ion  l i n e  s lope  and mean hourly increment a a l l  
a t t e n t i o n  t o  a l l  bu t  2156 and 13123B. The m a x i m u m  hourly increment 
of 0.19 f o r  c u l t u r e  13123B suggests  t h a t  t h i s  s t r a i n  Is, also worthy 
o f  f u r t h e r  a t t e n t i o n .  

Organism 

71105 
1235C 

3241 
3242A 
3242B 
13123B 

2156 

21511~ 

Table 3 

Growth Rate Determinations; Run'3 

Mean Initial Regression . 
Dens 1 ty Line Slope  

0.48 0.14 
0.27 0.084 
0.15 0.065 
0.52 0.10 
0.10 0.082 
0 -  33 0.089 
0.14 0.062 
0.72 0.12 

wean Hourly 
Increment 

0.15 
0.094 
0.064 
0.11 
0.0b5 
0.086 
0.073 
0.12 

Maximum Hourly 
Increment 

0.18 
0.20 
0.14 
0.19 
0.14 
0.20 
0.19 
0.  I b  

Regression l i n e  s lope  values  i n  Table 4 s i n g l e  out  1115, 1167, 
and 12329. S t r a i n  l l l 9 A  should obviously be added t o  the  l i s t  

3246, 
because 

of Its-mean and maxim& hourly increment: 
1115 and 11615 seem noteworthy. 

I n  Table 5, only s t r a i n s  
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Organism 

71105 
1115* 

1167 
1318 

ll l9A 

3246 
12329 
13122 

Table 4 

Growth Rate Determinations; Run 4 

Mean Initial Regression Mean Hourly Maximum Hourly 
Denaity Line Slope Increment Increment 

0.48 -- 0.10 0.17 
0.45 0.11 0.11 0.14 
0.27 -- 0.071 0.17 
0.30 0.084 0.083 0.13 
0.11 0.034 0.034 0.06 
0.32 0.093 0.092 0.16 

0.20 0.043 0.052 0.08 
0.29 0.084 0.084 0.14 

*See also Run 5 

OrRanism 

71105 
196A 
196B 
1115* 
11615 
1222?* 

21510 , 
21512 
32412 

Table 5 

Qrowth Rate Determinations; Run 5 

Mean Initial 
Density 

0.32 

0.08 
0.22 
0.14 
0.22 
0.11 
0.11 

0.17 

0. oa 

Regression 
Line Slope 

-- 
0-  049 
0.030 

0.058 

0.056 

-- 

0.052 

0.031 
0.013 

Mean Hourly 
Increment 

0.10 

0.053 
0.036 
0.098 
0.061 
0.028 

0- 055 
0.046 
0.019 

Maximum Hourly 
Increment 

0.16 
0.12 
0.06 
0.18 
0.11 
0.06 
0.08 

0.07 
0.04 

**See also Run 1 
*‘see also Run 4 

In all runs, 18 strains comDared favorably with Chlorella 71105 in 
linear growth rate. 
3242A, 3242B, 3246,11614A, 11615, 13329, 13118, 13119, 13123B, 31130, 
2l5llB, and 32411. With the exception of 1115, which is Palmellococcus- 
like and 13123B, which is Chlamydomonas-like, all of  these strains are 
Chlorella-like. Strain 13123B grew rapidly but primarily in the form 
of  mother-cells. That condition indicates a suboptimal chemical or 
physical environment. Future work with 13123B and other promising 
strains should begin with growing the algae in other media, especially 
calcium-rich media. The standard medium used in the screening con- 
tained only trace amounts of that element. 

These are 1115, 1116; 1119A, 1167, l235C9-3241, 
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MANOMETRIC STUDIES 

Strain of Algae 

71105 
1115 
11615 
12227 

Bo2 
Optical Density of 

Suspension 

0.22 188 
0.17 200 
0.27 180 
0.23 176 

The rates of oxygen production observed are equivalent to the pro- 
duction of 0.18, 0.19, 0.17 and 0.17 mg cells/mg/hour f o r  strains 
71105, 1115, 11615, and l2227, respectively. This equivalence has 
been based on the observation in Part I of this reportkhat 1.03 
liters of  oxygen on the average are produced in the production of 
1.0 gm of dry cellular material. The rate of production 

of  oxygen observed f o r  the four strains corresponds to a growth rate 
of about six doublings per day. The light intensity used for the 
manometric studies was limited by the design of the water bath to 
about 800 foot candles. 
characteristic f o r  Chlorella 71105 at 800 foot candles. 

It is especially noteworthy that strain 12227 did not grow impressively 
in the aquarium unit at 2000 foot candles. Its growth was measured 
twice, in runs 1 and 5. In short-term measurements in the manometric 
apparatus it grew nearly as well as Chlorella 71105 and two other 
strains, 1115 and 11615, both of which were singled out on the basis of 
growth in test-tube experiments. 

A growth rate of six doublings per day is 
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INTRODUCTION 

The purpose of t h e  mutation study was twofold: 

1) T o  clttempt to induce mutants t h a t  would grow wel l  a t  
tempfratures  higher  than Chlore l la  71105's optimum 
temperature. Such mutants could reasonably be expected 
t o  have high growtl) r a t e s  and t o l e r a t e  extremely b r i g h t  
l i g h t .  

Chlore l la ,  s ince  t h i s  basic  information has  u s e f u l  app l i -  
ca t ions  to closed ecosystems i n  space. 

