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A B S T R A C T  

C h l o r e l l a  e l l l i p s o i d e a  c u l t u r e d  u s i n g  c o n v e n t i o n a l  
-- 

methods  u n d e r  a 14 :  1 0  l i g h t - d a r k  r e g i m e  i n  B 2 i j e r i r : c k ' s  

medium at 2 5 O  + - lo w i t h  700  f t - c  i l l u m i n a t i o n  resulted i r ,  

s y n c h r o n o u s  d i v i s i o n  w i t h  a n  n  number of  4 .  znder i f ? c n t i e z l  

c o n d i t i o n s  of l i g h t  i n t e n s i t y ,  t e m p e r a t u r e ,  c u l t u r e  mediun ,  

and  l i g h t - d a r k  r e g i m e  b u t  i n  a  c l o s e d  syskem w h i c h  w a s  2 e s i q n c 3  

t o  s t u d y  t h c  e f f e c t s  of  h y d r a s t a t i c  p r e s s u r e  on sync l - l rcnous  

a l g a e  cu? t . u r e s ,  s y n c h r o n o u s  c e l l  d i v i s i - o n  d i d  n a t  o c c ~ ~ r  a ~ . i i  

t h e  n  n u n b c r  was  2 o r  l e s s  a t  1 a t n .  The x o s t  s i g n i f i c : : ~ t  

d i f f e r e n c e  i n  t h e  c u l t u r e  c o n c l i t i o n s  criszs b c c a v c t  thz cc,.- 

r e l a t i v e l y  c o n s t a n t  t h r o u g h o u t  t h e  g r o w t h  c y c l e  i n  t h z  open  

s y s t e m  w h i l e  t h e  g a s e s  vary i n  c o n c e n t r d t i o n  contirico1:~sJ.y 

d u r i n g  the c y c l e  i n  t h e  c l o s c d  s y s t e n .  I n  t h e  closrd systcz 

p e r i o d ;  the r e v e r s e  i s  t r u e  i n  t h e  dark. J.;'.nal:;st?a of t h e  

of h y d r o c  +;aij c. p r e s s u r e  on Che p h y s i o l  oc;y 2nd morp3oloyy  of 

successful c u l t u r z  i n  a c l o s c d  system. V a r i o u s  n i o d i f i c a ' i i o r ! ~  

o f  cu l ' i c r -2  c o n d i t i . o n s  w e r e  made i n  3tt.empts (on1.y p a r t i a l l y  

s u c c c ~ ~ s f u l . )  t o  o b t a i n  e q u a l  g r o w t 5  i n  t h e  two s y s t e n ~ , .  



The  e f f s c t s  o f  v a r i a t i o n s  i n  some c n v i r o n r n m t a l  p a r a m e t e r s  or. 

t h e  n  number ,  d r y  w e i g h t ,  p r o t e i n  c o n c e n t r a t i o n ,  and c e l l  s i z e  

i n  t h e  open  and c l o s e d  s y s t e m s  w e r e  i n v e s t i g a t e d .  W i t h  va r i cc !  

g rowing  c o n d i t i o n s  of l i g h t  i n t e n s i t y  (15-706 f t - - c ) ,  l i q h t -  
- 

d a r k  r e g i m e s  (14: 10, 16: 8 ,  18: 6 ,  6: 18, 8 :  16, 10: 1.1) , 

media  ( E z i  j e r i n c k ,  B u r r ,  S o r o k i n ,  Tamiya and M o r i n u r a ,  ar.d 

B e i j e r i n c k ' s  m o d i f i e d  w i t h  b i c a r b o n a t e ) ,  C 0 2  c o n c e n t r a t i o n  

(0-100% s a t u r a t i o n ) ,  and  t h e  a d d i t i o n  of o r g a n i c  s u b s t z n c e s  

( g l y c o l a t e ,  a s c o r b a - t e ,  d i t h i o t h r e i t o l )  t h e  n  numher and t h e  

r a t i o s  o f  i n c r e a s e  i.n t h e  o t h e r  g r o w t h  c r i t e r i a  w e r e  4 i n  t h e  

open  s y s t c m  b u t  n e v e r  more t h a n  2 i n  t h e  c l . o sed  s y s t e m .  

The  n  number and r a t i o s  o f  i n c r e a s e  i n  d r y  w c i g l : ~ ,  

p r o t e i n  c o n t e n t  and c e l l  s i z e  w e r e  4 i n  t h e  open  s l - s t em z t  

a t m o s p h e r i c  O2 c o n c e n t r a t i o n  b u t  o n l y  2 o r  l e s s  a t  h i g h  O2 

(50 and 95%) c o n c e n t r a t i o n .  T h e s e  r e s u l t s  i n d i c a t e  t h a t  h i q h  

O2 i s  p r o b a b l y  r e s p o n s i b l e  f o r  t h e  d e s c r e p a n c i e s  i n  t h e  n  

number and  t h e  r a t i o s  o f  i n c r e a s e  o f  t h e  o t h e r  c r i t e r i a  b e J i ~ c c i l  

the o p c ~  and c l o s e d  s y s t e m s .  P h o t o s y n t h e t i c a l l y  evc lvec!  O2 

i n  t h e  c l o s e d  s y s t e m  during the l i g h t  p e r i o d  a 2 p c a r s  t o  b e  

s u f f i c i e n t  t o  i n d u c e  t h i  s Warburg E f f e c t  . 
It was h y p o t h c s i z c d  t h a t  t h e  Warbur s  Effect i s  

r e s p o n s i b l e  f o r  t h e  o b s e r v e d  differences i n  i f i c r e a s e s  in t h e  

g r o w t h  c r i ~ t c r i a  i n  the open  and c l o s e d  sys tc ius .  E : . : p ~ l - i ~ . e n t s  

w e r e  c a r r i e d  o u t  t o  d e t e r m i n e  i f  photosynti1c:licci11;, e ~ o l ~ ~ - c i l  

O2 was i n h i b i t i n g  c e l l  g r o w t h .  Us ing  t h e  E i o l a g i c a l  Osyqcn 

M o n i t o r  a l g a l .  s a m p l e s  w e r e  e x p o s e d  t o  O2 c o n c e n t r a t i o n s  

v a r y i n g  f rom 0 Co 100% s a t u r a t i o n  a t  25O w i t h  7 0 0  f t - c  



iii 

illumination. On the basis of these results which have 

indicated a decrease in the relative rates of O2 evolution 

at high 0 2  concentrations, it was concluded that O2 evolved 

in the cl2scd system could be responsible for the inhibition 

of photosynthesis. 

Synchronous growth under pressure has not yet been 

obtained. However, pressure effects on cell divisicn were 

investigated. The n numSer was 4 in cells dividicg \:bile 

exposed to pressures of up to 200 atin, but pressures above 

335 atm compl~tely inhibited cell division. A possible 

mutagenic c f i c c t  of pressure csposu1.e 011 zlqal celis was 

considered. 
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I N T R O D U C T I O N  

F o r  a l m o s t  a c e n t u r y  i t  h a s  b e e n  known t h a t  l i f e  

f l o u r i s h e s  i n  t h e  d e p t h s  of  t h e  s e a .  The d r e d g i n g  e x p e d i t i o n  

of t h e  " T a l i s m a n "  i n  1882-1883 r e v e a l e d  t h a t  o r g a n i s m s  groy.,r 

and r e p r o d u c e  t o  d e p t h s  of a t  l e a s t  6 , 0 0 0  m e t e r s ,  w h e r e  t ? ~ e  

h y d r 0 s t a t i . c  p r e s s u r e  e x c e e d s  6 0 0  a t m o s p h e r e s  ( a t m ) .  T h i s  

d i s c o v e r y  i m m e d i a t e l y  s t i m u l a t e d  s t u d y  of t h e  e f f e c t s  o f  

h y d r o s t a t i c  p r e s s u r e  on o r g a n i s m s .  Eoh!ever, i n t e r e s t  i n  

such e E f e c t s  hzs beer, s p o r a d i c  u p  t o  t h e  p r e s c n t .  I n  t h e  

l a t e  1 3 2 0 ' s  and  e 3 z l y  1 9 3 0 1 s ,  t h e r e  w a s  an u p s u r g e  of  

i n v e s t i g a t i o n s  i n t o  t h e  p h y s i o l o g i c a l  a c t i o n  o f  n o d e r 3 t e l y  

h i g h  h j d r o c t a k i c  p r e s s u r e s  o f  up  t o  1 , 0 0 0  a tm.  A nu;l.hcr c f  

w o r k e r s  i n v e s t i g a t e d  c e r t a i n  e f f e c t s  o f  h y d r o s t a t i c  p r s s s u r e  

o n  b i o l o g i c a l  m a t e r i a l s  a n d  a t  t h a t  t i m e  i t  was w i d e l y  

a c c e p t e d  t h a t  t h e  b i o l o g i c a l  e f f e c t  o f  p r c s s u r e  was ,  i n  

g e n e r a l ,  t o  d e n a t u r e  p r o t e i n s  t h u s  k i l l i n g  t h e  o r g a n i s m .  T h i s  

c o n c e p t  h a s  n o t  b e e n  e s p e r i m c n t a l l y  s u b s t a n t i a t e d  a ~ d  mxch 

r e m a i n s  t o  b c  u n d c r s t o c d  a b o u t  t h e  p r o c e s s  by which  p r e s s u r e  

a c t s  upon b i o l o g i c a l  s y s t e , n s .  

P h y s i c a l l y ,  h y d r o s t a t i c  p r e s s u r e  may b e  t h o u g h t  of 

a s  a n  e x t e r n a l  f o r c e  a c t i n g  upon t h e  p a r t i c l e s  o f  a s y s t e m  

i n  a d d i t i o n  t o  t h e  a t t r a c t i v e  f o r c e s  b e t x e s n  t h e  p a r t i c l e s  

c o m p r i s i n g  t h a t  s y s t e m .  It i s  i m p o r t a n t  t o  r e a l i z e  t h a t  

h y d r o s t a t i c  p r e s s u r e  i s  e x e r t e d  e q u a l l y  i n  a l .1  d i r e c t i o n s ,  

u n l i k e  d e f o r m a t i o n  p r e s s u r e .  Whereas  p r e s s u r e s  o f  a f ew  d y n e s  



p e r  s q u a r e  c e n t i m e t e r  a p p l i e d  u n e q u a l i y  o f t e n  r e s u l t  i n  c e l l  

d e f o r n m t i o r l  and i n j u r y ,  h y d r c s t a t i c  p r e s s u r e  o f  h u n d r e d s  o f  

a t m  may n o t  p r o d u c e  o b s e r v a b l e  e f f e c t s  (24). 

No n a t u i a l  b i o l o g i c a l  p r o c e s s  i s  eter s u b j e c t e d  t o  

a p r e s s u r e  a s  g r e a t  a s  1 0 , 0 0 0  a tm.  P r e s s u r e s  a t  t h e  g r e a t e s t  

known o c e a n  d e p t h s  a r e  l e s s  t h a n  2 ,000  a tm.  A t  t h e  b o t t o m  

of t h e  C h a l l e n g e r  Deep where  o r g a n i s m s  l i v e  and where  t h e  

d e p t h  i s  1 0 , 8 6 0  m e t e r s ,  t h e  h y d r o s t a t i c  p r e s s u r e  i s  a p p r o x -  

i m a t e l y  1,CE6 atm.  The averz i se  S e p t h  o f  t h e  o c e a r  i s  3 , 8 0 0  

ne t c r s  rcpi-esc_. , - t ing a  p r c s r u r e  l e v e l  o f  3C0 a tm .  P r e s s u r e s  

of t h i s  m a g n i t u d e  and  somewhat h i g h ~ r ,  up  t o  a b o u t  1 , 0 0 0  atrn, 

may h a v e  a  d c t r l m c n t a l  e f f z c t  on t h e  p h y s i o l c g y  o f  most  

oryan. isms.  G c n z r d l l y ,  p r o t e ; n  and n u c l e i -  a c i d  s y n t h e s e s  

a r e  r e t a r d e d  w i t h i n  t h i s  p r c s s u r t ?  r a n g e .  Upon d e c o m p r e s s i o n ,  

howcvcr ,  t h e  o r i g i n a l  r a t e s  o f  s y n t h e s i s  a r e  u s c a l l y  r e c o v e r e d .  

On t h e  o t h e r  hand  t h e r m a l  d e n a t u r a t i o n  of  some enzymes and 

p r o t e i n s  i s  opposed  by p r e s s u r e  w i t h i n  t h i s  r a n g e  ( 2 4 )  where-  

a s  o t h e r  p r o t e j r i s  a r c  r e v e r s i b l y  d e n a t u r e d  ( 2 1 ) .  S t i l l  

h i g h e r  p r e s s u r e s ,  i n  e x c e s s  of  1 , 0 0 0  a tm g e n e r a l l y  h a v e  

i r r e v e r s i b l e  e f f e c t s  on most. orc;anisms (24). Conscc juent ly ,  

p r e s s u r e s  o f  bc twccn  o n e  afid a p p r o x i m a t e l y  1 , 0 0 0  atm a r c  

f a r  more s i g n i f i c a n t  t h a n  much h i g h e r  pressures i n  r e l a t i o n  

t o  b i o l o g i c a l  r e a c t i o n s .  T h i s  r a n g e  t h e r c f o r e ,  r e p r e s e n t s  

wha t  may be t e rmcd  t h e  physiological p r c r s u r e  r a n g e .  

P r e s s u r e s  u s e d  i n  t h i s  s t u d y  l i e  w i t h i n  t h i s  r a n g e .  BFo- 

l o g i c a l  r e s p o n s e s  o f  o r g a n i s m s  s u b j e c t e d  t o  very h i g h  h y d r o -  

s t a t i c  p r e s s u r e s  w i l l  n o t  be c o n s i d e r e d  h e r e .  



Hydros ta t i c  p ressu re  p l a y s  an important p a r t  i n  

t h e  physiology and ecology of organisms. A l l  metabol ic  

processes  occur i n  a  l i q u i d  phase and  s i n c e  h y d r o s t a t i c  

p r e s s u r e  a p p l i e s  only t o  f l u i d  systems i t  i s  not  s u r p r i s i n g  

t h a t  p r e s s u r e  e x e r t s  a  profound in f luence  on b i o l o g i c a l  

systems. For convenience, p ressu re  may be considered a s  an 

eco-physiological  f a c t o r  f o r  organisms whi-ch possess l i q u i d ,  

s o l i d ,  or  gas phase components or  any con~??ination of t h e  

t h r e e .  Hydros ta t i c  p ressu re  t h e r e f o r e ,  dctzrmines p a r t l y  t h e  

environment of a l l  organisms including those  found i n  t h e  

upper atmosphere (GO). Pressure  i s  5el. ie\?rd t.2 b e  of 

coord ina te  importci~ce with t a n ~ p e r z t u r e  i n  ~ ~ f f e z t i n g  t h c  v 2 - t i c a l  

d i s t r i b u t i o n ,  grob~th and r a t e  of hio! oqj.?,i1 a c t i v i t i e s  of 

organisms i n  t h e  sea (64). 

Hydros ta t i c  p ressu re  cannot be neglec ted  i f  adapt -  

a t i v e  f u n c t i o n s  which permit: l i f e  t o  e x i s t  i n  t h e  deep s c a  

a r c  t o  be e l u c i d z t c d .  Unice l lu la r  phytoplankton a r e  t h e  

important primary producers  of t h e  hyckosphcre y e t  t h e r e  have 

been few s t u d i e s  r e l a t i n g  h j rd ros ta t i r  p ressu r?  t o  t h e  growth 

and inctabolism of these  organisms. Far belcw t h e  p h o t i c  

zone, a t  d e p t h s  a s  g r c a t  a s  2 ,500  ructcrs, where t h e  p r e s s u r e  

i s  11sar1.y 250 atm, al-gae have bccn f o u n d  i n  l a r g e  numbers (46). 

I n  the  euphot ic  zone where a lgac  ha-.re p r i m a r i l y  been observed, 

pressures i n  excess  of s e v e r a l  a t~ncsphcres  a r e  never 

expcricnccd.  This  f a c t  1ikel.y exp la ins  t h e  lack of i n t e r e s t  

i n  prcsscre  e f f e c t s  on a lgaz .  F u r t h ~ r m o r e ,  photoautn t rophic  

mct.ahojlsrn is l imi tml  t o  t h e  uppcr 200 meters of t h e  hydro- 



s p h e r e  s i n c e  i n s u f f i c i e n t  l i g h t  t o  s u p p o r t  p h o t o s y n t h e s i s  i s  

t r a n s m i t t e d  beyond  t h e s e  d e p t h s .  P l a n t s  s u r v i v i n g  a t  g r e a t e r  

d e p t h s  mus t  l i v e  h e t e r o t z o p h i c a l l . y ,  r e l y i n g  on  e i t h z r  o r g a n i c  

o r  i n o r g a n i c  c h e m i c a l  e n e r g y  s o u r c e s .  I t  r e m a i n s  s n e e r t a i n  

i f  p h o t o a u t o t r o p h i c  o r g a n i s m s  c a n  grow and r e p r o d u c e  u n d e r  

p r e s s u r e s  e s c c c d i n g  t h a t  a t  w h i c h  t h e y  a r e  n o r m a l l y  e x p o s e d  

t o  i n  t h e i r  n a t u r a l  e n v i r o n m e n t .  

A s  a b i o l o g i c a l  t o o l ,  h y d r o s t a - t i c  p r e s s u r e  i s  

immense ly  u s e f u l .  I t  h a s  b e e n  e n p l o y e d  i n  t h e  s t u d y  o f  a 

number o f  m i c r o b i a l  s y s t e m s .  The  e f f e c t s  o f  p r e s s u r e  on 

p r o t e i n  s y r l - t h e s i s  and den;.ti~rz.t!on a r e  w e l l  kno~cn  ( 2 4 )  . Such  

s t u d i e s  h a v e  a l s o  b e e n  c o n d u e t e d  on enzynies and tY,e n u c l e i -  

a c i d s  ( l , 2 7 , 2 8 , 4 2 ) )  . More r c c e m t l y  t h e r e  have bee2 r e p o r t s  

o n  t h e  e f f e c t s  o f  p r e s s u r e  on  b a c t e r i z l  i l ~ d u c t i o n ,  trai- is-  

c r i p t i o n  and  t r a n s l a t i o n  mechanisms  (28). For t h o s e  o r ~ a n i - s r i l s  

l i v i n g  b e l o w  t h e  s u r f a c e s  o f  w a t e r  b o d i c , ~  and i n d e e d ,  t h e  

v v e s s u r e  b a r o p h i 1 . e ~  o f  t h e  d e e p e s t  known o c e z n  t r e n c h e s ,  - 

u n d o u b t - e d l y  i n f l u e n c e s  t h e  b a c i  c m c t a b o l i  .snl o f  these  organi.str .s .  

The  u s e  oE p r e s s u r e  i n  s t u d i e s ,  r e l a t i n 9  t o  t h e  b i o l o g y  o f  

t h e s e  o r g a n i s m s  a t  b o t h  t h e  oirgc?nismal a ~ d  m o l e c x l a r  l e v e l s  

c a n  p r o v i d e  much i n f o r c a t i o n  l e a d i n g  t o  2 c l e a r e r  u n d e r s t a n d -  

i n 9  cC l i f e  i.n t h e  deep s e a .  