2 )  To determine the  e f f e c t  o f  u l t r a v i o l e t  i r r a d i a t i o n  on 

In  na tu re ,  undirected,  spontaneous mutations may be a n t i c i p a t e d  
r a r e l y  i n  microorganisms. However, it i s  well known t h a t  t h e  number 
of mutations may be i i?cr?ased several  hundredfold by exposure t o  
xutagenic agents ,  31 f i i ? t  both spontaneous and induced mutations 
a r e  almost i nvs r i  317' i*-ietcJrious.  Cases a r e  known, however, i n  
1vh:cI-i Iheneficial m i i t - - ;  i o n s  have been produced. 

Induced rnutat i o m  of 11.i croorcanisms have been p a r t i c u l a r l y  usefu l  
for e l u c i d a t i n g  pdtiir.<l?;z i n  intermediary metabolism, for obtaining 
photosynthet ic  and chlorophyl l  mutants, and f o r  ob ta in ing  increased 
y i e l d s  i n  t h e  fermentation industry.  With high-temperature mutants 
of Chlore l la  71105,the weight and bulk of a photosynthet ic  gas 
exchanger could be minimized because 1) l e s s  volume of c u l t u r e  
would be required,  and 2 )  
contac t  with t h e  high i n t e n s i t y  l i g h t  source or i t s  equiva len t  i n  
s o l a r  r a d i a t i o n  without s o l a r i z a t i o n  of t h e  cu l tu re .  

Friedman (1960) s tudied  thermophilic b a c t e r i a  and t h e i r  mesophilic 
mutants; it was e s t ab l i shed  t h a t  the p r o t e i n  of thermophiles w a s  
more hea t -s tab le .  The high-temperature p r o t e i n  had a d i f f e r e n t  
sequence and percentage composition i n  its cons t i t uen t  amino ac ids ,  
r e s u l t i n g  i n  more favorable  conditions for hydrogen bonding. Hydro- 
gen bonding repor ted ly  s t a b i l i z e s  p r o t e i n  h e l i c e s  and p r o t e c t s  t h e  
s t r u c t u r e  from denatura t io l , .  

Chlore l la  71105 was used for t h e  mutation s t u d i e s  because a un ice l lu -  
l a r ,  nonmotile, thermophil ic ,  coccoid form would b e s t  meet t h e  
requirements of a photosynthet ic  gas exchanger for closed-cycle  

t h e  organisms could be placed i n  c l o s e r  
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ecological systems (Benolt et al, 1960). 
Individual small spherical cells are: 

Some of the advantages of 

1) They have greater surface area per cell volume, cellular 
wastes (including oxygen) and nutrients may be exchanged 
with the environment very rapidly. 

Intracellular transport within small unspecialized cells 
is also facilitated. 

2) 

In particular, Chlorella 71105 is especially suitable f o r  use in photo- 
synthetic gas exchangers because: 

1) It has a simple asexual life cycle. 

2) It maintains rapid uniform growth In liquid media. 

3) It shows relatively little tendency to float, settle, or 
stick to surfaces in culture vessels. 

4) It has the highest reported growth rate and concomitant 
oxygen production rate per unit uantity of cell material 
of any organism so far reported 7Sorokin and Myers, 1953; 
Sorokin, 1959). 

Ultraviolet was used to induce mutants in the present work f o r  the 
following reasons! 

1) It has been used successfully by many investigators f o r  
inducing mutants of Chlorella (Granick, 198; Davis, 19523 
Bogard and Granick, 1953; McLeod and McLochlen, 1959). 

2) It is simpler and safer to use than X-rays and most muta- 
genic chemicals. 
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EFFECTS OF ULTRAVIOLET RADIATION 

The shor t  u l t r a v i o l e t  source used, a Thomas C - 8 1  U l t r a  i o l e t  Lamp 
equipped w i t h  a f i l t e r ,  was ra ted  t o  d e l i v e r  163 x 10-8 jou les  pe r  
second p r cm2 t o  a t a r g e t  18 inches away. This energy i s  p r imar i ly  
a t  2537 5 
consequenily it received 9 t i m e s  t h e  amount of energy a s  a t  
18 inches.  TQis  i s  equal t o  g(163) x = 1467 x 10-b j o  e s  per  
second per  cm . The energy ava i lab le  a t  2537 8 i s  78 x lo-’’ jou les  
pe r  photon. P a r t i c l e s  a t  th i s  energy l e v e l  a r e  non-ionizing; t h e i r  
mutagenic e f f e c t s  a r e  t h e  r e s u l t  of e x c i t a t i o n s  i n  complex organic 
molecules i n  which e l ec t rons  a r e  r a i sed  t o  a s t a t e  of h igher  energy. 
Chemical changes may occur i n  t h e  a f f ec t ed  molecules, but most exc i ted  
molecules r e t u r n  t o  the  o r i g i n a l  condi t ion  without permanent a l t e r a -  
t i o n .  In  such cases ,  excess energy i s  d i s s ipa t ed  i n  t h e  form of hea t .  

Absorption of u l t r a v i o l e t  r ad ia t ion  by c e l l u l a r  components depends on 
t h e i r  chemical s t r u c t u r e ,  s ince  a quantum of a given energy w i l l  only 
be absorbed by e l ec t rons  possessing t h e  proper  a c t i v a t i n g  energy, 
which i s  determined by intra-atomic and inter-atomic forces .  Nucleic 
ac ids ,  for example, absorb u l t r a v i o l e t  s t rongly  through t h e i r  purine 
and pyrimidine r ings .  The mutagenic rays  produce changes i n  t h e  
deoxypentose nuc le ic  ac ids  local ized i n  t he  c e l l  nucleus. 