The u s e  oE m a r i n e  and f r e s h  w a t s r  a l g a ?  f o r  h y d r o -  

s t a t i c  p r e s s u r e  r e s e a r c h  h a s  b e e n  p r t l r7 j . ous ly  revie::led ( 5 9 ) .  

Some s p e c i e s  o f  u n i c e l l u l . a r  a l g a e  a r c  e s p e c i a l l y  s u i t e d  f o r  

t h i s  t y p e  of rescarch .  They  a r c  h a r d y  and f a i r l y  r e s i s t a n t  

t o  c o n t a m i n a t i o n  by o t h e r  organj .s .ns .  They  a r e  fast growing  



and may be c u l t u r e d  axen ica l ly  i n  a  def ined s y n t h e t i c  rr.edicr,. 

Many of these  spec ies  p r o l i f e r a t e  a sexuz l ly  and e x h i b i t  no 

complicated d i f f e r e n t i a t i o n  processes .  These same f e a t u r e s  

of u n i c e l l u l a r  a lgae  c o n t r i b u t e  t o  t h e i r  s u i t a b i l i t y  i n  t h e  

es tabl i shment  of synchronous c u l t u r e s .  

Almost a l l  of t h e  p r e s s u r e  work on p l a n t s  t k c s  f a r  

has  been a t  t h e  organismal l e v e l .  The fundamc~ltal  l i f e  

proccsses  of a lgae  and microorganisms havc a g r e a t  deal. i n  

common. A t  t h e  nlolecu!ar leve:. ,  t h c r c f o r e ,  i t  may be d i f f i c u l . t ,  

perhaps u n l i k e l y ,  t o  d i s t i n g u i s h  between t h e  e f f e c t s  of 

p r e s s u r e  on a lgae  and on bac te r i s . .  On t h e  ba5i.s of t h i s  

s i m i l a r i t y ,  i t  i s  tempting t o  specu la te  t ? l a t  t h e  p ressu re  

e f f e c t s  on a lgae  a r e  analogous t a  thosc! t h a t  hzve been observcS: 

f o r  b a c t e r i a .  

There i s  some i n t e r e s t  i n  t h e  e f f e c t s  of p r e s s s r c  

on t h e  metabol ic  a c t i v i t i e s  of al.cjac (13 ,60) .  Gessner (13) 

found t h a t  308 hours c.f compressi.on a t  2 0 0  atm s t imula ted  

popula t ion  growth i n  C h l a r e l l a  plrenaiid=c ovcz atmospheric 

p r e s s u r e  c o n t r o l s ,  r e s u l t i n q  i n  almost th rce - fo ld  i n c r e z s e  i n  

c e l l  number a f t e r  1 5  dziys. There were 30 per  cent  more c e l l s  

a f t e r  a 30 day pe r i cd  of expos1.lr.e t o  p r e s s u r e .  A t  400  atrn 

f o r  312 hours t h e r e  was a  decrease  i n  t h e  growth r a t e  of t h e  

c e l l s  which r e s u l t e d  i n  70 per  cent  fewer cel-1s a f t e r  1 5  dai-s .  

Sturm r e p c r t c d ,  a s  reviewed by Vidavelr ( 6 0 ) )  s i m i l a r  r e s u l t s  

using - C h l o r e l l a  - - - .- . - c u l t u r e s  maintai-ncd i n  an organic  medium. 

There i s  one s t ~ ~ d y  of t h e  e f f e c t s  of p r e s s u r e  on t h e  photo- 

s y n t h e t i c  a p p a r a t ~ ~ s  and r a t e s  of photosynthes is  of a lgze  ( 5 9 ) .  



I n  t h a t  work a number o f  i n t r i g u i n g  q u e s t i o n s  a b ~ u t  p r e s s u r e  

e f f e c t s  on  a l g a e  h a v e  b e e n  l e f t  u n r e s o l - v e d .  Some o f  t h o s e  

q u e s t i o n s  h a v e  b e e n  r e c o n s i d e r e d  h e r e  i n  r e l a t i o n  w i t h  t h e  

o v e r a l l  e f f e c t s  o f  p r e s s u r e  on  t h e  physi .ol .ngy a n d  b i o c h ~ i n i s t r y  

of s y n c h r o n o u s l . y  grown C h l o r e l l a  c e l l s .  

I n  a p p r o a c h i n g  t h e  p r e s e n t  p r o b l e m ,  C h l o r e u  c e l l s  

w e r e  grow11 s y n c h r o n o u s l y  u s i n g  t h e  t e c h n i q g e s  o f  Tarniya a n d  

Mor imura  ( 5 5 ) .  A t  c e r t a i n  s t a g e s  i n  t h e  l i f e  c y c l e  o f  t h e  

a l g a e  a number o f  g r o w t h  p a r a m e t e r s  w e r e  m e a s u r e d  a r ~ d  compare: 

w i t h  t h o s e  o f  c e l l s  grown i n  p r e s s u r e  v e s s e l s  i n  t h e  l i g h t  

a t  atmosp11erj .c  p r e s s u r e  a n d  u n d e r  a l m o s t  i d e n t i c a l  cjrowing 

c o n d i t i o n s .  T h e  p u r p o s e  o f  t h i s  s t u d y  was  f i r s t ,  t o  e s t a b l i s 5  

s y n c h r o n o u s  c u l t u r e s  i n  t h e  p r e s s u r e  v e s s e l s  a t  a t m o s p h e r i c  

a n d  a t  h i g h e r  p r e s s u r e s  and  s e c o n d l y ,  t o  i n v e s t i y z t c  t h e  e f f c : : t s  

of p r e s s u r e  o n  t h e  l i f e  c y c l e ,  o n  p h o t o s y n t h e s i s  and  rcsp i r -  

a t i o n ,  a n d  on  t h e  b i o s y r i t h e s i - s  o f  some m a c r o m o l e c u l e s  i n  s u c h  

c u l  t u r c s .  

S u s t a i n e d  s y n c h r o n o u s  g r o w t h  o f  Chi-oreil~i w i t h i n  

t h e  c l o s e d  p r e s s u r e  v e s s e l s  e v e n  a t  a t m o s i ~ l l e r i c  p r c s s u z e  has  

n o t  y e t  b e e n  a t t a i n e d .  The  g r o w i n g  c o n d i t i o n s  f o r  t h e  c e l l s  

i n  t h e  p r e s s u r e  v e s s e l s  w e r e  man j . pu l a t ed  111 s e v e r a l .  l,x*ays to 

at tempt t o  p r o v i d e  t h e  o p t i m a l  e n v i r o n m e n t  Eoi.. gro:.:ii? and 

d i v i s i o n .  T h e  c u l t u r e s  r e m a i n c d  a s y n c h r o n o u s  an6 i t  was  

assunicd t h a t  p h o t o s y n t h e s i s  was  somel~ow i i : k i i . b i  tefi 6 u r i . n ~ ~  t h e  

i l l u m i n a t i o n  p c r i o d s .  T h i s  i n h i b i t i o n  w ~ s  p r s s u m c d  t o  r e s u l t  

f r o m  t h e  photosynthetic p r 0 d c c t i . m  o f  oxyqcn  ( 0 2 )  b y  t h e  c e l l s  

e n c l o s e d  i n  the p r e s s u r e  v e s s e l s .  R e l a r d s t i o n  o f  p h o t o -  



s y n t h e s i - s  b y  0 2  may r e t a r d  t h e  b i o s y n t h e t i - c  a c t i v i t i e s  o f  t h e  

ce l l  ( 1 0 1 1 1 5 7 )  T h i s  e f f e c t  c o u l d  r e s u l t  j n  i n a d e q u a t e  

g r o w t h  a n d  l e a d  t o  t h e  a b s e n c e  o f  s u b s e q u e n t  c e l l  d i v i s i o n .  

The i n h i b i t i o n  o f  p h o t o s y n t h e s i s  by h i g h  0 2  c 2 n c e n t r a t i o n  h a s  

b e e n  r e p o r t e d  by s e v e r a l  w o r k e r s  0  1 7  . T h i s  phc,nornenon, 

f i r s t  d i s c o v e r e d  i n  C h l o r e l l a  i n  1 9 2 0  i s  known a s  t h e  Warburg  

E f f e c t  a n d  a p p e a r s  t o  be w i d e s p r e a d  i n  t h e  P l a n t  Kingdom ( 5 8 ) .  

T h e  Warbu rg  E f f e c t  i s  t h e r e f o r e  b e l i e v e d  t o  h a v e  p r e v e n t e d  

a d e q u a t e  g r o w t h  o f  g l ~ l o r e l l a  c e l l s  ir ,  t h e  p r e s s u r e  v e s s e l s  

a n d  i s  r e s p o n s i b l e  f o r  t h e  l a c k  o f  c e l l  d i v i s i o n .  C e l l s  

grown f i r s t  i n  t h e  s y n c h r o n o u s  a p p a r a t . 2 ~  d g r i f i g  t h e  i l l u n ~ i n a t i o n  

p e r i o d s  a n d  t h e n  t r a n s f e r r e d  t o  the presscre v e s s e l s  u n d e r  

aerobic conditions a n d  e x p o s e d  t o  p r z s s u r e s  o f  u p  t o  200 a t m  

d i v i d e d  s y n c h r o n o u s l y .  It was  o b s e r v e d  t h a t  c e l l s  w i t h s t o o d  

p r e s s u r e s  o f  u p  t o  460 a t m  f o r  a s  l o n g  as  24 h c u ~ s  v ~ i t h  

a p p a r e n t  r e c o v e r y  f o l l o w i n g  d e c o m p r e s s i o n .  T h e  number o f  

s u r v i v o r s  d c c r e a s c d ,  h o w e v e r ,  a s  more  p r e s s u r e  was  a p p l i e d  

a n d / o r  t h e  d u r a t i o n  o f  p r e s s u r e  e x p o s u r e  i n c r e a s e d .  

I t  i s  h o p e d  t h a t  t h i s  t r e a t m e n t  of c u l t u r i n g  a l g a e  

i n  a c l o s e d  p r c s s v r e  v e s s z l  and t h e  a p p l i c a t i c c  of p r e s s u r e  

a s  a t o o l  i n  i - n v e s t i g a t i n g  a l q a l  metabo1.ism wil.1. s e r v e  t o  

s t i r r , u l a t e  f u r t h e r  r e s e a r c h  on  t h e  e f f e c t s  05 p r e s s u r e  on 

p h o t o a u t o t r o p h i c  o r g a n i s m s .  



CHAPTER 1 

GENERAL EFFECTS OF HYDROSTATIC PRESSUiIE ON SO142 

BIOLOGICAL SYSTEMS 

I n  t h e  l a t e  1880 ' s  and c a r l y  1 9 0 0 ' s  i t  was repor ted  

t h a t  y e a s t  fe rmenta t ion  i s  completely i n h i b i t e d  by a  p ressx rc  

of 600 atm. Later  i t  was shown t h a t  b a c t e r i a ,  y e a s t s  and 

v i r u s e s  could t o l e r a t e  p ressu res  above 1,000 a t n  f o r  pe r iods  

of s e v e r a l  minutes up t o  a  few hours .  I n  those  e a r l y  yez r s  

of p r e s s u r e  r c sca rch  b i o l o g i s t s  zssumcd t h a t  deep-sca p r e s s a r e  

was of no e c o l o g i c a l  and phys io log ica l  s i g n i f i c a n c z .  Not u n t i l  

t h e  1 9 4 0 ' s  was i t  observed t h a t  although many rnicroorgazisxs 

could t o l e r a t e  high p r e s s u r e s  f o r  a  s h o r t  pe r iod ,  prolonged 

compression u s u a l l y  caused dea th .  Deep sea b a c t e r i a  do not 

reproduce a t  p r e s s u r e s  a s  high a s  1,500 atm ( 6 4 ) .  V i r - ~ s c s  ? r e  

g e n e r a l l y  i n a c t i v a t e d  a t  p ressu res  exceeding 1 , O C O  atm; 

enzymes and p r o t e i n s  a r e  e i t h c r  completely or  p a r t i a l l y  

denatured ( 3 7 ) .  

I n v e s t i g a t i o n s  on t h e  e f f e c t s  of p r e s s u r e  on auto-  

t r o p h i c  organisms a r e  few. However, t h e  l i t e r a t u r e  indicates 

some resea rch  on t h e  e f f e c t s  of h y d r o s t a t i c  p r e s s u r e  O i l  p l a r , t s .  

Oxygcn consumption by  Ulva l a c t u c a  c l e c r e ~ s e s  under p r e s s u r e  ( 3 0 ) .  

Oxygcn evo lu t ion  a l s o  dccredscs  under p r e s s u r e  i n  Ulva lobzL& 

(59) . Thc a lgae  Chlo rc l l a  and Hyd~o_d&t_yon, o x h i b i  t no 

adverse p r e s s u r e  e f f e c t s  a f t e r  exposure t o  200 atm f o r  f i v e  

days ( 6 4 ) .  Cytoplasmic streaming ceases  i n  ---- Elodea a t  p ressu res  



b e t w e e n  400  and  500 atrn, b u t  r e s u m e s  w i t h i n  m i n u t e s  upon 

d e c o n i p r c s s i o n  ( 3 )  . Guyot  ( 1 5 )  o b s e i v c d  t h a t  i n  T r i t i c u m  

r a d i c l ~  m c r i s t c m  c y t o k i n e s i s  i s  u s u a l l y  abnorma l  when e x p o s e d  

t o  more t h a n  500 atm a t  room t e m p e r a t u r e .  P r e s s u r e s  b e t w e e n  

500 and  1 , 0 0 0  a t m  i n d u c e d  pe rmanen t  p i g m e n t  m u t a n t s  i n  

E u q l e n a  q r a c i i i s  ( 1 4 ) .  M u t a t i o n s  i n  b a r l e y  s e c d s  h a v e  b e e n  

i n d u c e d  b y  p r e s s u r e s  o f  u p  t o  1 3 5  a tm  i n  c o m b i n a t i o n  w i t h  

h i g h  o r y y e n  c o n c e n t r a t i o n  ( 3 )  . V i d a v e r  and Lue-Kim ( 6 1 )  

r e p o r t e d  t h a t  cer c a i n  coml~S n a t i o n s  oE p r e s s u r e  e x p o s u r e  2nd 

0 2  c o n c c n t r a i i o n  a p p e a r e d  t o  s t i m u l a t e  l e t t u c s  s e e d  g e r m i n a t i o r i  

whi lc! o - t h e r s  wpre  i n h i  b i t o r  y .  The  i n h i b i t o r y  e f f e c t  o f  

p r e s s u r e  i n  t h e  p r e s e n c e  o f  O2 on r e c o v e r y  upQn d e c o v 2 r e s s i o n  

was d u e  i n  l > a r t  t o  t h z  t o x i c i t y  o f  0 2  a t  t h e  h i g h  c o n c e n t r a t i c n  

w h i c h  was  o b t s i n e 6  u n d e r  p r e s s u r e .  

I. -- Metabol  -- i -. c . - P r o c e s s e s  -- -. . - - - And - ---. dnz>7mc? -. t i c  Activities 

Many o f  t h e  p r c s s u r e  e f f e c t s  on  t h e  s y n t h e s i s  and 

i n a c t i v a t i o n  o f  ce l . l u l . a r  m a c r o m o l e c u l e s  a r e  u n d o u b t e d l y  

a s s o c i a t e c l  wi . th  t h e  energy t r a n s f o r m i n g  p r o c e s s e s  v:i+_hin t h e  

cel .1.  P r e s s u r e  may i n a c t i v a t e  p r o t e i n s  and  enzymes b y  a f f e c t -  

i n g  t h e  c h e m i c a l  b o n d s  o f  t h e  molecules and  t h e r e j y  i n f l u e n c e  

t h e  normal  f u n c t i o n i n 9  o f  t h e s e  m o l e c u l e s .  Scme o f  t h e s e  

p r e s s u r e  e f f e c t s  may i n d u c e  c h a n g e s  i n  t h e  e n d o t h c r i n i c  o r  

e x o t h e r m i c  c h c n ~ i c a l  r e a c t i o n s  o f  a c e l l  and a f f e c t  i t s  o v c r -  

a].! e n e r g y  b a l z n c e .  

M o l e c u l a r  v o l u m e  c h a n g e s  t h a t  accompany p r e s s u r e  

i n a c t i v a t i o n  o f  enzymes and p r o t e i n s  c a n  i n f l u e n c e  the e n e r g y  

r c l - a t i o n s h i p s  of t h e  c e l l .  Whcn h y d r o g e n  h o n d i n q  of a n y  



m o l e c u l e s ,  i n c l u d i n g  p r o t e i n  o r  e n z y n e  m o l e c u l e s ,  i s  a f f e c t e d  

by p r e s s u r e  a p p l i c a t i o n ,  t h e  vo lumcs  o f  t h e  m o l e c u l e s  c h a n g e .  

Under s u c h  c o n d i t i o n s  a c t i v e  c a t a l y t i c  s i t e s  on  t h e  

m o l e c u l e s  may become a f f e c t e d  s u c h  t h a t  t h e y  n o  l o n ~ e r  f u n c t i o n  

as  i n  t h e i r  n a t i v e  s t a t e s .  B e c a u s e  enzymes a f f e c t  t h e  r a t e  

b u t  n o t  t h e  e q u i l i b r i u m  o f  c h e m i c a l  r e a c t i o n s ,  p r e s s u r e  may, 

b y  b r i n g i n g  a b o u t  3 c h a n g c  i n  t h e  m o l e c u l a r  vo lume ,  a l t e r  t h e  

c a t a l y t i c  a c t i v i t y  o f  a n  enzyme a s  a  r e s u l t  o f  c h a n g e s  i n  

p r o t e i n  c o n E i . y u r a t i o n .  Such  L c h a n g e  i n  t h e  c a t a l y t i c  a c t i v i t y  

of an enzyme may a f f e c t  t h e  r a t e  o f  b i o 1 c ) ~ i c a l  r e a c t i o n s  i n  

t h e  c s 1 . l  w h i c h  c o u l d  inEl.uencct t h e  a d m o s i . n e  t r i p h o s p h a t e  ( A T P )  

t u r n o v e r  r a t e  a n d  h c n c e  i t s  p o o l  s i . z e  i n  t h e  c e l l .  I n d e e d .  

p r e s s u r e  o f  2 , 0 0 0  atm h a s  bezn shown t o  i n h i b i t  x a g n e s i u n -  

a c t i v a t e d  m u s c l e  ATPase ( 3 8 ) .  

The e f f e c t s  o f  p r e s s u r e  on  v a r i o u s  e n z p l c s  o f  t h z  

t r i c a r b o x y l i c  a c i d  c y c l e  and  tile g 1 y c o l y t i . c  p a t l w a y  h a v c  n o t  

b e e n  i n v c s t i c j a t e d  t o  a n y  g r e a t  e s k c n t .  Whsn r e s t i n g  c e l l s  

of Escheric11.i.a -- -.--- c o l i  (g. ~-02i) a r e  e x p o s e d  t o  1 , 0 0 0  & t m  t h e r e  

i s  a markc2  r e d u c t i o n  i n  the r a t e  o f  m a l i c  d c h y d r q e n a s e  

a c i i v i t y  ( 3 6 ) .  S u c c i n i c  d c h y d r o g c n a s e  ac t i . v i l : y  d e c r e a s e s  

w i t h  i n c r c ; l s i n g  p r e s s u r e  and a?ll . ,OOC atm l i t t l e  a c t i v i t y  

r e m a i n s .  L - t t 1 . c  i s  known a b o u t  t h e  e f f e c t s  o f  p r e s s u r e  o n  

i s o l a t e d  ccl.1 o r g a n e l l e s .  i l l  a  P o r t  ( 1 8 )  attempted t o  

b y - p a s s  t h c  l ~ r o b l c m  o f  nienibranc p e r m c a b i l . i t y  i n  f i l I . o n ~ ~ ~ c t s s  

macrgcEni1s c e l . 1 ~  b y  o b s e r v i n c j  p r e s s u r e  c f i e c k s  on  t h e  enzymes 

o f  i s o l a t e d  m i t o c h o n c l r i a .  They  f o u n d  t h a t  p r e s s u r e s  o f  up 

t o  1 , 0 0 0  stm d c c r e a s c d  t h e  s u c c i n i c  d c h y d r o g e n a s e  a c t i v i t y  



o f  t h e  i s c l a t e d  n i t o c h o n d r i a  . A p r o g r . c s s i v e  d e c r e a s e  j.n 

a - k e t o g l u t a r a t e  d c h y d r o g e n a s e  a c t i v i t y  accompan ied  i n c r e a s i n g  

p r e s s u r e s  and  a t  1 , 0 0 0  a t m  no  a c t i v i t y  c o u l d  he d e t e c t e d .  A t  

1 , 0 0 0  a tm some o x a l o s u c c i n i c  d e h y d r o g e n a s e  a c t i v i t y  r e m a i n e d  

b u t  l i t t l e  a c t i v i t y  o f  i s o c i t r i c  d e h y d r o g e n a s e  p e r s i s t e d .  I t  

was  p o s t u l a t e d  t h a t  t h e  p r e s s u r e - i n d u c e d  d e a t h  of A l l o m y c e s  

m a c r o q y n j s  was  c a u s e d  i n  p a r t  b y  t h e  b l o c k a g e  o f  t h e  t r i c a r -  -- 

b o x y l i c  a c i d  c y c l e ,  d e p r i v i n g  t h e  o r g a n i s m  o f  i t s  p r i n c i p a l  

e n e r g y  p r o d u c i n g  p r o c e s s e s .  It w s s  sho tm b y  Z o B e l l  and  Budge 

(65)  t h a t  t h e  n i t r a t e  r e d u c i n g  enzyme s y s t c m s  o f  --. Pseudornonas ---- 

e r f c c t o n 1 s r i n u . s  were g r a d u a l l y  i n a c t i v a t . : c d  b y  p r e s s u r e  o f  E--. - - 

1 , 0 0 0  a h .  W i t h  p r o l o n g e d  c x p o s u r e  t o  1 , 0 0 0  atin d e h y d r o g e l , a s e  

act: v i t y  c l s o  d i m i n i s h e d .  Sj .mila?.-  s t u d i e s  hacle n o t  b e e n  d o n e  

on p l a n t  d c h y d r o g e n a s e s .  P e r h a p s  a n a l c g a u s  p r e s s u r e  e f f e c t s  

wou ld  o c c u r  i n  a l g a l  d c h y d r o g e n a s e  and n i t r a t e  r c c l u c t i o n  

systems. 

Enzymes a r e  a f f e c t e d  b y  a n y  o f  t h e  a g c n t s  o f  p r e s s u r e ,  

p H ,  and  temperature wh ich  d e n a t u r e  p r c t e i n s .  Enzyme s y n t h e c  i s  

by c e l l s  i s  u s u a l l y  a f f e c t e d  b y  p r e s s u r e ,  E .  cc_ l i  c e l l s  

t r e a t e d  w i t h  i s o p r o ~ y l t h i o g a l a c t o p y ~ a n o s i ~ ~ , e  t o  s t i m u l a t e  

8 - g a l a c t o s i d a s c  s y n t h e s i s  a n d  t h c n  e x p o s e d  t o  p r e s s u r e s  ~f 

e i t h e r  455 o r  1 , 3 2 0  ztm s o o n  a f t e r ,  a r e  u n ; ? ~ l e  t o  s y n t h e s i z e  

t h e  enzymc ( 4 2 ) .  If p r e s s u r e  i s  a p p l i e d  t o  c u l t u r e s  a c t i v e l y  

proc1uci.ng t h e  enzymc,  s y n t h e s i - s  c o n t i n u e s  f o r  a  b r i e f  p e r i o d  

a n d  t h c n  c e a s e s .  A p p a r e n t l y  g c n c t i . c  t : r a n s c r i . p t i o n  s t o p s  and  

t h c  b r i e f  p c r i . o d  o f  enzyme f o r m a t i o n  i s  Zuc t o  t h e  p r e s e n c e  

o f  somc p r e v i o u s l y  s y n t h e s i z e d  m e s s e n g e r  r i b o n u c l e i c  a c i d  



( ~ R N A ) .  Landau,. ( 2 8 )  u s i n g  a  d i f f e r e n t  s t r a i n  o f  g. co1.i 

o b t a j  ncd s i m i l a r  r e s u l t s .  

A l t h o u g h  n o t  p e r t i n e n t  t o  t h i s  s t u d y ,  work on 

p r o t e i n s  and e n z y a e s  h a s  b e e n  d o n e  a t  p r e s s u r e s  well  above  

1 , 0 0 0  atrn ( 4 8 , 4 9 , 5 0 , 5 1 )  . Miyagawa (33 ,341 r e p o r t e d  t h a t  

p r e s s u r e s  o f  4 , 0 0 0  o r  3 , 5 0 0  a t m  f o r  f i v e  m i n u t e s  d u r a t i o n  

completely i n a c t i v a t e d  t h e  enzyme, Taka-amylase-FA. B c t h  

i n a c t i v a t i o n  and  s u b s e q u e n t  r e c o v e r y  o f  a c t i v i t y  vsre depend-  

e n t  upon the enzyme c o n c e n t r a t i o n  u s e d ,  t h e  pH, t e m p e r a t u r e ,  

a n d  the i o n i c  s t r e n g t h  o f  p r e p a r a t i o n .  R e c o v e r y  v ia5  f o u n d  t o  

be enY,anccd b y  r e c o m p r c s s i  on a t  a somewhcit l o v e r  p r e s s u r e .  

It h a s  b e e n  o b s e r v e d  t h a t  hunmn s a l i v a  &-amylase  becomes 

i n a c t i v a t e d  b y  p r e s s u r e s  above 5 , 0 0 0  a tm i n  a n  a q u e o u s  so lu t ; . on  

( 2 6 ) .  A t  9 , 0 0 0  atrn loss of a c t i v i t y  i s  c o n p l c t e  i n  f i v e  

m i n u t e s  when t h e  temperature i s  30•‹ and  t h e  pH 6 . 9 .  G e n e r a l l y ,  

p r e s s u r e  i n a c t i v a t i o n  of t h e  c - amylase  i s  a c c e l e r a t e d  i n  a c i d  

med ia  w i t h  i n c r e a s i n g  t e m p e r a t u r e  up t o  40•‹. 

The  e f f e c t s  of p r e s s u r e s  o f  u p  t o  s e v e r a l  t h o u s a n d  

a t m o s p h e r e s  on e n z y m a t i c  r e a c t i o n s  a r e  o f t e n  r e v e r s i b l e .  

Ket tnmn c t  a 1  ( 2 5 )  f o u n d  t h a t  t h e  a g c j r e g a t i o n  o f  

m o d i f i c d  po ly - I , -va ly l - r i bo i~uc lease  was i n ! ~ i b l t c d  by 150 and  

300 a tm.  Upon d c c o m p r c s s i o n  t o  1 atrn,  the a g g r e q a t i o n  r a t e  

irnmedi z tc ly -  resumed t h d t  o f  t h e  a t n ~ o s p h c r  ic p r e s s u r e  c o n t r o l  

r a t e .  D e s p i t e  i n a c t i - v a t i o n  o f  r i b o n u c l e o d e p o l y m e r a s c  b y  

6 , 0 0 0  a i m ,  upon r c l c a s c  t o  1 a tm,  t h e  enz;Jmc r e c o v e r e d  i t s  

a c t i v i t y  ( 6 2 ) .  



11. Memhr a n o -- s 

P r e s s u r e  a p p l i c a t i o n  c a n  a f f e c t  t h e  r e q u l a t o r y  

f u n c t i o n  o f  membranes and  i n f l u e n c e  t h e  k i n d s  and  amoun t s  o f  

r na t e r i a1 . s  t h a t  e n t e r  o r  l e a v e  a c e l l .  Ma11y o f  t h e  o b s e r v e d  

p r e s s u r a  e f f e c t s  on  i n t a c t  c e l l s  mcy be d i r e c t l y  r e l a t e d  t o  

t h e  e f f e c t s  o f  p r e s s u r e  on t h e  p r o t e i n  c o n ~ ; w n e n t s  o f  t h e  

m e m k - r a n e  s y s t e m s .  T h e r e  i s  n o  e v i d e n c e  t o  i n d i c s - t e  what 

e f f e c t  p r e s s u r e  m i g h t  h a v e  on  l i p i d s  i n  g e n e r a l  and  on  t h a t  

component  o f  t h e  rnen~l-xane s y s t e m s .  

P r e s s u r e  e f f e c t s  on  t h e  p e r m e a b i l i t y  o f  p l a s m a  

mcrnbra~ie o f  o n i c n  i r i ne r - ep i . dc rnm1  c e l l s  h a v e  b e e n  l n v e s t i ~ a t e d  

b y  Murakarrii ( 3 3 ) .  He r e c o r d s  p l a s x o l y s i s  and  d e - p l a s r n z l y s '  s 

t i m e s  o f  t h e  c . c I . 1 ~  when p l a c e d  i n  v a r i o u s  c o n c e n t r a t i o n  o f  

e l c c t r o l y . : e s  an6, n o n - e l - c t r o l y t e s  i n  s o l u t i o n  d u r i n c j  p r e s s u r e  

a p p l j . c a t j o n .  P r e s s u r e s  o f  u p  t o  485 a t m  i n c r e a s e  t h e  

p l a s m c l y s i s  t i m e s  o v e r  t h e  a t m o s p h e r i c  p r e s s u r e  c o r ~ t r o l s  i n  

any o f  t h e  s o l u t i o n s  u s e d .  

111. _-__ Sonic G e n e r a l  __ E f f e c t s  _ _ _ _  Of  ___ _I_______.__- P r e s s u r c  On _ Mscr-om01 e c u l e s  -- 

ProCc i  n s  1. ----- 

I t  js n o t  t h e  p u i p o s c  o f  t h i s  t r e a t n e n t  o f  

p r e s s u r e  e f f e c t s  on  p r o t e i i l s  t o  r e v i e w  a l l  t h e  a- alla able 

l i t e r a t u r e .  E a r l y  work on  p r o t e i n  d e n a t u r a t i o n  b y  p r e s s u r c  

was  n o t  q u a n t i t a t i v e  enough  f o r  t h e o r e t i c a l  a n a l y s i s  (24,49). 

T e ~ n p c r a t u r c  t m s  uncontrolled and t h e  d u r a t i o n  o f  c o m p r e s s i o n  

w a s  n o t  r e g ~ i l a t e d .  I n  many i n s t a n c e s  t h e  pH a n d  i o n i c  

s t r e n q t h  o f  t h e  medium w e r e  n o t  d e t e r m i n e d .  S u z u k i  e t  a 1  ( 4 9 )  

p o i n t e d  o u t  t h a t  d e n a t u r a t i o n  s t u d i e s  w e r e  u s u a l l y  made a f t e r  



d e c o m p r e s s i o n  o f  t h e  p r o t e i n  s ~ l u t i o n  2nd n o t  d u r i n g  t h e  

p r e s s u r i z a t i o n  p e r i o d .  

A d v e r s e  e f f e c t s  o f  p r e s s u r e  a b o v e  1 a t m  on p r o t e i n s  

h a v e  b e e n  e x t e n s i v e l y  i n v e ~ t i y a t e 3  b y  a numher o f  w o r k e r s  

(4,5,6,16,19,20,21,22,23,35). Johnson  e t  a 1  ( 2 4 )  h a v e  r e v i e w e d  

t h e  e f f e c t s  o f  b o t h  v e r y  h i g h  and  m o d e r a t e  p r e s s u r e s  on  

v a r i - o u s  p r o t e i n s .  I n  a r e c e n t  r e v i c w  Y o r i t a  ( 3 7 )  d i s c u s s e s  

s o m e  o f  t h e  e f f e c t s  o f  p r e s s u r e  on t h e  p r o t e i n s  o f  m a r i n e  

m i c r o o r g a n j s m s .  More r e c e n t l y  t h e  e f f e c t s  o f  p r e s s u r e s  on a  

number o f  p r o t e i n s  a t  p r e s s u r e s  a b o v e  1 , 0 0 0  a t m  h a v e  b e e n  

s t u d i e d  b y  some J a p a n e s e  w o r k e r s  (35,48,49, 50,  5 1 ) .  

The  volume o f  a p r o t e i n  m o l e c u l e  i s  a f f e c t 2 2  b y  Yoth  

t e m p c r a t u r c  and  p r e s s u r e .  Gent?ral  l y ,  n-~.olecul.c71r vo l i l xz  

i n c r e a s e s  when t h e  t e i ~ ~ p e r c ? ' l u r e  i s  r a i s e d  and  d e c r c a s c s  when 

t h e  h y d r o s t a t i c  p r e s s u r e  i s  i n c r e a s e d .  A s  a  r e s u l t  ~f i t s  

e f fec t s  upon m o l e c u l a r  volume c h a n g e s ,  p r e s s u r e  may p l a y  a 

s i g n i - f  i c a n t  r o l e  i n  many o f  t h e  p l l y s i c a l  and c h e m i c a l  p r c p e r k i e s  

of t h e  ccl.1. W h i l e  p r c s s u r e  c a n  c h a n g e  the s t r u c t u r e  o f  

wate1: i t s e l f ,  (24) i t  a l s o  i n f l u e i i c c s  t h e  decjrec o f  h y d r a t i o n ,  

i o n i . z a t i o n ,  e l e c t r o c o n d u c t i v i  t y ,  d i p o l a r  i .iiterac Lion ,  and thc 

c h c n r i c ~ l  r e a c t i o n  ra te : ;  of r n o l c c i ~ l l e ~  i n  s o l u t i o n s  (24) 

I n  g, c o l i ,  Landclu ( 2 7 )  foctnd t h a t  t h e  i . n c o r p o r a t i o n  

14 
of C-glyci .ne  i n t o  p r o t e i n s  was s t i i n u l a t c d  a t  2 6 5  a t n  and  

i n h i b i t e d  a t  6 6 5  a t m  a t  37O. A t  t h i s  t c r n p c r a t u r e  thi. 400  atrn 

i n c o r p o r c t i o n  r a t e  was i d e n t i c a l  t o  t h a t  of t h e  a t m o s p h e r i c  

p r c s s u r e  c o n t r o l .  H e  showed f u r t h e r  t h z t  265  a t m  s t i m u l a t e d  

t h c  i n c o r p o r a t i o n  of l a ~ - l c u c i n c  i n t o  . c _ o _ l i  p r o t e i n s  a b o v e  



27O b u t  i n h i b i t e d  incorpora t ion  a t  a  lower tem2cratzre .  The 

incorpora t ion  was i n h i b i t e d  by 400 a t n  when t h c  t e m p ~ r a t c r e  

was l e s s  than 37O ( 2 7 ) .  The author conclr~ded t h d t  t h e  

pressure- tempera ture  r e l a t i o n s h i p s  were pro5zSly indicative 

of t h e  e f f e c t s  on a  s e r i e s  of different but  i n t e r r e l a t d  

biochemical events .  P o l l a r d  and \ f e l l e r  ( 4 2 )  showe2 o;?l.y a 

n e g l i g i b l e  incorpora t ion  of 1 4 ~ - v a l i n c  i n t o  p r o t e i n s  of  E .  c o l i  

a t  900 a t n .  

P r o t e i n  s y n t h e s i s  was complctel:~ inhihj. t e 3  i n  t h e  

psychropl~i l .e ,  V i b r i o  marinus- by 1,000 atm (1) . A t  430 a n d  

500 a t n l  p r o t e i n  s y n t h e s i s  decreased where2.s 2Cj0 c l t m  initls:!:y 

r e t a r d e d  synthes i  s bu t  t h e  pre--pressar-izcitiion r a t e  ree:lrwd 

a f t e r  about 6 0  minutes.  Pol-lcrd and We1 l e y  ( 4 2 )  s5ovc .d  t h a t  

900 atm delayed t h e  recovery of ~ ~ ~ t e i n  s y n t h c s i s  f o r  only 

10 minutes.  Landau ( 2 7 )  repor ted  t h a t  a• ’  t e r  111-ctciil sv.n.th?sis 

w a s  almost c o i ~ l l ~ l e t e l y  j.nhi.bi.tcd f o r  10 t o  15 ininutcs subseql i i?ni  

t o  t h e  a p p l i c a t i o n  of 665 atm of p r e s s u r e  a t  37O, t 3 e  r e l e ~ c e  

. - 
of p r e s s u r e  rcsul tecl  i n  a  r ap id  resumptien of amSnr: acll; 

i ncorpora t ion  i.nt9 t h e  p r o t e i n s  of g.  cell,',, He ~ l . ~ . ~ q ~ ? s t c d  

that: t h c  incorpora t ion  r a t 3  was scne~.41at yrea!.i.r thc7n t h a t  

found i n  non--pressurized c u l t u r e s .  

The thermal dena tu ra t ion  of sor-,c prc\Lei~?s  rid 

enzyrves i s  opposed by p r e s s u r e s  of up t o  680 ( 2 1 ) .  

S i m i l a r l y ,  t h e  i n a c t i v a t i o n  of t h e s e  macro~l;olecules by 

a lcoho l ,  high pEI, and ure thane  may be rctar2ec1 by  p r e s s u r e s  

of u p  t o  680 atm provided t h e  temperature i s  not  r a i s e d  abo-,re 

t h e  optimum. Pressures of from 680 t o  750 atm opposed t h e  



rate of preci,pi t a t io r ,  of p u r i f i e d  hcn:x~ sprum 3lc23:.2.;.i;l 31: 

. . -  
6 S 0  wi th in  n pE! range f r o m  5.1 5 to 5 ,FO ( 2 1 ) .  Unrie~: s 1 ~ 1 1 t ~ r  

-. 
pressurc exposures and a t  p1-I 6 - 0 ,  ciys ta l l izc( : l  252 a ~ ~ u r c l i : ~  

s o l u t i o n s  were not p r e c i p i t a t e d  at r o c x  ter~perc:-urc.  3t 6 5" 

however ,  and a t  p H  6 .3  s x z l l  amcui;-ts cf ei 'hyl  a l zoho i  

increased the puccj.pi.tat:ion of both ?-oteir?s at pressurss of 

up t o  7 5 C  a t m .  



c o n t r o l  r a t e  ( 3 2 ) .  A t  675  a tm,  KNA synthesis was unz::fec';ed 

b u t  DNA and  p r o t e i n  s y n t h e s i s  w e r e  r e d u c e d  t o  oxe-halC t 5 z t  

of t h e  1 atni  c o n t r o l .  P o l l a r d  and B:eller (.22.) cDn(.:luclcl? 

t h a t  i t  i s  e s s e n t i a l l y  those  c e l l u l a r  p r o c e s s s s  a s s c ~ i a t e 2  

wi th  g e n e t i c  t r a a s c r i p t i o n  and  313, s y n t h e s i s  t ? : 2 t  are 

pressure s e n s i t i v e .  S i m i l a r  r e s u l t s  were reported by i ? . ndau  

( 2 7 )  who i n v e s t i g a t e d  the i n c o r p o r a t i o n  02 14~-adenine i n t o  

t h e  n u c l e i c  a c i d  f r a c t i o n s  of g. coli. The i n c o r p o i a t i o n  of 

' k - z d e n i n e  i n t o  t h e  n u c l e i c  a c i d  fraction o Z  t h e  c o ? - l a  

exposed t o  265 a Lm was s t i . n !u l a t cd  a t  2;'".  ' T i h e  i : lcir_lorat- iibn 

&< .. .. .<?I5 t:).?!.i of l a b e l l ~ d  a d e n i n e  u n d e r  400  at lv of pre , ; sc r :?  e q . - ? i  ' 

of t h e  c o n t r o l s  w h e r e a s  665 a t r a  Lnhi3i . t t .d  i r icor ; .~orat .?on.  