Among o the r  e f f e c t s ,  these  genet ic  changes could be r e f l e c t e d  i n  
abnormal p ro te in  metabolism. Since DNA determines the  t r ans -  
mission of inhe r i t ed  c h a r a c t e r i s t i c s ,  abnormali t ies  such a s  a l t e r e d  
p r o t e i n  metabolism would be passed on t o  the  progeny. 

W e  placed t h e  t a r g e t  suspension 6 inches from t h e  source,  
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PREPARATION OF CULTURES FOR I R R A D I A T I O N  

During t h e  l i f e  cycle  of Chlore l la ,  a number of s t a g e s  occur.  
Ind iv idua l  c e l l s  pass  through s t ages  t h a t  d i f f e r :  

1) 

2 )  i n  photosynthet ic  a c t i v i t y  (Sorokin, 1 9 y ;  Sorokin and Myers, 

i n  growth r a t e  and metabolic a c t i v i t y  (Tamiya, -- e t  a l ,  1953; 
Sorokin, 1957; Sorokin and Krauss, 1959), 

1957 , 
3) i n  s e n s i t i v i t y  t o  environmental f a c t o r s  (Pirson,  -- e t  a l ,  

1959) 5 

4)  i n  accumulation of nuc le i c  ac ids  (Hase, e t  a l ,  1957), and 

5) i n  chlorophyl l  content  (Myers, 1946). 

Since u l t r a v i o l e t  a f f e c t s  nuc le ic  ac ids ,  c e l l s  i n  varying s t a t e s  of 
nuc le ic  ac id  syn thes i s  should have varying s e n s i t i v i t y  t o  i r r a d i a t i o n .  
However, the  r e l a t i v e  s e n s i t i v i t y  of t h e  var ious  s t ages  i n  the l i f e  
cycle  i s  unknown. 
t h e r e f o r e  exposed t o  i n su re  t h e  i r r a d i a t i o n  of some of each type.  

A heterogeneous populat ion of  c e l l  types  was 
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MATERIALS AND METHODS 

Elapsed 
Time 
(hours) 

1 
2 

2: 5' 
5.5 

Cultures of Chlorella 71105 were aseptically grown at 38.5OC in the 
illuminated water bath incubator described in a previous section. All 
media used were prepared with water that'had been passed through a 
mixed-bed ion exchange resin, and were sterilized by autoclaving after 
addition of  0.01 ml/L Dow-Corning Antifoam B. 

Mean C e l l  Per Cent of Sample st Indicated Cell Diameter 
Diameter Standard . 
(microns) Deviation 1.5P 2.251~ 3.W 3.751~ 4.W 5.251~ 6.W 6.751~ 7.51~ 8.251~ 

5.7 0.75 0 0  0 3  13 17 3 0  
5.7 0.71 0 0  0 0  

4 0 0  5.4 
5.4 ' 0.93 0 0  0 7  
5.7 0.60 0 0  0 0  

0.60 0 0  0 0  21 43 2: 13 0 0 
0 0  

CELLULAR MORPHOLOGY 

Cultures were grown to an optical density of 0.1 units on a Fisher 
Electrophotometer at 550 mp. These cultures were considered to be In 
the logarithmic phase of growth. An actively growing, light-saturated 
culture was divided in half: one portion was left in the light as a 
control, and a second portion was transferred to a capped, painted, 
opaque tube; both were gassed and incubated in the light. 

Samples of both cultures were cooled in an ice bath and examined 
microscopically during the 5-l/2 hour experimental period. Cell 
diameters were determined at a 970X magnification using a calibrated 
eyepiece. 

To obtain a mixed culture of "light" , "dark" , and intermediate cells, 
light cells were treated as follows. A culture of light cells was 
cooled in an ice bath, diluted to an optical density of 0.10, and 
mixed 1:l with a cooled culture that had been in the dark for 5-l/2 
hours. Cultures were cooled because Sorokin (1959) demonstrated this 
treatment prevents cell division. 

Table 7 shows that the diameters of light cells fell almost entirely 
between 4.0 and 6.0 microns over the entire time the culture was ob- 
served. Under these conditions, the culture remained homogeneous and 
was deemed unsuitable for exposure to ultraviolet radiation, because 
it did not contain all representative cell types. 

I Table 7 

Cell  Diameters i n  Culture G r o w n  
a t  Saturating Light Intensity 

t I 1 I I 
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Table 8 summarizes the  r e s u l t s  obtained when a p o r t i o n  of t h e  Same 
c u l t u r e  was placed i n  the  dark .  The most s t r i k i n g  change i n  c e l l  d ia-  
meter occurred during the  f i r s t  hour of darkness ,  b u t  a new c l a s s  of  
extremely small c e l l s  was observed a f t e r  5-l/2 hours l n , t h e  dark.  
The r e s u l t s  of Table 8 a r e  shown g r a p h i c a l l y  in Figure 9 .  The t r e n d  
toward a population w i t h  small-diameter c e l l s  as a r e s u l t  of d a r k  In- 
cubat ion can be seen .  