T h e  s t i m u i a t c d  r a c e  of  j ncorpo i i - t i on  (?f 265 3 ;:T co~3ri.r-iued f o r  

20  minutes; t h e  i n h i b l t j  o n ,  while markcd li:ld<;~ 6 6 5  a t r n  of  

p r e s s u r e ,  was never compl .e te .  

More r e c e n t l y  L m d a u  ( 2 C )  'ti3 s shew11 tila?: pr,essu-.c. 

exer ts  a marked e z f e c k  011 the t :ansla t ;on,  t r a r i s c r i p t i o n  XI?. 

i n d u c t i o n  F r o z c a s e s  of s. c n 1 i  c e l l s .  Each phac;c qf induced 

enzynie synthe2;l .s I s  a f f e c t e d  d j  ff ercri t ly d.?penlli.r.cj i;?o:: =he 

comnpressior~. Transc:.ripCli~>r, con2i;lT~25 ~ i :  <-;";O 2 1 t x  a:?d. i.s least 

affectcci. T r a n s l z t i o i ~  i s  c i > ~ . l p l e t c i y  inhi.I) l tc:d at G 7 0   at^. 

ar.d u n a f  fectccl a t  265  a tn t .  I n d u c t i o n ,  h ~ ~ ~ . i ~ ~ e i - ,  i s  t c j t a i i y  

j.nh.ibitc.1 st pressures ahout 265  a h ,  

It h a s  been suyc jes ted  t h a t  ~ : . r e s s u r c s  05 :up to 2,709  

at ;n  prcmotes t h e  s t a b i l  i z a t i o n  cf t h e  do1:bl.c h c l . i x  s t r l , l c t u r e  

cf t h e  Dig?, n-nolccule 1 . Weida and J i l l  ( 5 3 )  using c a l f -  

thyw.1~ DNA p rep : . : r a t io~s  f o u n d  on1.y srfiali 2 f f e c t .  of pressures 



of up t o  1 , 3 3 5  atn? upon s t r a n d  s e p a r ~ i t i o n  cf t h e  DXA : nohec~Ic : .  

An i n c r e a s e  i n  p r e s s u r e  r a i s e d  t h e  r . e r ~ ~ p e r a t u r e  a t  whl .ch  

s t r a n d  s e p a r a t i o n  o c c u r s .  T h c s e  a u t h x s  co~c lud t?~ -7 ,  t h a t  = h e  

s m a l l  p r e s s u r e  e f f ec t s  on  DNA s t r a n d  s e p a r a t i o n  appecired t o  

be o f  l i t t l e  i m s o r t a n c e  i n  t h e  s y n t h e s i s  o f  n u c f e i c  e c id s .  

I t  was shown r e c e n t l y  t h a t  w h e n  p s ~ ~ h r o p k i i ~  llc 

V i b r i o  m a r i n u s  i s  exposed. t o  1 , 0 0 0  a t m ,  p r o t e i n ,  DNA ar;Z RNA ---- ---.-- 

s y n t h e s e s  a r e  c o m p l e t e l y  i n h i b i t e d  ( I ) ,  A t  200 a t ~  t h e  

s y n t h e s i s  o f  DNA i s  u n a f f e c t e d  w h e r e a s  t h e  s y n t h z t i c  r a t e s  

of b o t h  p r o t e i r l  and RNA a r e  a t  f i r s t  i n h i b ~  t:?d b:lt ? t?sLune t h e  

1 a t m  c o n t r o l  r a t e s  a f t e r  an  h o u r ,  Tit 55(i ztrr, p!-or.:i :~ 

s y n t h e s i s  i s  r e t a r d e d  b u t  GNA and  RNA s p c h e t l i c  r a t e ; ;  cgnt jnue 

n o r m a i l y  f o r  a br ief  p e r i o d  and l a t e r  decr=a~:.; i z i t k ,  t i . i~~c .  T h e  

a u t h o r  s u g g e s t s  t h a t  t h e  p r i r : c i p a l  e f f ~ c t  cf p r e s s u r e s  r z l i ~ - .  

i n g  f r o m  400  t o  6 0 0  a tm  i s  t o  l ower  the r a t e  of p r o t e i n  

s y n t h e s i s  wh ich  i n  t u r n  may i n i t i a t e  i:he d e c r e a s e d  r ? t e  of 

b o t h  DNA a n d  RNA s y n t h e s e s .  

IV. -- X u t a t i o x s  . - - - - - 

H y d r o s t a t i c  p r e s s u r e  i s  pr.05ab.Ly a rni:t:i-lgelc.c ayerit 

of s i g n i . f i c a n c e .  P r e s s u r e  migh t  well s e r v e  ss 2 spcci ?!c 

mutagen  b e c a u s e  of t h e  h i g h l y  predictable eLfec t s  oi p i . e z s u r s  

on p r o t e i n s ,  snzyxcs arid n u c l . e i c  a c i d s  ( 5 0 ) .  P r e s s w e  induced 

m u - t ~ t i o n : ; ,  ~ i i l l  i l-c ranciom r z d i a t i o r !  rnu",,7ticns, r_"~~ ' l i i !  b~ 5igk.l;. 

r e p r o d u c i b l e .  I t  would be o f  v a l u e ,  howcvclr L O  I;n<v: if 

r e p r o d u c i b l e  m u t a t i o n s  c o u l d  52 i n d u c e d  by c c ~ n t r ~ ! . l i ~ a  t h e  

rnagni. tude and /o r  d u r a t i . c n  o f  p r e s s u r e  e x n o s u r e ,  I t  \-?auld be 

e q u a l l y  ~ a 1 ~ a b l . c  t43 d e t c r m i n c  i f  s ~ ~ c h  i n ~ t z t i ? ? ? ~  We-rt. 



r e v e r s i b l e .  

P r e s s u r e  i n d u c e d  m u t a t i o n s  h a v e  been ~ i t ? , i . i ! e d  i n  

some organisms ( 3 , 1 4 ) .  G r o s s  ( 1 4 )  h a s  r e p 2 a t e d ' l . -  Y o b t a i n ~ i  

p r e s s u r e  i n d u c e d  c o l o u r  m u t a n t s  of Euqlc?nac7 qracj 1 i.s s t r a i n  Z .  

P r e s s u r e  t r e a t m e n t s  o f  f r o m  500 t o  i,000 a t m  for s; b r i e ?  

p e r i o d  i n d u c e d  s t a b l e  p i g m e n t  mutants i a c k i n g  chlorcpi . .y l . l  a n 3  

h a v i n g  s t r u c t u r a l l y  a l t e r e d  c a r o - t e n o i d  molec~ . : ' l e s ,  E e r ~  et a l  

( 3 )  have u s e d  C2 u n d e r  p r e s s u r e s  of ~ p  t o  l35 a t m  ?c: i r i c i u c e  

m u t a t i o n s  i n  b a r l e y  s e e d s .  The  f r e q z e n c y  of m t a t l c n  was 

f o u n d  t o  he d c y e n d c n t  upon t h e  vater coni; i?t  of -the  see?^, 

b e i n g  h i g h e r  i n  d r y  se:?ds  w i t 5 1  x a t e r  conte:rlt  of 2 . 1  and  3 . 1  

per c e n t ,  t h a n  i r ,  s e e d s  ha .v ing  a  9 . 3  per cei.it wate r  coii-cent. 

S i n c e  t h e  s o l u b i l i t y  o f  0 2  i s  p r o p o r t i o n c . 1  t o  t h e  p r . e s s u r e  

appl i .ecl ,  u n d c r  t h e  e x p e r i m e n t a i  c o n d i t i o n s  used by the 3 : ~   tho::^ 

t h e  s c e d s  were immersed i n  w?itez \:ith a n  O2 c o r ~ e c i i t r a i i o ; !  a s  

h i g h  3s 0.17 M compared w i t h  a c n n c e r r t r a t i o n  r ~ i  1.25 ;: ~ O - ~ I S I  

O2 a t  a t m o s p h e r i c  p r e s s u r e .  A s  s u g q e s t e d  b y  t h e  zct11o:-s, the  

mu tagen i  c a g c r t  i s  p r o b a b l y  O2 i . t s e l f  2 t  s u c h  hish cc.nc~;.r ' ;rz:rir,n. 

When n i t r o g e n  m u s t a r d  g a s  is u s e d  a s  t h c  xc tz .gnn ,  

t h e  f r e q u e n c y  o f  norphoj .o~i  cal mil t a n  ts of ~_cJILo-~;.~~.-~ s2cj:es i r  

h i g h e r  t h a n  whea the g a s  i s  u s e d  i n  c - o r J ~ i r l a t i o ; l  w i t 5  2rCssv.zf .s  

of up to 600 atm ( 3 1 ) .  C o n v e r s e l y ,  p r ~ s s ~ - l r e  al:i:5 v i j  th  

n i t r o g e n  m u s t a r d  sas a p p e a r s  t o  induce hiclchcnicai  nxt?nts 

more r e a d i  l y  t h a n  n o r p h o l ~ g i c a l  c n c s .  F a l m e r  ( 3 7 )  1 c;lortt?d a 

three-fold i n c r e a s e  i n  the r a t e  of mu-Lation t o  ~ t i - e p t ~ ~ ~ y c j . ~  

r e s i s t a n c e  i n  g€! r ra t i -q  m a r i n o r ~ 1 - , ~ - 5  e x p o s e d  t o  300 a tm  i ,ver  th? 

1 a t m  c o n t r o l s .  





Genexal  e x p e r h e n  La1 methods  and  materials u s e J  

throughout th? e n t i r e  s t u d y  are described i n  t h i s  c h a s t e r .  

Appropiria te specific d e t a i l s  are o u t l i n e 6  e l s e - , d k r e  ..>,hen 

necessary to d e s c r i b e  i n d i v i d u a l  experin-lents .  



Stock mineral  s o l u t i o n  
Euf f er A--KH2?O4 

Buffer U - - K 2 H P O 4  
Trace E!.~i~tciIts 
G l a s s - d i s t i l l e d  Water 

Stock Mineral So lx t ion  
h;H NO3 

4 
K 2 E P 0 4  

M g S 0 4 .  7 H 2 G  

Coci 
Glasr-diqti' l e d  V i z t c r  

Duffer R 
X 2 H P 0  

4 

Trace Elcmcn 'cs*  
C u S O q  

* 'The micr:oi-Lu-ki:ierlt soiu t ior ,  v:;:s p r c p ~ 1 - c d  by ac! : l ln~  ear'!? 
J L -  *.-.. element i n d i v i d u a l  1-y to lC@ ml of c j l ? , s s - - Z i - - '  : l? .. .;;,?el- 

heated t-9 700 or $30. Acker each addition of a!! e l c ~ w n t  
the pF1 of tlic sn?ui: jol i  iras ailj~ister? ';a 5.13 . : i t h  XUii  pe!.J.et ( 5 )  

( ~ l ) ~ f n  p l : " c i p i . t ~ \ t ~ s  oilt b e l o w  pIi 2 . C ) "  T'IIC: ~ o l c t i o ~ l  b.ac the11 

ed to 300 a n 6  the pX a6 jastcd. t.o 5 .. 5 k47 ae:?.i.nrj mc- i r e  
KO!-I y e ]  lets. Wnen t h e  s ,3lut ion was c:oi>lc:d to r'ooi:? t c m 6 - 3 r a t u r 2  
the, f i n s 1  pH ad j u s t c d  to 6 . 5  by zLJdir,y! 3 X %OEi s::l:t i o ~ .  



w a s  determined. 

The s y n z h r o n o u s  c u l t u r z  a p p a r a t ~ ~ s  c o n s i s t s  ~f a 

1 5  g a l l o n  g l a s s  a q u a r i u m  e n c l o s e d  i n  a li~ht t i g h t  bax. 

C o n s t a n t  w a t e r  t enpe r? . t u r e  o f  25G2 lo was m a i n t a i n e d  by 

h e a t i n g  2nd r e f r i g e r a t i n g  u n i t s .  C o ~ i i n u ~ u s  s t i r r i n g  o f  

the w a t e r  was n a i n t a i - n e d .  I l l u m i n a t i o n  of 7 Q C  f t - c  wzis  

p r o v i d e d  by t w o  b a n p s  O F  f l u o r e s c c n t  lam;?s p l a c e d  

h o r i z o n t a l l y  o n  either s i d e  gf t h e  a q u a r i u m .  Each l l g h t  

b a n k  hzd one  2 0  b . a t t  Sy:\ranis CLG- l u x  _l.:.n;p S r. the centre 

a n d  on  e i t h e r  s i d e  a 2 0  w a t t  warm w h i t e  K'cstincjhousz 

f l u o r e s c c n t  1ar .p .  T h e  l i g h t  s o u r c e  t;as c ~ ~ i n e z i  c.d t o  a t i r r z  

s w i t c h  t o  prcjv.idc a prograi~uned i i g h t - d a r k  I -E :~ ;~~ . I c> .  The 

c u l  t - u r e s  w e r e  i ~ o r  a a l . l ; j  .i:.l.umina'icd u i i i r , t .~ r r i ! : i  tezly for a 

p e r i o d  o f  1 4  h r s .  A t  t h e  end  cf t l ~ i s  iiq5t p 2 r l r . d  the lami?s 

i n  t h e  l i g h t  t i g h t  hox  w e r e  a ~ t o r n ~ ~ t i c a l l y  s l~ i tchcG o f f  a n d  

t h e  c u l t u r e s  !eft  i n  c o m p l e t e  2 a r k n c s s  f o r  1 0  hra. T l l i s  
- 

l i s h t - - d a r k  r e g i m e  d e s i g n a t z d  a s  14: 1 0  ( W )  c o n s t i t u t e s  o n e  

c o m p l e t e  l i f c  c y c l e  and was r o u t i n e 1 - y  u s e d  t o  i n d u c e  
-- 

s y n c h r o n y  of t:ke c e l l s .  111 some -xp~rirne:; ' ;~.  t k c  14:  10 

u s e d  .&lien t h e  czlls w c r e  c u l t u r e d  i.n the pressure  1b7esacls. 

Pyrex  g1.ass  c u l t u r e  t u b e s ,  200 x 3 2  cm were sus- 

pc~cicd i n  t h e  w a t e r  Sath f ron  a. rat:< s u p p c r t e d  313. t h e  e d c e s  

unecplal  1 e n g t h  and  c o n s t r i c t e d  t o  acconuxodat~ c o t t o n  p l u g  

filters. E a ~ h  c u l t u r e  tube was a e r a t e d  hy b u b b l i n a  d i t h  





I 
I ; '  
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F i g .  3 Explodcc l  view of t h e  various cornpone~~ts of 

the pressure vessel .  a s s c n ~ l y  s h o w i n g  t h e  

p l u g  ( A ) ,  body of v c s s c l  (R), ca_n ( c ) ,  glass 

m a r b l e  ( D ) ,  needle valve ( E ) ,  and the f r e e  

p i s t o n  cylinder ( F )  . 



Fig .  3 





c u l . t u r e  tuhc \;as then bu'l~bleci  with the 5% C02- ,? . Ic  m l x t u r e  

and ro l -1 t i~e l .y  s u b j e c t e d  t o  the 14 :  1 0  progr?r,ur,ed light-dark 

r e g i m e .  

S y n c h r o n y  of  t h c  ce l l s  i s  d e t e r m i n s J  hlr t h e  con- 

s t a n c y  o f  the n number ( t h e  number of daughter c>!ls released 

from a s i n g l e  n ~ o t h c r  c e l l  a f t e r  o n e  light-dark c y c l e )  ( 5 4 ) .  

The n nurn3;cr i s  c a l c u l a t e c i  b y  d i ~ ~ i d i - n g  t h e  final c e l l  r ,unher 

by t h e  i n i t i a l .  cell nlmiher a f t e r  cne z~rr .p le tc  l i f e  cyc le  of 

t h e  a l g a .  If Cf and Ci r e p r e s e n t  f i n a l .  azd  i n i t i a l  csil 

n number = 
- 

-- 
Ci 

u s e d  t n  c u l t u ~ - c  a l g a l  c c l . 1 ~  a r e  made from 7 l r l a s  316 s t a . i n i e s s  



t i g h t l y  i n  t h e  r e c e s s c d  b o t t o m  o f  t h e  c a p  v:hercas ?he body 

window f i t s  s n u g l y  i n s i - d e  t h e  v e s s e l .  The window of t h e  

cap p r o t r u d e s  some d i s t a n c e  and o v e r  t h i s  wir,dox is fi t te, :!  

a s i l i c o n e  rubber- " 0 "  r i n g ,  1-1/2" I . D .  x 1-3/8"  O.D. x 1/8" 

t h i c k .  The c a p  w i t h  t h e  " C "  r i n g  f i t t e d  o v e r  t h e  p r o t r u u i n ?  

window f i t s  w i t h  a n a r r o w  t o l e r a n c e  i n t ~  t h e  3ody o f  t h e  

v e s s e l .  The window cf t h e  cap w i t h  t h e  "0" r i n g  thus f 0 r . x ~  

a s e a l  be tween  t h e  s t a i n l e s s  s t e e l  b e a r i n g  surf8 ,ces  t;hen 

pressure i s  a p p l i e d .  A 2 piece st.ciri s t a . i n l e s s  steel r,eec!ic, 

v a l v e ,  (Xo. 30L7;.l--.$071 I?u t o c l a v e  I?ncji l?esrs,  E r i e ,  P e r i i - s v l v a n l a )  

attached tr, tklc b c Z p -  df tll? pressure v e s s e l  rmirl-ka:;r,s pressu:re, 

To prcpcl;t. t l - 1 ~  s i . -cs ; ;u; :~ vcs ; e l  ; S  a z ~ ~ l t n r c  cj>c$;er. 

f o r  a l g z l  c e l l  g r o w t h ,  i t  i s  f i t t e d  v . i th  R e i i e r i n c k ' s  !ned ic ;~ ,  

or any 0 t h ~ ~  app]:o~~ri,l+:-. il!cdi.;lq allti C'.OSC& The v?i.'.:f;' 2nd 

2 l u y  (see P i g .  3 ,  3) are t h e n  a t t a c h e d  -to th2 b ~ d y  of t?;e 

v e s s e l .  A s m c l l . 1  g l z s s  m a r b l e  i s  p l -aced  j.11 t h e  c h a n h r  of  the 

v e s s e l  t o  keep t i l e  c e i l s  i r l  s b s p e r . ~ j . ~ ~ i l  vihen tke l ~ e ~ s i - : )  i s  

shalccn. C~nt:a:~li.n;ltio:l 05 t h e  rrLeciiua i n  the aasc i rk l ed  3pp3ra-;u,c 

was contr-:],cd by innersing the  a ~ p a r a t u s  in 3 water h z t h  

at: 70s for a t  l e a s t  one hour. A f t e ~  t h e  ap2ai:htus cog123 t c  

rooin te1xpcy;l.tul:c t h e  p l u g  K ~ I S  L . C ~ J I O V ~ ~  3 ~ d  t h e  ~ . ~ e s s e l  

i n o c u l . a t c d  a s e p t i - r a l l y  w i t h  a l g a e  by means 01 2. ste:Sle s y i i . ~ : ~ c  

f i t t e d  wi.th a  hq.lp0d.e~-rnic n e e d l e .  U s u a l l y ,  t h e  ce1.l. ccln- 

cenkr ; l t i~c ,n  in i;he vessel was ';!le sane 2s  that i n  ti- L L ~  c u l t u r e  

t a b e  t h e  ~f tll~ s y n c h r o n o u s  e x p c r i m c z t  i n  t h e  

sync5,roilouS app;ir:Ltus. c02 was a l s o  i n j e c t e d  f in to  t h c  vessel 

a t  c o n c c n t i - a t i c c  c a l c u l a t e d  on t h e  ba s i s  of t h e  a r n x n t  of 



c a r b ~ n  c o n t a i n e d  i n  tl-~e gas i n  r e l a t i o n  t c  the arnoullt 

r e q u i r c d  by the c e l l s  to a l l o w  f o r  at least. a f o u r  fo1.d 

increase i n  c a r b o n  c 0 n t e r . t  a t  t h e  end of a l i f e  c y c l e .  

S u b s t a n c e s  may bc a d d d  to t h e  v c s s - l  o r  ar! :llquot of 

ce l l s  wi- thdrawn a s e p t i c a l l y  by r e n o ~ ~ i n g  ?.n2 r e p l z c i n g  the 

p l u g .  

Cel ls  w e r e  c u l t u r e d  zt atr!;os;l.)herj c pressurz in 

t h e  v , - s s e l s  p r e p a r e d  as  d e s c r i b e d  above.  The assc.mile5 

v e s s e l s  were tY!en rnountxl  I n  thc -tern?eratu.l-e-cor:t;ccllec? 

shzker  wc"icr  b a t h  (E'iy. 4 ,  5 ) .  The c u l . t u r - e s  ir, ar;y :>f 

scvc::> v c : , ~ e ~ l s  ( ~ ' i  g . 6 )  wcrc i l l u r i l i n a  t e d  i ~ c i i ~ i c i ~ l ~ l i l l  ' ihro:~??l 

ont? winEov! w i - t h  appro:;j rnat-,ely 70C f t --c .  F D r  j . I . l~ .~, ! ic? , t io : - : ,  

i nc l i v idua l .  6 vo!.i:, ; 5 w a t t  mj.crc;scopc. ill uroi.nc!tc?: imps 

(Wi ld  FJerrbrucjij 1,t-d . , ~ w i t i : c r j . a n d )  ;%:-7.:e mm1:'1-C3d o!.: a hc?lder 

o u t s i d e  the: b z t h .  The lamp h o l d e r  w a s  f ixed  i;! a 

h o r i z o n t a l  p o s i t i o n  w i t h  r c s p c c t  t o  t h e  window; o f  the 

v e s s c ]  s. 1- this pos j t j . o r :  tke lanps W ~ S S  a 1 i g r . d  yv'it% th f :  

wj.ndo\.js o f  t h e  v c r ; s e l s  ( s e e  P i r ~ .  6 )  . The 1arr.p h o l ? e ~  C I ~ Z S  

- k ~  the sllake:c 2 p v i o c  ;;G t h 3 t  the lzn:,n d i . s t : ~ r ; c ~  

f r o r ,  the \h,rii;c~c;v!s was a ] ~ j a y s  c9ns%;l ! l t ,  r"\t &:?E PPC! C? i:h? 

l i c l h t  p e r i o c i  boi-h wj.n<o;<s: \.jcrc C C X ~ ~ P ~ P ~ ~  ~ 9 ~ 2 r t _ . c ' ,  ~ ' G Y  khs 

d s r k  per i oc]. >,f ;cr t l - , ~  day.> per iod the c e l i 5  T:JCre 1:c~.c7v;.d 

and z s s  :ty?d . 
hihcLi ;lpplyi;;g p r z s s u r e  to the v~?ssc.!-, ~ S I I - . s t , n r . i l o  

meijjl-,,, c~,..:~.~: jr,ko t?:? ves:;cl 2s t h e  prcusu?:? i s  a,rpli ed 

car:] cor;t;?i-i n z t ~  t h e  c i ~ l t u r c .  To a I S ,  the f r e e  p i s t o n  

cylinc:c,r (s,2,- ~ i c ; .  :! B-5) t:as d c s i g p e d . .  'I'hi c y l i n d e r  i s  



F i g .  4 The pressure vesscl assembly prepared for 

use. Thn f re(: piston cs:ll i ~c1 t . r  mi! connecting 

t u b i n g  ?re removed before i n u n c r s i c n  in the 

water bath. 
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Pressure vessels in place in the shaJ-cr frame 

prior to immersion in the water b2t.h. The 

i n d i v i d ~ i a l  l a m p s  a re  m o u n t d  on a rack xhich 

is attached to the frame. 



Fig. 5 



F i g .  6 

I 
I 

P r e s s u r e  vessels in the water bath sho7;ring 

h o w  each v e s s ~ l  is i r i z i v i  d u a l l y  i l l . u m l . n a t e d .  





mad<) o f  316 s t a i n l e s s  s i c c l .  I t  h a s  ar! i .n ! -c~:~~cl . l  v c l . -  . L,T,;C: 0 5  

8 crn3 a n d  c o n t a i n s  s close f j t t j n g  3 /R "  dianeker t e f 1 3 r 1  

p i s t o n .  An "0" r i n g  Is f i t t c c l  i n  a grove o n  t h c  p i s t c , ~ - ,  ia 

f o r m  a s c r i i .  T h e  c y l i n c l c r  S-s c l o s c d  ljy c y l i n ; ? s i -  l-r,:,..is o i l .  

each 2 n d .  A b u t t  b 2 l  cw the t l l ~ ~ ) a d i > d  portion sf t h e  ~-l . . l  i r.2c.r 

head a c c o m m o d a t  cs a 3 / 3 2 ' '  t h i c k  sil iconc ~-uk::-c:.- ' i j "  :.i:!c! 

w h i c h  f o r i n s  a t i g h t  s e a l .  when t h e  h c a d s  a r e  i n  21zc:c.. Tc 

p r c p r c  khc? cyl  i n c l c r ,  i t  was; i i  lled wi 'ih mcdi i~i-,d t!-,i? 

heads  scrcwcd i r d o  pl acc.. Thc t-nci o; t P L c  ; y l  i!,,i->r c ! s ~ ' ; 3 1 " ~  ;;: - 

opposi t c to thc l o c a t i o n  of t h c  pi s t o n  w a s  al'i?.-.i:}:c:! till, 

n c c d l  c \.t i1 c c .  Tlle ;its.;-1 v . i  Lh t h e  n ~ c d l  c va:  l r c  cln: ttl~c 

cyl . i i~c ' ; i~ l -  r ~ t . ' l a c l ~ c c i  w c ~ s  thci? immsl-scd i n  t!:~ 70•‹ x,i;.,.?t2;- ;-.;]:!I fr,: 

a t  1 C;IC; i o r l c  i!olx- , r\'t. ci- cccj i r y  to Y G v i r l  t c ~ i , . : ~ ~ ~ ~ - , !  j1;rt7 

- - VC:;SCI  W;I i S O C I ~ ~ ? ~  r\C7 L?; 1.5' ;ill3 C ( ' , ,  c i c ? l z  l 2s nc,- 2r-L- ;in;? - 
pl:cs:;ut-c rry;;>i i c.tl  v i  a t l l i .  f 1 - e ~  pi s t  0;) c y l  i ::;ic:: c.: :;~:>ri':~] -.. . 1 ; - 

wa:; t l lcr!  mount  c.d i n I l?c s h C l Z ; ~ 1 -  LP; b;i i.h -i;?i? I 1  3.ur::;;,7t-ctd 

aft?,- t-11~: f 1 - p ~  1)i S ' C ~ I I  C Y ]  i n ( i ~ ~ -  W'CL:; i-?!;lO7+.:<!. 

T c  z i ~ l i ' J \ 7  1 ) : ' C 3 : - :  '11-(2 i ' ! ~ ,  FYC'C ~j ?;kc)ll  c.\.j.i:1.:lpr h'i t i ,  

" C C ; : ; ~ . ]  ~ , ~ . i C ~ ~ ~ ~ ~ ~ < ?  \,<;cm:; ~ : ; t ~ ~ ~ i ~ ~ ~ L c - , ( d   hi(^'^ ]>I-<!::;!.;!-;. ::LI:>!.~,; j c ? . , < i r l ~ .  

,. ,> t o  ;I h:~d:-~~:r 1 c. 1,) i - , : ; ~  ( i , ' ;~ . ; .  7 ,  :;) . L I ~ C  t ~ ! l j i ~ l q  \~kis <. t ! -~~ t : l~< : ;  

. 77  7 t o  ;; c t ; l i  1 1 ;  c:;:-: : ; t a c a l  cj-1 .; i l c . ; ~ . !  L :  t . 1  1 ti:pr . I:,+: 

cyl. j : :clc.r  ( ] . i c j .  9 1 )  j:, l c > ~ - - ~ L c . c d  c l i ~ - c ~ C i y  unc!c.:- ~ 1 1 . 2  ;-,ll,,>cjc.. 

7 - . . 
( , ) ) :,(; : l l , & t  ~ ~ l - ~ , ~ . ~ i - c \  I i ~ ~ y  kc. i!;c;-cat:L:.:: r c ? l  s 2 :?ij t::,? 

- .  - 
r c , r l l  <,f 1 ,.,:,:, Tv:l) i L , I I  [,:)I L:L>:: t  ~ J I  L A I I ~ J C ~ I -  in L 9 t1.c) C>.L i i l~ :p : -  . 

r ' wllc.T-, :!I(> I..\,;: i r ; , ; , - : -  j c .  : 1 1 1 ~ l ( . l  \ % ? i  t.11 1 C : L I ~  (1 c l i l c l  k'!?,~ 111 L ~ Y  i: 

. . 
f o l - L - c L ]  i ,,! ,) L L , L \  c::,,? j ;lc](.:- ? . l y c ? l - ~ ~ ~ l  i e p Y C 5 : ; 1 ; - ~ ~  i:- trc;:-.:  pi-^-,?? 

t h l - , , l i , i l l  t l , , .  t , , ~ , i n i 1  :n t!-.c ~ ~ ; - c r r , l ~ ~ - ?  vcarr.cl a?- L C  ti].: f r c c  







Fig.  7 



F i g .  8 



L 

F i g .  8 





F i g .  9 





method w a s  modificd i n  t h a t  t h e  a l g z l  ccl ls :icre i ~ ~ a ! e d  f o r  

10 n i i n u t c s  i n  boiling water (to brc?k the c e l l  ; : , , l lc)  a f t e r  













TABLE 111 

The n n u m b e r s  f o r  al3ac grow11 synchronously u ~ . d e r  
v a r i o u s  l i g h t - d a r l i  reyimcs, tcmpcrature and light 
i n t c n s i  t i c s .  

--- --- - -. - 

A l g a c  C u l t u r e  C o r , d i t i o n s  n number 

- -- 

C h l o r c l l a  ~ y ~ g 1 ~ - 0 i c l o s a .  16:  12(30•‹, 900 f t -C)  - 8, 1 5 ,  32  * 
( s t r a i n  211-Gb) 16: K ( ? ~ - ~ F O ,  800 ft-c) 2, 4, 8, 15 .i 

C h l o r c l l a  pvrcnoidosa 14:  10(?5O, 700 ft-c) - - - - - -+ 

-- 

_ChJ-q-r~lj-~-~ll-i~:.:L~j~~~~. 17: 1 5 { a C ,  1,000 ft-c) 4 . 1 ,  4 . . 5 ,  ~ ! . 9  + - t i  

Sourcc l :  * a n y ,  11. (54) 

* *  l ' lii  s work 

* A J :  T;lniiycl, I I .  (53) 



or b i c a r b o n a t e .  I n  t h e  o p e n  s y s t e m  5% C O , - a i r  n ~ i s t u r e  t.:as 
& 

n o r m a l l y  b u b b l c d  t h r o u g h  :I:e c u l t u r e s  a n d  C 0 2  gas ~:;s 

i n j e c t 4  i n t o  t h e  p r e s s u r e  v e s s e l s  e x c e p t  w h e r e  o t h e r \ ; i s e  

s t a t e d .  T h e  a m o u n t  o f  C02 (4-6 m l / v e s s e l )  norma_ll:7 a?,clcd 

w a s  s u f f i c i e n t  t o  s u p p l y  c a r b o n  f o r  four- :o ld  9 r o ~ ; t h .  I n  

some of t h e  c l c . s e d  s y s t e m  e x p e r i m e n t s  t h e  amoctnt af CO a d d e d  
2 

v a r i c d  f r o m  1 t o  1 0  m l , / v e s s e l  b u t  o t h e r  g r o w t h  c o n d i t i o n s  

were u n c h a n g e d .  When b i c a r b o n a t e  mcdium was u s e d  i n  t h e  open 

s y s t e m  a 1% C 0 2 - a i r  m i x t u r e  w a s  b u b b l e d  i n t o  t h c  cultur-s 

- 
s i n c e  N C O ~  a t  p H  6.8 i s  t h e  m a i n  ca~:Lon e n u r c - .  

of m c . t ~  i ,, 01- t:lc c c \ r I , o ~ ~  ; L V , I ~  l a b l e  ~ ~ ~ ~ c ~ T c c ?  I IOL to af 5 e ~ ~ -  

1 ,  , ,  i v ; l l i  r do n o t  e l  I t h ~  d i  f f c ~  e n c e s  o j z p r v e ; l  

h c .~wc , t  n tllc, t v : ~  c;y:; t cnls . Expcl- i  m c n t s  Liere conducted i n  b:hic-l 
- 

-- - - 
t h c  1.1: 10 ] c-jht-dnrlc  r e q i r r c  w a s  c h a ~ g c d  t o  16:  8 ,  18: 6 ,  

- -- -- 
6: 1 [ i t  : I ( ,  ai,d 10: 1 4  i n  b o t h  t w h j  l c  k2~ping t h e  0 t h ~ ~  



g r o w t h  p a r a m c t e r s  c o n s t a ~ l t .  I n  t h c s c  t . x ~ ~ t ? i - i m c n t s  6 ml of 

C 0 2  w a s  a d d e d  t o  e a c h  v e s s e l .  

T a b l e  V I  compares t h e  r e s u l t s  o b t a i n e d  c n d e r  :t,cse 

v a r i o u s  1 i g h t - d a r k  r c g i m c  s .  W h e r e a s  s y n c h r o n ~ -  persisted i n  

t h e  o p e n  s y s t e m ,  t h e  r a t i o s  of i n c r e a s e  i n  g r o w t h  c r i t e r i a  
- 

r e m a i n e d  2 o r  less i n  t h e  c l o s e d  s y s t e m .  A t  6:18 t h e  n  

nun~hcr  w a s  1 a n d  t h e  r a t i o s  o f  i n c r e a s e  i n  t h e  g ~ o ~ t i i  c r i t e r i z  

w e r e  c n l y  s l i g h t l y  a b o v c  I.. 
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no i n c r c a s c s  i n  any  of t h e  g r o w t h  c r i t e r i a .  

5 . $jT:j;-a t c - c-n r i c11 ed Ned i. :I 31 

C h l o r c l l ~ i  e!1&soic':c:cl c c l l s  u t i l i z e  v ; l r i c u s  - - . - -- -. . - - - -- -- - - . - . - 

e l e n i c n t s  i.ti t h e  mcdium. Howcver ,  t h i s  a s s i m i l a t i o n  d a c s  r , o t  

n c c c s s a r i 1 . y  IiccI> p a c ~  w i t h  t h e  p 1 1 0 t o s y n t l ; e t i ~  a s s i r r i i l a t i o n  

of c a r b o n  ( 5 3 ) .  T h r o u g h o u t  niuch of t h s  l i f e  c y c l e  t h e  

a v a i  l a b l e  n l  t r o g c n  i n  t h e  n12di.um r c m z i n s  r c l a t i v c l y  c sns tF in t ,  

d ~ c r c a s j  ng  o n l y  S]  i ght : ly  d u r i n g  c t l l  g r o ~ d t h .  T h e  a v a i  ] a h i  1 i f I y  

of suf f i ci c11t: n i  t r o r j c n  b e c o m : ? ~  e s s e n t i a l  j l ~ s t  p r i o r  Lo c e j  1 

d i .v j  s i  0.1 ( 4 1 ,  5-1) . 
T o  d e t c x i i i i n ~  "Llc cf f c c t s  of a d d i  j .o r i a l  

- 
NO3 , cr]  ~ c ,  w o - c  c u l  turcd i n  R c i  j c : ~ r i n c k  ' s m e d i ~ i r , ?  x i  t!? p ; h ' ~  

3 

c o n c e l i t r ; i t  ions v a r y i - n g  f ro in  3 .8  x l o - *  to 1 .9  x 10-1 ;I i n  

boil) system:; ( I  V I )  The Gpcn sy::tcm \:AS b~;b?~1~:1 b:it-i-;  

5% c:02--;ljr m i x t u r e  a s  u s u a l  a n 6  6 m l  C02  was addrid t o  

vcs : ;cI  . j n  solni! c:;pc.i-imcnts 3 .6  x l ~ ) - ~  M c j l y c o l z t e  ',~.ilc ; i : 5 9  

a<jdc.(j b t l t  ;,p;Jc\;::-pd to h a v ~  F.O ~ f f  C C ~  . 1 1 1  b ~ t l l  s y ~ t t \ ; . i s  a 

- -  - 
1 4 :  1 0  , -cc j i  lnc, LV.;~:; u s c d  a t  n I i g h h  i ~ t c n s i  t:y o f  700 ftl--c. 

SyIlc]l;-@rl;- i l l  t h e  0LjC:l s y ~ t c m  ! i G s  r,:ciir,- 

t ; , i  l,t,d u..;Ll;,] . 1 1 1  t h e  cl;)::e:i s y s t e l n  tile n n!l:!~?:cr anci I-;-t jq: 

of j ,,,., - ,>'! :;,) i n  d r y  wpicj l l t ,  p r o t e i n  c o i ~ c c . l i t r ? l i i : ~ i l ,  ar.3 cell 

S i  >:(, b;,,l -[, l>c,lc,L,, :! a! t h c  V ; ~ T - ~ O U S  n i t r c : ' i e  c ~ t ~ c e ~ i - i r a t i c n s  

, ) ~i t r ; , i ~  c n n s i ~ ~ l i ~ - a l - i o ~ i s  ?ir,2;?tcr t i l t r ; ~  t i ;ssc 

, , , - ,  o l p ~ ~ i ~ l ~ ~ l  d i d  n o t  s i g n i f i c n n t l y  i n p r o i . ~  

c - p  1 1 cl,-o. . . ;~ 1 ,  i t l l p  c-l 05cd s . is tc~! .  