Mean C e l l  
Diameter Standard 
(microns) Deviation 

Elapsed 
Time 

(hours ) 

Per Cent of Sample a t  Indicated C e l l  Diameter 

1 . 5 ~  2 . 2 5 ~  3 .w 3 . 7 5 ~  4.W 5 . 2 5 ~  6.01~ 6 . 7 5 ~  7 . 5 ~  8 . 2 5 ~  

1 
2 

2: i: 
5-5 

I 4.1 0.78 I o  0 21 26 ?: 8 0 0 0 0  
0 0  27 18 0 5 0  0 0  4.0 I 0.78 

4.5 0.77 52 0 15 0 0 

3.4 0 0  
; %  38 7 0 0 

0 0  
0 0  
o 6 3 7 3 1  25 o o o 

4 . 1  

A mixture of equal  amounts of  l i g h t  and 
dark c e l l s  was made. Table 9 shows the  
d i s t r i b u t i o n  of c e l l  s i z e  i n  t h e  mixture.  
The mean s i ze  of t h e  mixture was 4 .8  mic- 
rons ,  and the d i s t r i b u t i o n  bimodal. The 
mixture contained a l l  c e l l  types ( s i z e s )  
and was deemed s u i t a b l e  f o r  exposure. 

An example o f  the  method used t o  calcu-  
l a t e  the  data i n  Tables 7 and 8 can 
be found i n  Appendix F .  

D i s  trlbutlon 
of Cell Sizes i n  a Population 
of Mixed Light and Dark Cella 

C e l l  Diameter Observed Frequency 
(microns ) (percent) 

2.25 1 ;;z5 

3.8 
15.1 

18.9 
17.0 

INACTIVATION CURVE PROCEDURE I z5 21 1 
6.75 
7.5 Cel l s  were grown t o  ob ta in  a mixture o f  

l i f e - c y c l e  types as descr ibed i n  the  pre-  
vious sec t ion .  The d i l u t e d  mixture (approximately 116,000 cel ls /ml)  
i n  s tandard medium was then placed i n  open p e t r i  dishes s ix- inches 
from t h e  u l t r a v i o l e t  lamp. P l a t e  counts were taken dur ing  the  expe r i -  
ment using t h e  s tandard  medium as a d i l u e n t  and s tandard a g a r  as a 
p l a t i n g  medium. Standard d i l u t i o n  and p l a t i n g  methods were used t o  
determine the v i a b l e  c e l l  count during the exposure pe r iod .  A l l  p l a t e s  
were prepared i n  t r i p l i c a t e  by spreading 0 . 1  m l  of each d i l u t i o n  over  
t h e  a g a r  sur face ,  allowing it  t o  d r y ,  and incubat ing i n  l i g h t  a t  3 8 O C  
f o r  f i v e  days before counting the co lon ie s .  

The r e s u l t s  of the i n a c t i v a t i o n  curve experiment are shown i n  Table 10 
i n  the Resul ts  s e c t i o n .  An equat ion descr ib ing  t h e  i n h i b i t i o n  of 
Chlore l la  71105 by u l t r a v i o l e t  i r r a d i a t i o n  is a l s o  der ived.  
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FIGURE 9 

EFFECT OF INCUBATING A LIGHT-SATURATED CULTURE IN THE DARK 

PROCEDURE FOR MUTATION 
Twenty-five m i l l i l i t e r s  of  mixed synchronized c e l l s  were cons t an t ly  
a g i t a t e d  during exposure periods adequate f o r  33$, 66% and 9% k i l l .  
Cul tures  were then  d i l u t e d  1:l with f r e s h  medium and incubated i n  t h e  
aquarium u n i t  a t  45OC and 5Ooc f o r  48 hours. Following t h i s  incuba- 
t i o n  per iod ,  c u l t u r e s  were d i lu t ed  with f i v e  p a r t s  of  f r e s h  medium and 
incubated an a d d i t i o n a l  f i v e  days. 

Following a s i m i l a r  exposure per iods,  o the r  i r r a d i a t e d  c e l l s  were 
f i r s t  i ncuba ted . fo r  24 hours a t  38.5Oc, 45OC,and 5 0 O C  as descbibed above. 

The pre- incubat ion a t  38.5OC was deemed necessary because some mut- 
a n t s  do not express  phenotypic change i n  t h e  f i rs t  f e w  c e l l  d i v i s i o n s  
fol lowing exposure to u l t r a v i o l e t  (Demerec and L a t e r j e t ,  lQ46). 



Since hea t  s t a b i l i t y  implies a l t e r e d  p r o t e i n  s t r u c t u r e ,  it seemed 
l i k e l y  t h a t  a high-temperature mutant would have an a l t e r e d  amino- 
ac id  metabolism and poss ib ly  a pept ide o r  amino-acid dependence. 
Therefore,  cu l tu re s  were t r e a t e d  a s  descr ibed  above (wi th  and with-  
out pre-incubation) and cu l tured  i n  media supplemented w i t h  e i t h e r  
ac id  hydrolyzed c a s e i n  ( a source of amino a c i d s ) ,  o r  an enzymatic 
d iges t  of casein ( a source of pept ides  and amino a c i d s ) .  
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RESULTS A N D  DISCUSSION 

The u l t r a v i o l e t  exposure f igures  shown i n  Table 10 i n d i c a t e  t h  t 

??le equat ion  desc r ib ing  t h e  k i l l i n g  ra te  i s  developed i n  Appendix G 
and shown g raph ica l ly  i n  Figure 10. The r e s u l t s  of the  u l t r a v i o l e t  
exposure i n d i c a t e  t h a t  d i r e c t  sunl ight  i n  space,  o r  growth under 
lamps which emit a high proport ion of  u l t r a v i o l e t  l i g h t ,  could 
i nh ib i t  Cho lo re l l a  71105 cu l tu re s .  O f  course,  f i l t e r i n g  by g l a s s  
and/or water would prevent i n ju ry  t o  the c u l t u r e .  

Ch lo re l l a  71105 i s  k i l l e d  by electromagnetic r a d i a t i o n  a t  3537 P 

Table 10  

I n a c t i v a t i o n  o f  Chlore l la  71105 
by U l t r a v i o l e t  I r r a d i a t i o n  

Time Surv ivors  I (min.) ( c e l l s / m l )  

0 116,000 

2 13. ooo 
560 

1 95,000 

2 200 

(General E l e c t r i c  q u a r t z l i n e  
lamps are c u r r e n t l y  being used i n  
t he  NASA photosynthet ic  gas ex- 
changer a t  E l e c t r i c  Boa t .  These ~ x l o '  

lamps do not  emit measurable 
germicidal  u l t r a v i o l e t  rad ia t ion . )  

Three p e c r i  d i shes  containing 25 
m i l l i l i t e r s  o f  a d i l u t e  c e l l  sus- 
pension were run for each of f o u r  Ixld'o ,; io ,, 1. Lo 
experiment was reDeated once. 
u l t r a v i o l e t  exposures,  and each T I Y ,  MINUTES 

m e r e f o r e ,  a t o t a i  of approxi- 
mately 7.0 x lo7  Chlore l la  c e l l s  

FIGURE 10 
THE INACTIVATION OF WWREU). ?I105 81 ULTR4VIOLET W T  

were exposed t o  u l t r a v i o l e t  dur- 
i n g  the s tudy.  
t h e  imposed condi t ions ,  including incubat ion i n  amino a c i d  and poly- 
pept ide  media. 

No high-temperature mutants were obtained under any of 

T i m e  d i d  not  permit more u l t r a v i o l e t  exposures o r  t h e  use of x-rays 
t o  ob ta in  mutants.  
t ha t  even g r e a t e r  numbers of c e l l s  could be exposed s imultaneously,  
s ince  x-rays pene t r a t e  dense c e l l  suspensions b e t t e r  t h a n  u l t r a -  
v i o l e t .  A s  a ma t t e r  of f a c t ,  a t h i c k  pas t e  of cen t r i fuged  c e l l s  
could be exposed, increas ing  the  p r o b a b i l i t y  of i s o l a t i o n  of a 
mutant. 

The advantage of us ing  x-rays would have been 



The use of mixtures of cell types had been recommended to us as 
prudent even though it seems reasonable that actively reproducing 
immature cells are most succeptible to radiation. In future work, 
the best type of life cycle intermediate for exposure should be 
established by determining the relative susceptibility of homo- 
geneous populations of synchronized cells. 
ation could then be increased by exposing the most susceptible life- 
cycle type. 

Another approach would be to concentrate synchronized cultures in a 
refrigerated centrifuge, expose the paste to x-rays in batches, and 
inoculate a large continuously diluted culture periodically with 
exposed cells, Operation of the mass culture unit at high light 
intensity and at high temperature would provide a selective envir- 
onment favorlng fast-growing mutants. 
for a period, the dilution rate would be increased to favor the per- 
sistence of the most rapidly growing cell lineages in the culture. 

The mean diameter of the cells expos d was 4 . 9 ~ :  the total target 

The frequency of mut- 

After the unit were operated 

area was thus 19 x 10-8cm2. Since the ultraviolet 
lamp used photons per second per cm2, each cell was 

per second. 

Therefore, if we define L E ~ J  as the exposure time that will kill 
approximately 9% of the cells, the LDgo in our study was approxi- 
mately 2 minutes. During this period of time each ceIl received 
4 x 1010 photons on the averager Chlorella 71105 cells, then,are 
relatively resistant to ultraviolet radiation at 2537 a under the 
conditions of this experiment. 

The IES Lighting Handbook (Illuminating Engineering Society, 1959) 
lists the relative succeptibility of 44 common molds, yeasts, and 
bacteria to ultraviolet. All the microorganisms listed had LDgo's 
lower than the Chlorella 71105 cultures; in other words, Chlorella 
is more resistant to ultraviolet radiation. 
2 minutes exposure to 14 0 x 10-6 joules/cm2/sec, is equivalent to 

mold spores have this order of resistancej vegetative stages, bact- 
eria, and yeasts are only 1/10 to 1/100 as resistant. 

The LDgo for Chlorella, 

174,000 microwatt-sec/cm 3 According to the Handbook, ohly two black 
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APPENDIX A 

CONTRIBUTORS OF SAMPLES 

The following persons generously supplied algal samples for the 
screening program: 

J. Alcade, Spain 

J. Cabanyes, Spain 

J. V. Bhat, India 

S. Minton, Pakistan 

H. Guclu, Turkey 

R. Dlkman, Turkey 

K- Birol, Turkey 

M a  Keskin, Turkey 

J- J- Fernando, Ceylon 

Be L. Elisberg, Malaya 

L- J- Wells, Jr., S. Viet Nam 

S. Taha, United Arab Republic 

C. G. Smith, Venezuela 

C. D. Vial, Chile 

B. Fernandez, Costa Rica 

R. Tanimoto, Hawaii, U.S.A. 

G. B. Fernandes, Hawaii, U.S.A. 

A. Phelps, Texas, U.S.A. 

Special recognition is due to J. L. Davenport, Charles Pfizer Co., 
Maywood, N.J. who supplied many algal samples from various parts of 
the world . 