6 .  - C - l ~ ~ c o l a t c ~  S ~ I ~ P ~ C ~ L C ~ ~ ~ P C I  ~ ~ ~ ; c y i r ~ i ! l  

~ l y c o l a t e  m?.y bc c x c r c t c d  o r  a s s i a ~ i l : , t c j  

by @J_ort-1 I;! c e l l s  d 2 p p n d i n g  upon  t h e  g r o w t 5  c o n d l  t i  J n a  of 

t h e  c e l l s  ( 3 3 ) .  There is e v i d e n c e  t h ~ t  l e a v e s  u t i l i z e  

e x o g e n o u s l y  s ~ i p p l j c d  g l y c o l a t e  t o  p r o d u c e  s u c r o s e  i n  a 

way i n v o l v j r i g  g l y c i n c  a n d  s e r i n c  ( 1 0 , l l ) .  Fogg ( 1 2 )  

N a l c w z j k o  c t  a 1  ( 4 0 )  h a v e  shown t h a t  the i idcl i i ; ion o f  1 ~ , ~ , / l  

of g l  y c o l a t  c irnpl-ovcd g r o w t h  i n  li q h t - l i m i t c d  cultcr-s bl- 

d e c r e a s i n g  t h e  l a g  p e r i o d  of g r o w t h .  I t  w a s  rcpor tcd  b y  

Na1cw;ljko ei a1 (4-0) t h a t  t h e r e  was r a p i d  e q u i l i b r a t i o n  

b e t w c t \ n  intl-;lc:el I  u l  ar a n d  e x t r ? . c c l l  u l a r  c j l y c o l a i e  s l i g c ~ e c t -  

inc j  t h ; , ~  wl1<7,1 p h ~ i  o s y n t h c s i  s b e 7  i n s  j n  f r e s h  mccli K T  :hp;-,- 

m u s t  f j l F t  1 , ~ .  a l a g  w h i l e  a n  e q u i l i b r i u i n  concc?ntr; l : - ion of 

g l y c o l  jc a c i d  is c s t ; i h l i s h c c l .  O n l y  when t h i s  e c j u i l i b r i ~ , r ?  Is 

acll j c.vcci t h p  r > r o d u c  t s o f  c a l - ~ O I I  f i s a t j  o n  a=?i-,i laklc f o r  

g,-oL,lth. s i r n i  1 - c s u l t s  h a v e  b c c n  r c p o r ~ d  by Ser, ar,d F a g 9  ( < > ) .  

L ~ ~ ~ . ~ -  i  nlc>nt s w e r e  c o n d u c i  ecl i n  which 







T a b l e s  IX arc1 X. I n  t h e  o p e n  s y s t c l ~  rt?garcilcss of tn: ~ : ' . i l  L-  

a n d  t h e  g i y c o l a i c  concentrations s y n c h r o n y  was m a i n t a i n e d .  

S i m i l a r  r e s u l t s  wcre n o t  o b t a i n c d  in 

t h e  c l o s c d  s y s t e m .  W i t h o u t  cj lycolatc t h c  n num33zr a n d  

r a t i o s  o f  i n c r e a s e  in g r o ~ ~ t h  c r i t e r i a  w e r e  2 o r  belo;.:. :'.''..cn 

t h e  i n i t i a l  c e l l  nunlbcr v a r i e d  f r o m  1 . 9  ('YabLc T X )  t o  

2 . 6  x l o 7   able X )  t h e  n  ramber and r a t i o s  o f  i n c r c a s c  i n  

g r o w t h  c r i  t r . r i a  w c r c  2 or h z l o w  i n  t h e  c l o s e d  systc-. A t  

b o t h  j n i  t i c 1 1  c c ] ]  numbcr and a t  t h e  v a r i o u s  g l y ~ c l c t e  COP,-- 

c t .11  si 7c. Ncvcl-thc! c ss ,  e v e n  e s t e n d i n c j  t h e  l i g h t  p t \ : ~ i o j  

n o t  r c r , u l t  i n  f u r t h e r  c e l l  g r o w t h .  

S y n c h r o n y  w a s  n l z i n t - a i n d  i n  the o p ~ a  

vc.:>: ( 1 . 7'1.(, n  n i l rn l~c l -  n n c ~  rzrios of j n c r e a s c  i n  a l i  t h c  grcxth 



c r i t e r i a  w e r e  4 .0 .  

I n  a  d i  f f c r c n t  c x p c r i m e n t  t h c  p recsurc  

v e s s e l s  were as scn tb l cd  c o m p l e t e l y  and t h ~  exper imzn ' l  co;iclcctec! 

i n  t h e  u s u a l  way e x c e p t  t h a t  t h e  v a l v e  was removed.  T~f7o 

c a p i l l i a r y  t u b e s  w c r e  i n s c r t e d  t h r o u g h  t h e  o p e n i n g  v:hcre t h e  

v a l v e  was p r e v i o u s l y  a t t a c h e z .  One t u b e  c a r r i e d  5% CO--a:r 
L 

m i x t u r e  t o  t h e  c u l t u r e ,  t h e  o t h e r  f u n c t i o n z d  a s  an  o u t l e t .  

I n  t h i  s c x p e r i m c n t  s y n c h r o n y  was m a i ~ t a i n e d  and t h e  r e s u l t s  

w e r e  i d e n t i c a l  t o  t h o s c  f o u n d  i n  t h c  open s y s t c n .  

I t  was now c l c a r  thzt s y n c h r o n o u s  cultures 

w c r c  maj n t a i n c d  i n  any open  s y s  tern r c g a r c l l ~ s ~  o f  whctl-.er t l? ;  5 

c o n s i s t  ed  of t h e  synchl -onous  a p p a r a t u s  or i n v o l v e d  tile use ci' 

t h e  p r c s s u r c  v c s s c l  s. S u s t a i n e d  s y n c h r o n o u s  g r o w t h  ..:a; n c ~ c r  

m a i n t a i n e d  i n  t h e  c l o s e d  v c ~ s e l  s .  The p c s s i h i l i  t y  .%:as e x a n ~ ~ n e ?  

t h a t  t h e  j n h i b i  t i 0 1 1  o f  p h o t o s y n t l l c s i s  b y  h i g h  O7 c o n c e r . t r c i t i o ? s  
& 

(~ .~a rbu l - c j  ~f f c c t )  nicjl i t  be i n t c r f  o- i n g  w i t h  s y n c h r o n o u s  q r - o \ \ - t i .  

the c o u r s c  of a c l o s e d  sys t e ln  c s p c r i m c n t  i n  the l i g h t  t h e  

o2 c o n c c . n t ~ - ; l t  j on d o e s  i n c l - C ~ S C  c o n t i n u o u s !  y .  

952 0 ? .  c o p t r o l  n :'crc s u p p l j  with 5% COP,,-air - m i x t u r e  ~ 1 1  





o t h e r  g r o w i n g  c o n d i t i o n s  were i d c n t i c z l  ts a t y p i c a l  o p z n  

system e x p e r i m e n t .  

T a b l e  X I  c o m p a r e s  t h e  r e s u l t s  o b t a i n e d  f o r  

the n  nuinher and  r a t i o s  o f  i r L c r e a s e  i n  g r o w t h  c r i t e r i a  a t  

the v a r i o u s  g a s  m i x t u r e s .  When t h e  g a s  m i x t u r e  was 5% C02-;ir  

(21% O2 i n  a i r  b y  vo lume)  s y n c h r o n o u s  g r o w t h  was  o b t a i n e d .  

A t  50% C02-50% O2 t h e  n  number and  r a t i o s  o f  i n c r e a s e  i n  d r y  

w e i g h t ,  p r o t e i n  c o n c e n t r a t i o n  a n d  c e l l  s i z e  w e r e  2 S u t  w e r e  

o n l y  1 a t  5% C02-95% 02.  T h e s e  r e s u l t s  d e m o n s t r a t e d  an 

i n h i b i t c r y  c f f c c t  o f  h i g h  0 2  c o n c e n t r a t i o n  on  c e l l  g r o w t h  

a n d  d i v i  s i o n .  

A d d i t i o n a l .  c o n f i r m a t o r y  e v i d e n c e  v:as p r ~ -  

v i d c d  on  t h e  e f f e c t  o f  h i g h  0 2  c o n c e n t r a t i o n s  o n  p h o t o s v n t l ! - c i s .  

T h e  r e l a t i v e  r a t e s  o f  O2 e v o l u t i o n  Lirere 



a c h i e v e  z e r o  0 2  c o n c e n t r a t i o n  t h e  c e l l  s u s p e n s i o n  was :irst 

a s p i r a l c d .  Comple t e  a n a c r o b i o s i s  was a c h i e ~ ~ e d  by p 2 r n i t t i n g  

t h e  c e l l s  t o  r e s p i r e  i n  t h e  d a r k .  I n  sorne e x p e r j n l e n t s  

10  p , l  0 2  '11"s i n j e c t e d  i n t o  t h e  c e l l  s a r ~ p l e  a t  i n t e r v a l s  t o  

d e t e r m i n e  t h e  r a t c s  of O2 e v o l u t i o n  a t  v a r i o u s  c o n c e n t r a t i o n s  

of addcd  02. 

F i g u r e  1 0  s n o w s  t h e  r e s u l t s  o f  a t y p i c a l  

e x p e r i n i c r t  i n  w h i c h  p h o t o s y n t h e s i s  s t a r t c c l  a t  2074 02. The 

i n i t i a l  r a t e  a t  20% O2 was a r b i t r a r i l y  d e s i g n 3 t e i l  a s  1 0 0 .  I t  

was f o u n d  t h a t  as p h o t o s y n t h c t  j c p e r i o a s  procjressei!  and. O2 

c o n c e n t r a t - i o n s  i n c r e a s e d ,  t h e  r e l a t i v e  r a t  c s  oT O2 e v o l  ~ l t i o r -  

d e c r c a s e i l .  Wlicn C a 2  was addcd  t o  t h ?  c u l t u r e s  t h e  r e s p o n s e 5  

w e r e  s i m l l a l - .  Thc  r e l a t i v e  r a C c  of O2 e v o l u t i o n  dec r r c i ccd  by 

more t h a n  o n e - h a l f  a t  50% O2 w i t h i n  a n  h o u r  and  continued t o  

d e c r e a s e  w i t h  time. 

R e l a t i - v e  0 2  e v o l u t i o n  r a t e s  d e t e r ~ n i n c i d  o:!>p~ 

O2 WEIS addccl t o  t h e  sartp? c Cubes ( F i g  1 ) decre? . sed  w i t h  

incj-p;isj  ng 0.  c c ~ n c c n t r a L i o ! ; s .  The r c l a t i  v e  r ~ t c  o f  O2 2 

e v o ] u t  jon w a s  almost L c r o  whcn 1 0 0  , I  O2 had b c c n  a d d e d .  





Time ( in m i n )  

F i g .  1 G  









F i g .  1 2  



When t h e  r a t e  o f  O2 e v o l u t i o n  was p l o t t e d  

a g a i n s t  addcd  02  ( ~ i g .  1 3 )  t h e  r a t e  d e c r e a s e d  a s  added  0 
2  

amoun t s  i n c r e a s e d .  A t  1 0 0  ~ ; 1  O2 t h e  r e l a t i y e  r a t e  o f  O2 

e v o l u t i o n  was a l m o s t  z c r o .  T h e s e  r e s u l t s  x c r e  u n a f f e c t e d  by 

a d d i n g  C 0 2  t o  t h e  s a m p l e  a t  30 min t i m e  intervals. 

T h e s e  r e s u l t s  i n d i c a t i n g  t h e  e f f e c t  o f  O2 

o n  p h o t o s y n t h e s i s  and  t h o s e  o b t a i n e d  i n  t h e  open  systc:n 

when ce l l s  w e r e  c u l t u r e d  u n d e r  h i g h  O2 c o n c e n t r a t i o n s  s u 2 g e s t  

a s t r o n g  i n f l u e n c e  o f  t h e  Warburg  E f f e c t  oil s y n c h r o n o u s  

g r o w t h .  I t  a p p e n r s  h i g h l y  p r o b z h l e  t l i a i  tk:.: s cf f ec t  i n h i b i t e 2  

ce l l  g r o w t h  i n  t h c  c l o s e d  s y s t e m .  

111. _ _ _ I _ _ _ _  Addi t i  017 31- R e c 3 u c i  n=I\ocnt _____ s 

I n  a  c l o s e d  s y s t e m  it i s  c x t r e n c l y  d i f f i c u l t  t o  

c o n t r o l  O2 c o n c e n t r a t i o n s  w i t h o u t  o p e n i n g  t h e  v e s s e l s .  

~ h o t o s y n t h c t i c  r a t e s  c o u l d  n o t  be mcasui-cd u n d e r  pressure i~ 

t h e  c l o s e d  s y s t c m .  S u h s t a n c c s  c o u l d  howcvcr  b e  added t o  t h e  

c u l i u r c s  t o  c o n t r o l  O2 c o n c c n t r ~ ~ t i o n  o r  r e d u c e  i t s  e f f e c t .  

n s c o r b a t  c and  d i t h i o t h r e i t o l  w c r c  addcd  t o  t11z 

medjulu i n  t h e  c l o s e d  s y s t e m  i n  a t t e m p t s  t o  c o n t r o l  0 ~f i e c t s .  2  

A s c o r h a t c  1 

T h e s e  e x p e r i m e n t s  w c r c  c o n d u c t e d  i n  the 

u s u a l  way. A s c o r b a t e  w a s  acldcd i n  c o n c e n t r a t i o n s  o f  fro:n 

7.2 10-3 M t o  5.4 x 1 0 - I  M. 

I n  t h e  o p e n  s y s t e m  s y n c h r o n y  was m a i n t a i n e d  

a t  a l l  c o n c c n t r a t l o n s  of a s c o r b n t c .  The  n number r e m a i n e d  

near 1 and  l a t i o . c ,  o f  i n c r e a s c  i n  t h e  gro;<th c r i t e r i a  o f  c e l l s  









cultured in the closed system were belox 2 (Tab12 xII )  . 

2. Dithiothreitol 

Again, all these experiments were Carrie3 

out in the usual way except that dithiothreitol at 3.6 x 10- 3 

and 7.2 x low3 M concentrations were added to thz cultures. 

Synchrony in the open system was unaffects?. 

However, dithiothreitol interferes with the Lowry (23) inethcd 

of protein determination and it was not possible to meascre 

protein concentration by this method. In the closed sysren 

t h e  n number was 1 and the ratio oT increasz of growth criteri-a 

were below 2 ( ~ a b l c  X I I J ) .  

Dithiothreitol ccilccntrations above 

7.2 x M had a slight effect on the n number ;rid ratio o< 

dry weight increase in the open system therefore hjghcr con- 

ccntratj ons were not used. At 3.6 x M ditiliothreitol had 

no effect on eel 1 growth. Consequently lower clor,cc. >:I-? t id~-,s 

wcl-e not used. 



TABLE XI11 

The n number and ratios of increase in dry 
weight and cell si.ze of ----- Ch1orell.o -- ellipsnidca 
at two concentrations of di thi.othrcito1 (DTT) . 

------ 
Cell ~ u m h e i r ~ a t ~  os of Increase 
(in millions) In 

DTT Cell Nun?bcr 
System (mV) n i t  Final - (11 number! -- .- Dr~r--yL 

Open 3.6 2 6 . 0  103.0 4 .0  4.1 

Closed 3.6 2 5 . 0  2 8 . 0  1.1 1 .6  

7 .2  25 .0  27.0 1.1 1 . 2  



t o  a xi-ilaxjn~um o f  1 . 6  m l  o f  0 
2 -  P r e s s u r e s  of u p  t o  4 6 5  arm 

w e r e  a p p l i e d ,  v e s s e l s  d a r k e n e d  a n d  t h e n  i r imerscd  i n  the 

s h a k e r  water b a t h  ( s e e  F i g .  5 )  f o r  1 0  h r .  T h e  usual c e l l  

g r o w t h  c r f t e r i a  w e r e  d e t e r m i n e d  a t  t h e  b e g i n n i n g  a n d  end  of 

e a c h  1 0  h r  d a r k  p e r i o d .  

F i g u r e  1 4  shows  t h e  e f f e c t  o f  p r e s s u r e  o n  t h e  n  

number .  A t  a t n ~ o s p h e r i c  p r e s s u r e  w i t h  f r o m  0 .4  t o  1 . 2  m l  0 
2 

a d d e d  t h e  n  number was  4 .  A t  p r e s s u r e s  of u p  t o  200  atrn w i t h  

O2 a s  h i g h  a s  1 . 0  m l  0 2  per v e s s e l  t h e  n  number r e m a i n e d  a t  

a p p r o x i m a t e l y  4 .  P r e s s u r e s  o f  more  t h n n  200  at31 r e d u c e d  t h e  

n n u n h c r  a t  211 O2 c o n c e n t r a t i o n s .  A t  3 3 0  a t m  a n d  a b o v e  

t h e r e  was  n o  c e l l  d i v i s i o n  ( ~ i g  . 1 5 )  . 
T h e  O2 c o n c c n i - r a t i o n  i n f l u e n c e d  t h c  n  numhcr  u n z c r  

p r e s s u r e  i n  v a r i o u s  ways .  I f  n o  O2 was  s u p p l i e d  t o  tile c e l l s  

t h e y  f a i l e d  t o  d i v i d e .  Low O2 p e r m i t t e d  some d i v i s i o r l s  whc.71 

p r e s s u r e  w a s  n o t  i n h i b i t o r > - ,  b u t  f o r  n t o  e q u a l  4 a m i n i m u m  

o f  0 .4  ml o f  O2 was  r e q u i r e d  ( ~ i g .  1 4 ) .  

F i g u r e  14  i n d i c a t e s  t h a t  j f  t h e r e  i s  s u f f i r i e n t  o2 

i n  t h e  c l o s e d  s y s t e m  ( 0 . 4 - 1 . 2  n ~ l / v e s s c l  ) n  number o f  4 is 

a c h i e v e d  uncles pl-assl;l e s  o f  u p  t o  200  a t m .  H j g h  O2 c o n -  

c e n t r a t i o n s  ( T L ~ O V C  1 . 2  ml / V ~ S S C ~ )  r cducec l  the n u n k c r  o f  ce] 1 

d i v i s i o l ~ s  a t  a n y  p r e s s u r e  ( ~ i g .  1 4 )  . 
T o t a l  p r o t e i n  c o n t c n :  a n d  d r y  \ < e i g h t  a t  t h ~  e n d  cf 

ariy of t]ie:,c cxpc r in i cnLs  w e r e  e s s e n t i a l l y  t h e  same a s  t h e  

i n i t j  a1 v a l u e s  r c g a r d l c s s  o f  w h c t h c r  o r  n o t  c e l l  d i a i i s i o n  

o c c u r r e d  (Tab1 c X I V )  





0, in rnl / vesse l  







TABLE XIV 

Dry weight and protein concentration at the 
bebinning and end of a typical pressure 
experiment on cell division of ----- Chlorclla 
ellipsoiclca. ---- 

Protein 
Hydrostatic Dry Weight Concentration 

Pressure ( i n  mg) (in y uni ts/ml) 
( i n  a ~ n \ ) - - -  I n  ' I  Final I n i  tj a1 F i n a l  --- -- ---- 



V. D i  sc'ussi or1 - - --- 

C h l o r e l l a  e l l  i_Dsoldca has  been phys io loglcs , l ly  ,v.t711 ---- 

def ined  (53.. 5 4 ) .  Synchronous c u l t u r e s  of t h i s  a lga  were 

used f o r  t h i s  r e s e a r c h .  This  has  t h e  advantage i n  t h a t  t h e  

l i f e  h i s t o r y  of each c e l l  i s  known and c e l l s  a t  any s t a g e  

i n  t h e  l i f e  c y c l e  may S c  used f o r  experiments. Indsed,  rhe  

use of l a r g e  popu la t ions  of synchroni7ed a l g a l  c e l l s  r c p r c s c n t  

a n  enormously amp' i f icd model of a  s i n g l e  c e l l  which may be 

used t o  i n v e s t i g a t e  va r ious  events  t a k i n 5  p l a c e  during t h e  

l i f e  c y c l e  ( 5 4 ) .  