A - 1  



Code 
Number 
As signed 

1) 741 
2 )  11161 
3 )  12201 

4 )  12202 

5 )  12203 

6 )  12204 
7 )  12221 
8 )  12222 
9 )  12223 
10) 12225 

1 2 )  12227 
11) 12226 

13) 12228 

15) 122210 

16) 122211 
17) 122212 

1 4 )  12229 

18) 122213 
19)  122214 
20)  122215 

21)  191 
22) 192 
23)  193 
24)  194 
25) 195 
26) 2155 
27) 2156 

APPENDIX B 

SOURCES OF SAMPLES 

Geographical Location 

Thompson, Connecticut 
Texas 
Milford, Conn. USFWS Ekpt. Station 

Milford, Conn. USFWS Expt. Station 

Milford, Conn. USFWS Ekpt. Station 

Milford, Conn. USFWS Ekpt. Station 
New London, Conn. 
New London, Conn. 
New London, Conn. 
New London, Conn. 
New London, Conn. 
New London, Conn. 
New London, Conn. 
New London, Conn. 
New London, Conn. 
New London, Conn. 
New London, Conn. 
New London, Conn. 
New London, Conn. 
New London, Conn. 
Denu, Nigeria 
Butte, S. Australia 
Butte, S. Australia 
Butte, S. Australia 
Roshanara, India 
Spain 
Spain 

A-2 

Type of Sample 

Pond water-algal bloom 
Moist, soil, green 
Stock culture Duniella 

primolectrica 
Stock Chlorella 
stigmatophora 

Stock Duniella 
tertialectrica 

Stock Duniella GL-2 
Greenhouse #1 soil 
Greenhouse #1 s o i l  
Greenhouse #1 soil 
Greenhouse #2 soil 
Greenhouse #2 soil 
Greenhouse #3 soil 
Greenhouse #4 so11 
Greenhouse #4 soil 
Greenhouse #5 soil 
Greenhouse fi soil 
Greenhouse fi soil 
Greenhouse fi soil 
Greenhouse fi soil 
Greenhouse fi soil 
Soil 
Soil 
Soil 
Soil 
S o i l  
Soil 
Soil 



Code 
Number 

Assigned 

2157 

2241 
2242 
3243 
3244 
3 245 
3246 
3 247 
3248 
3249 
32410 
32411 
32412 
C3 2 
196 
197 
198 
199 
1910 
1911 
1912 
19 13 
1914 
1915 
1111 
1112 

2158 

1113 

1115 
1116 

1114 

APPENDIX B (CONT) 

QeOgraphiCal Location 

Hawaii 
Hawaii 
Ceylon 
Ceylon 
UAR 
UAR 
Kepong, Malaya 
Sentosota ,  Malaya 
Adana 
Van, Turkey 
Izmir-Narlikdere, Turkey 
Afyon, Turkey 
E l  Sombrero, Venezuela 
San Juan, Venezuela 
Japan 
Kingsway, Ind ia  
Ashoka, Ind ia  
Rohtak, Ind ia  
India  
Denn, Nigeria  
Denn, Nigeria 

a n n ,  Nigeria 
Nigeria  
Rani-Paawa, Turkey 
S a l l e n t a r ,  Turkey 
Gorkha , Turkey 
Gorkha, Turkey 
Rani-Paawa, Turkey 
S a l l e n t a r ,  Turkey 
T r l s u l l ,  Turkey 
Gorkha, Turkey 

A-3 

Type of Sample 

Soil 
Soil 
Soil 
S o i l  
Soil 
Soil 
Soil 
Water 4Ooc 
Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
Stock Culture  
S o i l  
Soil 
Soil 
Soil 
Soil 
S o i l  
S o i l  
S o i l  
S o i l  
Soil 
S o i l  
S o i l  
S o i l  
Soil 
S o i l  
Soil 



APPENDIX B (CONT) 

Code 
Number 
Assigned Geographical Location 

5 9 )  1117 
60) 1118 
61) 1119 
62) 11110 
63) 11111 
64) 11112 
65) 11113 
66) 11114 
67) 11115 
68) 11116 
69) 1161 
70) 1162 
71) 1163 
72) 1164 
73) 1165 
74) 1166 
75) 1167 
76) 1168 
77) 1169 
78) 11610 
79) 11611 
80) 11612 
81) 11613 
82) 11614 
83) 11615 
84) 1231 
85) 1232 
86) 1233 
87) 1234 
88) 1235 
89) 1236 

Karahj i , Turkey 
Trisuli, Turkey 
Oakey-Queensland, Australia 
Oakey-Queensland, Australia 
Oakey-Queensland, Australia 
Oakey-Queensland, Australia 
Oakey-Queensland, Australia 
Dalby-Queensland, Australia 
Dalby-Queensland, Australia 
Panajachel, Guatemala 
Eschulita, Guatemala 
Eschulita, Guatemala 
Es c huli ta , Guatemala 
Eschulita, Guatemala 
Tontonicapan, Guatemala 
Panajachel, Guatemala 
Panajachel, Guatemala 
Kandy , Ceylon 
Matale, Ceylon 
Chandigarh, India 
Chandigarh, India 
Agra, India 
New Delhi, India 
New Delhi, India 
Bihar, India 
Velugwnatla, India 
Velugumatla, India 
Velugumatla, India 
Chintakani, India 
Masuliatna, India 
Chintakani, India 