Ir, t h i s  stucly synchronous , - ~ l l t u ? - z s  \yere est? .bl i  chcd 

f o r  usc  a s  c o n t r o l s  f o r  simi I a r  c u l t u r c s  i n  t h e  p r c s s ~ l r c  

v e s s e l s .  J t  was t h e r c f o r c  necessary  t o  have in iormzt ion  on 

some of t h e  metabol i  c  a c t i  v j  t i c s  of synchror:cus c u l t u r e s  grc..:n 

in t h e  cc~i~vcnt iona ' l  way. 

The e f f c c t s  of h y d r o s t a t i c  p r e s s u r e  on s o r ~ c  05 JLhc 

m c i a ? ~ o l i  c  a c t i v i C  i c s  of bacCcri2 and some a l g a e  a r c  \:ell 

known ( scc  Chaptc~r 2). This  work was unclertalcc? t o  i n v c ~ i - i q a ~ i  

some of  hose mctabol i lz processes  u s i n g  synchrono:;~ c~ l1  turr s 

g r ~ b l i l  ~ ~ n d c r  p ressu re .  A] thcugll most- of t h e  p r c s s u r p  

resc,;rr-cl~ rcpor tcd  has been donc on b a c t e r i a ,  i t  i s  highly 

probc\l)]c t h a t  s i m i l a r  p r e s s u r e  e i f c c t s  a r c  t o  be f o r q d  in 

a l g a c .  ~ h j  1 c  prcssul-c c f  f c c t s  on a1 y a 1  photos ; -n t?~es i  s have 

been rcpol-tcd (59) l t  bec~n lc  of i n t e r e s t  t o  Iparn ~ > i ) ; \ t  effec.:s 

cJrOwth andcr prcssurc  might have in  prodccinq p i l ~ t o c ~ - r ~ t l l p t j  c 

t , ,ria,ts a p h o t o a ~ ~ t o t r o p h i c  organism. The use  of 

synchl-onotls el11 t  u rcs  qrobm undcr p r c s s n r c  coul d a1 c o  cnhancc 



the undcras  t ~ ~ n d i n g  o f  p r e s s u r e  e f f e c t s  a n  t h e  phys io lo2 : -  a n d  

b i o c h c m j s t r y  o f  a l g a e .  

Whereas s y n c h r o n o u ~ ~  c ~ ~ l t u r c s  w e r e  e a s i l y  mai n t a i n e d  

i n  t h c  o 2 e n  s y s t e m ,  e x c e p t  w h e n  c e l l s  w e r e  grown u n d e r  h ic jh  

p a r t i a l  pressures o f  O2 (50-95:; 0 2 )  (see T a h l e  X J ) ,  v a r i o u s  

a l t e r a t i o n s  i n  the  e n v i r o n m c n t a l  p a r ? m c t e r s  of m c d l a ,  g a s e s ,  

l i g h t - - d a r k  r c g i m c s ,  l i g h t  i n t e n s i t y  ancl a d d i t i o n a l  n i t r a t c  

had little c f f c c t  o n  t h e  o p e n  s y s t e m  c u l t u r e s  2nd d i d  n o t  

i n p r o v c  c c l  l q r o b t h  i n  t h e  c l o s e d  s y s t c n  s i g n i f i c a n t l ~ i .  

G l y c o l a k  aadcicd t o  c u l t u r e s  i n  the c l o s e d  slTcte.i;  

apLo;l;l ; - a 1  t o   t tin^,^: : L ~ C  ~ 1 2 1 1  g r o w t h  sornstyh;i t . T'hc? e x c r c  i o n  of 

g l y c o l ~ ~ t c  by C h l o r e l l a  - - c e l l s  d d r i n g  p h o t c s y n t h z s i s  i s  rcpcr ted  

jn t h e  1 i t c l - a t u r e  ( 5 G ) .  M i l l e r  e i  a 1  ( 3 7 )  f o u n d  t h a t  c j l q ' c o l ? t t  

e x c r c t j o n  w a s  i n r l u c n c c d  b y  t h e  p a r t i a l  p r c s s u r p s  of CD2 anc? O , .  
L 

~ h c s c  a u t h o r s  f o u n d  t h a t -  maxi mum e x c r e t i o n  cf cjl:,~col,, te 

occurrec!  a t  0 . 2 %  C 0 2  i n  a i r ,  f o l l o w c d  b y  a r a p l c l  d c c r c ~ c  z i t  a 



i n  t c r~ns  o f  t h e  above  f i n d i n q s .  

O f  a l . 1  t h e  s u b s t a n c e s  added  t o  t h e  mcdLum I n  t h e  

cl c s z d  s y s t e m  g l - y c o l a t c  w a s  t h e  o n l y  s t i m u l z t o z y  o ~ c .  

G l y c o l a t e  c o u l d  s c r v c  a s  a s o u r c e  of  r e d u c e d  carbar?  i n  wh ich  

case t h e  c e l l s  c o u l d  grow h e t c r o t r o p h i c a l l y  e v e n  t h c ~ g h  

i l l u m i n a t e d  and  t h c r c : f o r c  e v o l v e  no  o r  l i m i t e d  anicunts  o f  0 2 .  

IIowcvcr,  d u e  t o  t h e  c ~ ! : ~ ~ p l . e s  r e l a t i o n  o f  c ~ l y c o l a t - e  t o  t h e  

m e t a b o l i s m  of t h e  c e l l s  i t  r e m a i n s  h i g h l y  u n c e r t a i n  a s  t o  

how t h i  s s t imu1 a t - i o n  c2mc a b o u t .  

A t  t h e  end  o f  t h s  2 4  h r  g rgwth  c y c l e  ir, t h e  p r e s s u r e  

vessc1 .s  t h c r c  w c r c  cal Is of -two d i f f c r c ~ l t  s i z e s  (see T a b l c s  I>: 

a n d  x). I t  i s  n a t  knc:wn whcthc:: t h i s  r c r - i i l t e d  f r o m  qrow' i l i  cf 

~ n l y  soinc o f  t h e  c e l l s  ant? c l i v i s j o q  of p a r t  of t h e s e  or o f  

sornc g r o w t h  oil ~11.1 t h e  ccl 1s and  d i v i s i o n  of scmc of thesi-:.  

S i n c e  t h e s e  cCl-l.s a r e  ~ ~ C S L I I - ~ I ~ ~  t o  bc? c l o n a l ,  q r o w t h  zn:1 d i v j . s j s p  

of o n l y  p a r t  of t h e  popu1 at:i on sccms ui?l.il.;ely. Consc?ciucr,t l y ,  

the p c s ~ s j h i l j  t y  t h a t  all t h e  c e l l s  qrcw and  some d i l ~ j d e d  i s  

f a v o u r e d  . M i c r o s c o p i c  c s a ~ n i  n a t  j o n  r e v c ? l l c d  t'1.a t the lar ,gc 

c e l l  s c o n i . a i ~ n c d  daugliLcl- c c 1 . l ~ .  

Tab1 .c :~  TX ;?rid X s h o w  t h a t  3.6 x l o 3  M q1y;olatc 

adcled t o  t h e  cl-l? t u l - c ~ ~  i n  tile c l c s c d  s y s t c z l  produced i;n r, 

nuli~Jlci: of 2 and  t h e  r a t i n ?  of i n c r e a s e  i n  grnv;ki~ critsr-s 

wcr.c! nc;,r 2 .  The  r a t i o  of divjciccl and unc?ivicicd c e l l s  v;;.s 

not. d c i  cl-l~i nctl b u t  ;I reasonable p o s s i b i  1 i t y  _i s tha4i  1 / 3  of thp 

cc] 1 d j  v i d c d  i n t o  4 ? i ~ l t ~ s p n r c ~  w h i l e  2 1 3  d i d  not d l  v i d e .  

tloncc j n i t i ~ l  c o n c c n t r n t j o n  of 2 . 5  x l o 7  c r ~ l . s / m l  o f  i .h jch 

1 / 3  d i l 7 j d j n q  j -n to  wmild p r o d u c e  3 . 3  x l o 7  c e l l s / n : l  t o  v:hich 



a d d i n g  t h e  r e m a i n i n g  u n d i v i d e d  c e l l s  ( 2 . 5  x 10'- 0 .83  x l o 7 )  

would  g i v e  a t o t a l  o f  5.0 x l o 7  cells/rnl o r  a n  n number o f  2 .  

The  r a t i o  o f  s m a l l  t o  l a r g e  c e l l s  w o c l d  bc 3.3:1 .7  o r  a h o u t  

2:l. 

C l e a r l y  t h e  d i f f i c u l t y  i n  m a i n t a i n i n g  s y n c h r o n o u s  

c u l t u r e s  r e s u l t s  f r o m  t h e  d i f f e r e n c e s  b c t w c e n  t h e  o p e n  and  

c l o s e d  systems. R e s u l t s  o b t a i n e d  I n  t h e  s y n c h r o n o u s  apparatus 

a n d  when t h e  p r e s s u r e  v c s s c l s  w e r e  u s e d  a s  op2n  s y s t e m s  a r e  

i d e n t  i c a l  . 
H i q h  c o n c c n t r a t i o n s  oi O2 p h o t o s y n t h e t i c a l  1 1 7  

e v o l v e d  appeared t o  h e  t h e  majol  o b s t a c l e  t o  t h e  i - ~ , i n t e l - , a n c e  

of s y l l c h r o n o u s  c u l  L u r e s  i n  t h e  p r c s s i , r z  1 cssel s .  D e s p i t e  t h 2  

v a r i o u s  c h r ~ n g e s  made i n  t h e  c j rswing c o n d i t i o n s  i n  t h ~ ?  c l c s 2 d  

s y s t e m  t h c  Warburg  EffccC w a s  n o t  ovc rcomc .  The  r e s u l t s  o f  

a number o f  e x p e r i m e n t s  c o n d u c t  c d  sxgcjcs t t h c t  t h e r e  a r c  

certain minimal  g r o w i n g  c o n d i  t i o n s  ( i n i t l a 1  c e l l  nunbe: o f  

2 . 5  x lCl7/rnl. 700 f t - c ,  6 r n l  c ~ ~ / v c s s c l ,  3.6 x 1~~ r\l g l y c o l ;  



T h i s  r a t e  d e c r e a s e d  w i t h  time and i n c r c s e i n g  O2 c o n c e c -  

t r a t i o n ,  b u t  r e m a i n e d  r e l a t i v e l y  h i g h  f o r  an h o u r  c n t i l  t h e  

O2 c o n c e n t r a t i o n  h a d  r c a c h e d  40% o f  s a t u r a t i c n .  The c e l l  

c o n c e n t r a t i o n  and  l i g h t  i n t e n s i t y  w e r e  t h e  samc a s  i n  the 

c losec l  v e s s c l s  ( 2 . 5  x l o 7  cells/rnl ar.d 7 0 0  ft-c r e s p e z f - i v e i y )  . 
I f  i n i t i a l  c e l l  c o n c e n t r a t i o n  was d e c r e a s c Z  s u f  f i c i e n t l l -  

so  t h a t  O2 evolvccl  b y  t h e  c e l l s  d i d  n o t  r u s x l t  i n  O2 

c o n c e n t r a t i o n s  h i g h  enough  t o  i n h i b i t  p h o t o s y n t h e s i s  t o  t h e  

e x t e n t  t h a t  cnou2h  mL>t s b o l i  t n s  a r c  n o t  p r o d u c c d  tc p e r m i t  

f o ~ l r - - f c l  increases i n  t h e  g rowth  c r j  tcr  ia, t h c  :V3rhul-q Effect 

m i g h t  hc ove rco rne .  3 i l u t i o n  of t 1 1 ~  i n o c u l a  by a  factc; o f  

10-1 5 sho:ll_d accorxpl is!l t h i s .  S u c h  c; d i l ~ l t i  on woulcl r p s u l - r  

j n  f a r  marc Ijcjht- b e i n g  abqol-hcd b y  i n d i  v i d u a 1  c e l l s .  Sir1c.c 

j t  i s  known t h a t  cxcc l s s  l i g h t  c a n  bc lethal, t h e  1 F ~ h t  

i n t e n s i t y  would  h a v e  t o  be a d j u s t e d  a c c ~ r d i n g l y .  To p u r s u e  



o t h e r  h a n d ,  t h e  O2 c o n c e n t r a t i o n  i n  a n  open  s y s t e m  r e m a i n s  

c o n s t a n t  a n d  d o c s  n o t  l i m i t  d i v i s i o n .  Thc  decreased c e l l  

d i v i s i o n  i n  c u l t u r e s  w i t h  less  t h a n  0 .4  m l  02/veccel added 

t o  p r e s s u r e s  f ron?  1 t o  200 a tm  i s  p r o b a b l y  d u e  t o  i n a d e q u a t e  

O2 ( s e e  F i g .  1 4 ) .  T h e r c  i s  a n  O2 c o n c e n t r a t i o n  r a 2 q e  

(0 .4-1.2  m l / v c s s e l )  a t  w h i c h  c e l l  d i v i s i o n  o c c u r s  u p  t o  335 atm 

(sec? F i g .  1 4  and  1 5 ) .  When t h e  O2 c o n c c n t r ~ t i o n  i n c r e a s e d  

a b o v e  I .2  m l / v e s s c l  c e l l  d i v i s i o n  i s  i n h i b i t e d  a t  a t m o s 9 h e r i c  

p r e s s u r e  and  morc  s o  a t  h i g h e r  p r e s s u r e s .  Regardless o f  t h e  

amount o f  0 2  a d d e d  t o  t h e  v c s s c l  c e l l  d i v i s i o n  <id n o t  Gcccr 

a b o v c  335  atnl (see E'i g .  1 5 )  . An e x p l a n a t  i o n  C C , ~  t : ic i - h i b i t  i c : ~  

of c e l l  d i v j s i o n  b y  O2 i n  t h e  d a r k  c a n n o t  be s u g ~ c s - - . 3 .  The 

ef f  cc t  p r o b ~ h l y  c o n t r i b u t e s  t o  t h e  i n h i h i  i i o n  oT diy.~i  . , i  on by 

c e l l s  grown i n  t h e  c l o s c d  s y s t c m  i n  t h e  l i g h t .  

I n  t h e  o p e n  s y s t e m  s y n c h r o ~ l o u s  d i  v i s i o r i  \:as c o r , p l e t c d  

w j  t h i n  2  h r  a f t e r  t h e  s t a r t  o f  t h e  1 0  h r  dark p e r i c c l  ( 7 .  15) . 
T h e  C i m c  co~ l ; -Sc  o f  c e l l  d ~ v i s i o n  u n d r r  p r e s s u r e  2nd a t  var-lous 

o2 ~ o ~ ~ c e n t r n t i o n s  waq n o t  c l e t cnn j  ncd . Such  s ii~di c c  shor,lcl S c  

carr j e d  ouL. T h i s  would  answcr  q u e s ~ i o n s  1:s t c. v - 1 1 ~ ~  h c l -  a 

10ngr.1- day!< per; od  wc)tlld be rcciui r e d  f o r  cell d l r i s i o r ~  ~ , : ~ c i t r -  

d i f f c r c n t  prcsscll-cS and  O2 c o n c c n t r C ? l i  ons. The  pl-;.s:.~,re:'~!~ 

c o m j , i n , , i i ~ r l ~  unclcr w h i c h  c l i v i s in :1  doc:; n o t  oczul-  rc2; i : -dlcsc  

of t ~ l c  I cncjtll of the da rk  p e r i o d  coil1 d  a l s o  clctcl-p,;j n c . ~ .  

 hi s s t l i d y  d c ~ n o n ~  t r a t c s  t ! l c 7 t  C I I C  V;c l s51 . ! r \ j  E i t c ? c t  

m a y  prpvcnt ~)>-_0_]-~>1 12- ~lj-~~~0_i_dic,7- c e l l s  fron; a t t a i n i r . ~  that 

cr j t i c a l  eel 1 mass  w h i c h  i s  n e c e s s a r y  f o r  s u h s c q u c n t  

L ~ , v i ; ; o n .  Thc  qas e s c h a n g c r  w i t h i n  t h c  c l n s c d  s y s t c ~ , ,  lead 





7 ' i r ~ c  i n  t - l o u r s  



t o  t h e  Warburc;  E f  f cc t  and p o s s i b l e  ia3.y~ of overcor~in~ th is  

e f f e c t  hcive beer! suggested. If t h i s  p rob l c in  of gas e x c h c n q e  

i n  the c l o s e d  system c a n  b e  so l .vcd ,  t h e r e  i s  n o  r e a s o n  v:!I~ 

s y n c h r o n o u s  c u l t u r e s  of p h o t o a . u t o t r o p h i c  cells cocld n o t  S e  

m a i n t a i n e d  j-n a c l o s e d  s y s t e m  an2 u ~ d c r  h y d r o s t a t i c  pre:;scre. 

It  i s  p o s s i b l e ,  however  t h a t  o t h e r  e f f e c t s  ( i . e .  P a z t e u r  

~ f f e c t )  may c o n t r i . h l i t e  t o  i n a d e q u a t e  c e l l  growth and hcrlce 

p r e v e n t  cel.1 d i v i s i o n .  



CHAPTER 4 

HYDROSTATIC PRESSURE EFF'ECTS KC>' 
RELATED T O  SYNCERONOUS CULl 'URES 

N o  p r e v i o u s  a t t e m p t s  appeal- t o  have been mads t o  

c u l t u r e  pho tos :~ to t roph ic  organisms urldzr h y d r o s t a t i c  p ressure  

us ing  l i g h t  a s  t h e  energy sou rce .  I n  t h e  cou r se  of dcv,-102- 

i n g  t h e  t echn iques  of p r e s s u r e  a p p l i c a t i o n  t o  synchronous 

a l g a l  c u l t u r e s  some p r e l i m i n a r y  er r c r  i njcnt s w e r e  c x r  i c d  cut 

i n  which ~&J-ore l l ; l  g y ~ - - e n o i c j - ~ ~ ~  c e l l s  w e r e  e.;posc? t o  d i f f e :  9-.t 

prcssul-es  f o r  v a r i o u s  t i nws ,  b u t  no atie,i:?i LC c h t z i n  

synchronoi~s  growth was made. 