A -4 

Type of Sample 

S o i l  
S o i l  
S o i l  
S o i l  
S o i l  
Soil 
S o i l  
S o i l  
Soil 
S o i l  
Soil 
Soil 
S o i l  
Soil 
Soil 
Soil 
S o i l  
Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
S o i l  
Soil 
Soil 
S o i l  



90 
91 
92 
93 1 
94) 
95 1 
96 1 
97 1 
98) 
99 1 
100) 
101 ) 
102) 
103 ) 
104) 
105 1 
106) 
107) 
108) 
109 
110) 
111) 
112) 
113 ) 

115 1 
116) 
117 
118) 
119 ) 
120) 

114) 

APPENDIX B (CONT) 
Code 

Number 
As s igned Geographical Location 

1237 
1238 
1239 
1314 
1315 
1316 
1317 
1318 
13 19 
13110 
13111 
13112 
13113 
13114 
13115 

13119 
13116 

13120 
13121 
13122 
13123 
13124 
13125 

13130 
13126 

2151 
2152 
2153 
2154 
12310 
12311 

Tekulapelli, India 
Munchagunda, India 
Masulipatnam, India 
Ansonia, Conn. 
Norwich, Conn. 
Ellington, Conn. 
Putnam, Conn. 
Norwich, Conn. 
Wapplng, Conn. 
Wapplng, Conn. 
Brookf ield, Conn. 
Storrs, Conn. 
Storrs, Conn. 
Litchfield, Conn. 
Litchfield, Conn. 
Wapplng, Conn. 
Wapping, Conn. 
Litchfield, Conn. 
Norwich, Conn. 
Storrs, Conn. 
Milldale, Conn. 
Ansonia, Conn. 
Manchester, Conn. 
Storrs, Conn. 
Storrs, Conn. 
Texas 
Texas 
Texas 
Texas 
Chintakani, India 
Gosala, India 

Type of Sample 

Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
Greenhouse 
Greenhouse 
Soil 
Soil 
Soil 
Soil 
Soil 
Soil 
Greenhouse 
Greenhouse 
Soil 
Soil 
Greenhouse 
Greenhouse 
S o i l  
Soil 
Soil 
Soil 
Soil 
Soil 

A-5 



APPENDIX B (CONT) 

Code 
Number 
Assigned Geographical Location 

121) 12312 
122) 12313 
123) 12314 
124) 12315 

126) 12317 

128) 12319 
129) 12320 
130) 12321 
131) 12322 
132) 12323 
133) 12324 
134) 12325 
135) 12326 
136) 12327 
137) 12328 
138) 12329 
139) 12330 
140) 12331 
141) 12332 

125) 12316 

127) 12318 

142) 1311 
143) 1312 
144) 1313 

Jocotan, Guatemala 
Yucatan, Mexico 
Yucatan, Mexico 
Yucatan, Mexico 
Guatemala 
San Mateo, Orotina, Costa Rica 
Aqua Caliente, Cartego, Costa Rica 
Hawaii 
Hawaii 
New Delhi, India 
Aggra, India 
Bogor, India 
Oriss,i, India 
Khatmcdu, India 
Vepricuitla, India 
Vepricuitla, India 
Chintakani, India 
Velugwnatta, India 
Poranki , India 
Litchfield, Conn. 
Portland, Conn. 
Storrs, Conn. 
Wapplng , Conn. 
Goshen, Conn. 

A -6 

Type of Sample 

SClil 

S o i l  
S o i l  
S o i l  
S o i l  
Water 
Hot spring 50°C 
Soil 
S o i l  
S o i l  
S o i l  
Soil 
S o i l  
S o i l  
S o i l  
S o i l  
S o i l  
S o i l  
Soil 
S o i l  
S o i l  
Soil 
Soil 
Soil 



APPENDIX C 

STANDARD ELl3CTRIC BOAT MEDIUM FOTi ALGAE CULTURE 

Const I tuent 

~@SOLI '7H20 

KH2P04 

--- 

NaCl 

Urea 

Na2Fe EDTA 

C a C 1 2  

H3B03 
Mn C 1 2  '4H20 

ZnS04 

CuS04 '5H20 

(m4)6M07024' 4H20 

Na3V04 ' 1 6 ~ ~ 0  

A-7 

Concentration 

5.0 gi.ams/L 

2.5 grams/L 

2. o grams/L 

186 mg N/L 

0.56 mg Fe/L ' 

8.0 mg Ca/L 

0.99 mg B/L 

1.0 mg Mn/L 

0.18 mg zn/L 

0.04 mg Cu/L 

0.003 mg Mo/L 

0.009 mg V/L 



I .o 

t 
I- 
v) z 
- 

0.5 

A 
0 
I- a 
0 

a 
- 

0.1 

0.0 

APPENDIX 0 

OPTICAL DENSITY OF SUSPENSIONS 
OF CHLORELLA 71105 

0.04 0.08 0.12 0.16 0.20 0.24% 
PACKED CELL:' VOLUME (PCV) 

A -8 

1 
I 
8 
I 
I 
I 
I 
I 
1 
1 
I 
I 
I 
1 
I 
I 
1 
1 
1 



APPENDIX E 

PROCEDURE FOR DRY WEIGHT DETERMINATIONS 

1. 

2. Centrifuge the suspension; discard the supernatant. 

3. Resuspend the packed cells in de-ionized water; wash and re- 

4. Adjust the volume to 10.0 ml. 

5. 

6. 

Measure 20 ml of the algal culture wlth a volumetric pipette. 

centrifuge three times. 

Distribute Into a previously dried and weighed alumlnum 
weighing dish. 

D r y  for 24 hours at 105OC, cool and weigh. 

A-9 



A P P E N D I X  F 

SAMPLE 

CALCULATION O F  MEAN C E L L  DIAMETERS,  STANDARD D E V I A T I O N S ,  AND 

PERCENTAGES 

C e l l  1 Hour Light  
D i a m e t e r  
(mic romete r  2 Units) fx  fx 
X f 

2.5 2 5 12.5 

36 0 8 24 72.0 

3.5 10 35 122.5 

4.0 38 152 609.0 

4.5 0 0 0 

5 - 0  2 
60 

1. 50. o 
-866 

f 
n - x 100 = $ 

x 100 = 3.3 60 
8 x 100 = 13.3 60 
lo x 100 = 16.7 60 

38 x 100 = 63.3 65 

x 100 = 3.3 60 

S2 60 (866) - ( ~ 2 6 ) ~  = o.25 2 - N LCfx2) - ( 2  fx) - - 
6 0 )  (59)  N ( N - 1 )  

S = d-' = q- = 0.5 

*Microscopic f a c t o r  (for convers ion  t o  m i c r o n s )  = 1.5 

S = 1.5 x 0.5 = 0.75p 

A-10 
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APPEXDIX G 

CALCULATION OF KILLING CURVE 

The f i r s t - o r d e r  r e a c t i o n  descr ibing t h e  i n a c t i v a t i o n  of a lgae  by 
u l t r a v i o l e t  i r r a d i a t i o n  may be expressed by the d i f f e r e n t i a l  equa- 
t ion  : 

-dN 3 kNdt (1) 

By i n t e g r a t i n g  t h e  equat ion we ob ta in  

I n  - NO 
N 

= k t  + k?n 1 

where : 

N = number of surv ivors  a t  t i m e ,  t .  

No = number o f  c e l l s  a t  t ime, t = 0 

t E dura t ion  of exposure t o  u l t r a v i o l e t  

IC = a constant  

i E another  constant. 

A - 1 1  
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APPENDIX G ( CONT) 

The da ta  from Table 3 can be appl ied t o  t h e  above equat ion  t o  
determine t h e  constants  k and i: 

Time (t) 

0 

1 

Survivors ( N )  

116, ooo 
95,000 

N/N, an N,’N~ 

1.0  0.00 

0.82 -0.20 

2 13,000 0.11 -2.21 

0.0048 -5.34 3 560 

4 200 0.0017 -638 

Equation ( 2 ) ,  when p lo t t ed  on semilog paper, i s  a l i n e a r  equat ion  
and may be represented: 

where : 
y = an N / N ~  

b = k  

x =  t 

a = h i  

With t h i s  s impl i f i ca t ion  t h e  method of l e a s t  squares may be appl ied 
t o  t h e  data t o  ob ta in  a and b,  using t h e  following equatfon: 

n 

CXc cy - CX cxy 
n CX‘ - ( c x ) ~  

a =  

b E x x Y a  
n cx - ( C X )  

A-12 

(5) 
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1 
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APPENDIX G (CONT) 

The above equat ions a r e  appl ied w i t h  the  fol lowing assumptions: 

w i t h  r e spec t  t o  t h e  measurement of y. 

a t  the same value of x would have a normal d i s t r i b u t i o n .  

(1) 

(2) 

The unce r t a in ty  in the measurement of x i s  n e g l i g i b l e  

The s c a t t e r  of t h e  y values  i n  a s e r i e s  of measurements 

For our da ta :  

2% = 1.0 

cy .= -14.13 

CXY = -46.16 

Cx2 = 30 

Cx2Cy = -423.90 

Clccxy t. -461.0 

(zx)2 = 100 

n e 4  

n B 2  - (=12 = 20 

Theref ore : 
37.7 = 1.885 a = + -  
20 

b = - -  43.34 = -2.167 
20 

On semilog paper, t h e  l i n e  w i l l  i n t e r c e p t  the y axis at t E: 0; a 
second poin t  on t h e  l i n e  can be determined as follows: 

Let  y = h 1.0 as the  second po in t .  

yo - y1 = slope = -2.167 
xo - x 1 

1.885 -0 -2.167 = 
0 - x  



APPENDIX G (CONT) 

Theref ore : 
x1 E -E: 0.87 = t l  

2.167 
From the two points (6.6,O) and (1, 0.87) the l i n e  may be drawn on 
semilog paper. The equation for the  l i n e  is therefore:  

an 

log ''i/lqo - 1.885 = -2.167t (0.434) 

= -2.167'~ + 1.885 = -2.167% + In 6.60 
o r  NO 

The t i m e  required t o  kill a given percentage of the population can 
be calculated or read d;lrectly by examination of the killing curve. 
Since 99$, 66s and 3376 kills were used for induced mutations, 
i r radiated cultures were removed a f t e r  174 sec. ,  84 sec., and 66 
sec. 

I 
I 
I 
I 
I 
I 
I 
I 
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