I .  Prcssurc? --- E f  fec l  -- __I__ s O n  A s Y ~ n c h ~ - o n c ~  _ __ _. _ _ t?hl.orel. _ la Cei ____ i s 

P r c l i m i n z r y  cxpcri.n~cn t s wcrc  ca l - r i  cd out ;:i t:i 

asynchronous C U I - t u r c s  of - Chl.orcl.la - - - - - . -.-. p~rcncido,.a. The L:~CSSC.?:? - - ~ - -  - 

vessels wcl-e c s s c n t j a l l y  p rcpa rcd  i n  ';he sc:mc v?:,1y- 3 3  S~J~SCL- I ; :~ : ?  

i.n Chaplcr  2. A f t e r  t hey  wcrc E i  l lec? t i ; i t i l  E c i  j c r l  nel: ' s nl~;?,i.c:r: 

t h e y  were inoculated w i t h  --. Chlor - 21 - - 1 a - py~-s;>cj -. - - . - - - do:;;; - . - . - . - cell 5; aar.3 

mountec1 on t h e  shakcl- wate r  bai. i l .  T h c  f r ~ . e  p i s t o n  cylii-!$.PI- 



w i t h  300  f t - c  f r o m  t w o  2 0  w a t t  w a r m  w h i t e  \ V e s t i n g h o u s e  

f l u o r e s c e n t  l a m p s  p l a c e d  o n  o n e  s i d e  o f  t h e  L ~ a t c r  b a t h .  

A t  t h e  e n d  o f  zn  e x p e r i m e n t  t h e  c c l l  c o n c - n t r a t i o n s  

w e r e  dcte.:mined wi -tb a  h a c m o c y t o m e t e r  . I n  a l l  e x p e r i m c ? t  s, 

h o w e v e r ,  a t  n o  t i m e  d i d  c c l l  number  i n c r e a s e  a b c l ~ e  t h s  

s t a r t i n g  c o n c e n t r a t i o n .  

A g a r  medium p r e p a r e d  b y  d i 5 , s o l v i n g  1 5  g o f  D i f c o  

a g a r  i n  1  l j  t r c  cf B c i  j c r i n c k ' s  m e d i l ~ m  w a s  u s e d  f o r  c u l  t c r e  

p l a t e s .  F o r  a  n u t r i e n t  medium 1 5  g/ ' l  g l u c o s e  was  a d d e d  t o  

t h e  a g z r .  B o t h  t y p c s  of m c d i a  w e r e  ~ u t o c i a v e d  a c d  t h e n  

approximately 1 5  m l  poured i n t o  1 0 0  x  1 5  mm s t e r i l e  p c t r i  

d i s h e s .  T h e  s t r e a k e d  p l  a t c s  wore i n c u h z t e d  a t  r o c n ?  t s x p c r a t  l . r r c  

w i t h  l j g h t  of 700  ft-c f r o m  2 b a n k s  o f  w i r m  w h i t e  I . : e s t j n q h o ~ ~ s i  

f l u o r c s c c ~ ~ ~ t  3 anlps. 

F rom u n p r e s s u r i ? e $  c o n t r o l s  w i t h i n  7--10 d a y s  thc1-e  

w a s  p r o l i f i c  g r o w t h  o f  -- C h l o r c l l  - -  a c o l o n i c s ,  c n c  c ~ n t a r n i ~ r l t c c ' ,  

w i t h  b a c t e r i a ,  o n  t h e  o r g a n i c  a q a r  (1 .5% ~ l u c o s e  rnedil-in;). Tile 

i n o r g a n i c  a g a r  s u l ) P o r t c d  ChJ-@-r-cl_la- g r o w t h  i n  t h e  l i g h t .  W i t h  

i n o r y a n i c  a g a r  b a c t a - i a l  g r o w t h  WCIS l e s s  t h a n  on t h e  G r 9 a i l i c  

rncdiu;n. ~ h l o ~ - ~ ]  1.1 eel 1s ~ u b j e c t c d  t o  p r e s s u r e s  of u p  ko 3 6 0  

a tn l  f o r  48  hr g r w  o n  b o t h  t y p c s  of acjar  a b o u t  as v r e ! l  as t h e  

1 at" ,  c o ~ ? t r o l s .  W i t h  p r e s s u r e  exposures of u p  t o  700 a i m  

c e l l  g r o w i h  o n  o r g a n i c  a n d  i n o r g a n i c  mecija ~ 3 s  slov:  27c? f e . . ~ ,  

c o l o n i  cs d e v c l o p c d  compm-ccl t o  t h e  c o n t r o l s .  I t  w a s  

sssllnlpd t h a t  a p p r o x i m a t e l y  t h e  same n u m b c ? ~  o f  c e l l s  V . ~ : - C  

t r a n s f C r r c ~ 1  t o  e a c h  a g a r  p l a t e .  S i n c e  f e w e r  c o l c n i c s  c ~ r c w  

on a j a r  s t r c a k c d  w i t h  ~ ~ 1 1 s  espoccd t o  7 0 0  atm i t  a p n c a r c c ~  



t h a t  t h e  number of v i a b l e  c e l l s  had d e r r e z s c d .  I n  t h e  

c o n t r o l s ,  c o l o n i c s  appcared w i t h i n  5 t o  7 days b u t  a f t e r  

700 a t m  f o r  48 h r  c o l o n i e s ,  v i s i b l e  t o  t h e  naked e l i e ,  did 

n o t  appear f o r  10 t o  14 days .  C e l l s  exposed t o  p r e s s u r e s  

of u p  to 300 atm f o r  48 h r  were i n t e r m c d i a t c  i n  t h e  t ime 

r e q u i r e d  f o r  c o l o n i c s  to ai)pcar.  The o r g a n i c  aga r  suppor ted  

f a s t e r  growth:  t h o s e  c e l l s  exposed t o  700 atm for 48 h r  

produced c o l o n i e s  w i t h i n  10 days   able X V ) .  

A s  w z s  ex?ectcd,  t h e  o r q z n ~ c  medium suppor ted  

consjdpra?31e b a c t e r i a l  growth.  At tempts  were m d c  t o  S U ~ ~ ~ C S F .  

b a c t e r i a l  growth by t h e  u sc  of antibiotics. Dihyc1rcstre::~tomycin 

a t  a c n n c ~ n t r a t i o n  of 500 p a r t s  pe r  mil?ic\n (pgrn) supprcsc i~d  

po t  o n l y  bclc tcr j  a l  c j r ~ i ~ t h  73ut ~ 7 1 s ~  t i , z t  of -  -- C ~ I I   sell --- a. - 

~t rcp t -o rnyc in  and penicillin G a t  500 ppn~ i ~ a d  o111y a  s l i q l l t  

e f f  e c t  on bo th  b a c t c r i  a1 and Chlol-c.11~ q ~ m u t h  ( T d b l  e SVI) . - -- -- 
~ h e  r e s u l t s  shown i n  Tc<%lc XVT i n d i c a t e  Chzt b a c t e r i a - f r e e  

a l g a l  c o l o n i e s  might be o h t c ~ i n c d  us ing  500 ppm 

d j  hydrosi rcptolnycin .  Rowcver , no fkr t h c r  a t t e m p t s  :ccl-n made 

to g e t  bacteria-fr-cc isol ; iL~.s  01 - Chlorc l  - - - - -- -- - l c ;  - - c e l l s  u s l n c j  

a n t i h j  o t i c s .  

c e l l s  p r c v l o u s l y  esposcd te p r c ~ s u r c c  of 500  t o  

-/00 atm g r c w  ~ c . l ~ i v l y  on e i t h c r  o r g a n i c  o r  IllOl-c,anic acjal-. 

Sornc C_ ~ h l o r c l  ___--- 1.7 c o l o n l c s  c:;pcc;ecl t o  t h e  h i q h c r  pres5u;es 

d j  f f c l - c r l  i n  co lou r  from t h e  i n i l  icll c u l i u ~ e s ;  t h e y  a~>,ue:l~r p; 

c i t l l c r  p a l e  t o  b r i g h t  ye1 l o w  o r  i n t e n s e l y  g r c c n .  ~ h c . s c  

wrrc  transferred t o  s t c r i l c  aqa r  of b o t h  types and 

slr];cul ~ u i - c d  through s c v c r a l  q c n c r a t i  ons .  The i n t ~ r  cc-3 v 



TABLE XV 

G r o w t h  of ---- C h l o r c l l a  p H c n o i d o s a  cells 1 0  

d a y s  a f t e r  e x p o s u r e  t o  v a r i o u s  p r c s s u r c s  

for 4 8  h o u r s .  G r o w t h  was m F a s u r c d  v i s u a l l - y  

and a r b i t r a r i l y  s c o r e d  as +4= g o o d  grov: th ,  

+1= poor g r o w t h ,  0= n o  g r o w t h .  

P r e s s u r e  I n  A t m  

G r o w t h  o n  
i n o l - g a n i  c 
a g a r  +4 +4 + 3  +2 3-3 +1-0 0 

Grow-Lh o n  
organic agar +4 +-4 +4 + 3  +2 +1 i-1 



TABIIE X V I  

Growth of  Chlorel1.a Eyrenoidosa and b a c t e r i a  

i n  the presence  of a n t i b i o t i c s  of v a r i o u s  con- 

c e n t r a t i  ons on orcjani c  agar. +4= good g r o v , t l ~ ,  

+l= poor growth,  0= no growth.  

Djhydrost reptomycin S t r e p t o ~ t y c i n  Pcnic i !  lin C- 
i n  pym i n  ppm i n  ppm 



g r e e n  f o r m  was  e v e n t u a l l y  i s o i a t e d  i n  what a p p e a r e d  t o  b z  

a p u r e  c u l t u r e .  F u r t h e r  wcrk  on  t h i s  i s ~ l a t e ,  w h i c 5  may 

h a v e  b e e n  a p r e s s u r e - i n d u c e 3  c o l o u r  m u t s n t  s t r a i n ,  was  

not p u r s u e d .  T h e  ye l l ow-co lou r - cd  i s o l a t e  became c j recn 

a f t e r  a b o u t  2 ser ies  o f  s u b - c u l t u r e s .  

11. D j  s c u s s i  on  

P r e s s u r e s  o f  u p  t o  700 a t m  f o r  a s  l o n g  a s  4 8  h r  

r e t a r d e d  t h e  s u b s e q u e n t  g r o w t h  o f  - Chlo i - e l l ? .  - - - - - - - and  a p p e a r e d  t o  

r e d u c e  t h e  t o t a l  number  o f  v i a b l e  c e l l s  compared  t o  t h e  

1 a t m  c o n C r o l s .  

G e s s n e r  ( 1 3 )  f o u n d  t h a t  312 h o u r s  e x , - c l ~ u r e  t o  

400 a tm i r ~ h i h i t e d  s u b s c q ~ i e n t  g r o w t h  cf C h l o r c l l ?  A. ~ c ; 3 u l a t i o n s  

by 50%. T l ~ c  r e s u i t s  o b t a i n e d  i n  t h i s  \dark s u p p o r t  t h o s e  o; 

Gcssne l -  t o  some e x t e n t .  A l t h o u g h  n o  q u a n t i  t a t  i v e  s t  cciics 

w e r e  c a r r i e d  o u t  i n  t h e s e  p r e l i m i n a r y  e x p . 2 r i m e n t s  p r e s s u r -  

i z a t i o n  i f  h i g h  enough  a n d  f o r  l o n g  enough  t i r e  i n t e r ~ ~ a l s  

adversely a f  f c c t e d  t h c  s u b s c q u c n t  g r o w t h  o f  C h l o r e l l  a c e l l s .  

P r e s s u r e  mig11C be F m u t a g e n  o f  i s p o l - t a n c e  ( s e e  

C h a p t e r  1) . P i g m e n t  m u t a n t s  o f  - E~&cn;i -- h a v e  b c c n  i s o !  ate? 

f o l  l o w i n g  pressure e x p o s c r e s  b e t w e e n  50C a n 2  1 , 0 0 0  atn; ( l a ) .  

T h e  y c l l o w  a n d  i n t c n s c l y  g r e e n  c o l o n i e s  a-?i_rscl_~c2 ~ r .  this 

s t u d y  f o l l o w i n g  p r e s s u r i z a t i o n  o f  u p  t o  7C0 at -n  ~ o u l ~  \ : e l ?  

be p i g m e n t  m u t a n t s .  I t  i s  u n l i k e l y  C i ~ a c  t : i c  \ t \ l  lc,i; i s c i l ; , ; c  

w a s  i n d e e d  a  pressure m u t a n t  s i n c e  i t  h ccamc  qrce-1 a f t e r  

o n l y  two  g e n e r a t i o n s .  

T h e  p r c l i m i  n a r y  e x p e r i m e n t s  i n v o l v j  nq bac t c r  i a1 

c n n t  ;,min-it i o n  d ~ n ~ o n s t l - a t c c !  a n c c d  f~)1- a t c c h n i r l u c  t o  c ? j r l l n r , t c  



c o n t a ~ n i n a n t s  w i t h i n  t h e  p r e s s u r e  v e s s e l s .  The f r e e  p i s t o n  

c y l i n d e r s  w e r e  d e s i g n e d  t o  ovcrcomc t h e  problem (sez Fig. 3 ) .  

Use o f  t h e  c y l i n d e r s  h a s  r e s u l t e d  i n  u n c o n t a m i n a t e d  a l 9 a l  

c u l t u r e s  (see C h a p t e r  2 ) .  



S U M M A R Y  

S y n c h r o n o u s  c u l t u r e s  o f  Ch1 o re l  12 e l l i ~ s o j  clea 

was  m a i n t z i n c d  i n  a n  open  s y s t e m  u s i n g  c o n v e n t i o n s i  c u l t u r e  

t e c h n i q u e s .  

Under  i d e n t i c a l  g rowing  c o n d i t i o n s  b u t  i n  a c l o z e d  

s y s t e m  d e s i g n e d  t o  i n v e s t i g a t e  h y d r o s t a t i c  p r e s s u r e  e f f e c t s  

on s y n c h r o n o u s  a l g a l  c u l t u r e s ,  s y n c h r o n o u s  c e l l  d i17 i s ion  bras 

n o t  m a i  n t a i n c d .  

The mos t  s i g n i f i c a n t  d i f f e r e n c e  I n  t he  c u l t ~ ~ r e  c o n -  

d i t i o n s  be'lTdccn t h e  opcn  and t h e  c lo sed :  s y s t e m s  a r i s e -  s i n c c  

the c o n c e n t r a t i o n s  o f  C 0 2  and  O2 r e m a i n  r e l a t i v e l y  s o z s t h l ? t  

t h rouc jhou t  thc. g r o w t h  c y c l e  i n  tEle open  s y s t e m  w h i l e  t h e  

g a s e s  vary i n  c o n c e n t r a t i o n  c o n t i n u o u s l y  d u r i n g  t h e  c y c l e  

i n  Chc c l o s e d  s y s t e m .  I n  t h e  c l o s e d  system O2 i n c ~ e ? s e s  and 

c02 d e c r e a s e s  d u r i n g  t h e  l i g h t  p e r i o d ;  i n  t h e  d a r k  t h e  

r e v e r s e  i s  t r u e .  

S i n c e  the i n t e n t  o f  t h i s  s t u d y  w,is t o  i n T u 7 c s t l  y a t e  

t h e  e f f e c t s  o f  h y d r o s t a t i c  prcss:lre on t h e  p h y s i o l c g y  a n d  

morpho logy  o f  a l g a e ,  i t  was f i r s t  e s s e n t i a l  t o  d e ~ ~ c l n p  

t echn iq l - l c s  f o r  s u c c c s s i u l  c u l t u l r c  o f  a l g a e  i n  the c l o s e d  s y s t c : ~ .  

v a r i o u s  modifications o f  c u l t u r c  conditions w e r e  n;l<e t o  

o b t a i n  e q u a l  g r o w t h  i n  hot11 s y s t e m s .  Grob:th c o n d l  t i o n s  of 

l i g h t  i n t c n s i  ty, programmed l i g h t - d a r k  r c y  i m e s ,  m c d i z ,  

co2 c o n c c n t  rat-i  o n ,  and  a d d i  t i  on  o f  o r g a n i c  sul2s  t a n c e s  T.\.t.l-p 

varied j n  t h e  two s y s t c m s  i n  a t t e m p t s  t o  c s t a h l i s h  2nd 

majni;Lin s y n c h r o n o u s  c ~ ~ l t u r c s .  The  n  nun~brxr and ratios of 



i n c r c a s c  i n  d r y  w e i g h t  and  p r o t e i n  w e r e  3.0 i n  t h e  open  

s y s t e m  b u t  n e v e r  m o r e  t h a n  2 . 0  i n  t h e  c i o a c d  s y s t e m .  

R e s u l t s  h a v e  b e e n  o b t a i n e d  wh ich  i n d i c a t e  t h a t  

h i g h  O2 m i g h t  be r c s p o n s i b l e  f o r  t h e  d e s c r e p a n c i e s  i n  t h e  

n number and  r a t i o s  o f  i n c r e a s e  o f  t h e  o t h ~ r  g r o w t h  c r i t e r i a  

b e t w e e n  t h e  opcn  and  c l o s e d  s y s t e m s .  P h o t o s y n t h e t i c a l l y -  

e v o l v e d  0 2  i n  t h e  c l o s c d  s y s t e m  d u r i n q  t h e  l i g h t  p e r i o d  

m i g h t  hc s u f f i c i e n t  t o  c a u s e  t h e  Warburg  E f f e c t .  I f  t h e  

p r o b l e m  o f  g a s  e x c h a n g e  i n  t h e  c l o s e d  s y s t e m  c a n  be s o l v e d ,  

t h e r e  i s  n o  r e a s o n  why s y n c h r o n o u s  c u l t u r e s  o f  t h e  a l g a e  

c o u l d  1 ~ 2 t  be maintained i n  a c l o s c d  s17stem. T h l ~  s t u d y  113s 

suggestcd p o s s i b l e  ways o f  overcomincj  t h e  Warburq Efiect. 

T h c  e f f e c t s  o f  p r e s s u r e  or, r e 1 1  d i v i  si  c n  o f  

C ' n l o r c l 1 ~ -  c l l i p s o i c l e n  h a v e  b e e n  s t u d i e d .  Bo th  p r e c s ; ; ~ ~  zrc2 ------ -- 

O2 c o n x i ~ t r a i j o n  i n t e r a c t  t o  i n f l u e n c e  t h e  d i v i s i o n  o f  c e l  I s .  

A p o s s i h l e  m u t a g e n i c  c f f z c t  of p r e s s u r e  e x p o s a r e  on c7lcjzl 

ce l l  s was a 1  50 ~ 0 n ~ i d e r ~ c 1 .  
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A P P E N D I X  

G R O W T H  M E D I A  

I S o r o k i n  ' s Medium (44 )  

S u b s t a n c e  --- 

K N 0 3  

KF12P04 

M g S 0 4 .  7 H 2 0  

C a C 1 2  

H 3 B 0 3  

FeS04. 7 H 2 0  

Z I I S 0 4 .  71120 

M n C l  2 .  4 H 2 0  

M o o 3  

C u S O 4  . 5E120 

CO ( N O j  ) 2 .  6 B 2 0  

EDTA * 

P1-I 

*Na2C10H1408N2. ?El 0 ( D i  soi ' . ium c t h y l c n c i ! i z ~ , ?  ?c,;cl-r;~ - 
2 

a c e t a t e )  



Modified Beijcrinck's Mediucl- Bicarbonate Mediun 

Stock mineral. sol.ution - - - _ _  !La 

Glass distilled water 1.0 1 

Micronutrient solution was made as described 

i n  T a l ~ l c  1 

m l . j l  of m e d i u m  

Stock mineral solution 100 

N a 2 C 0  
3 

2 5 

N a H C O  
3 2 5 

Micronutrient solution 1 

The p H  of this medium was adjusted to 5.7 

using WC1 



Tamiya and Morimura'  s medium (55) 

S u b s t a n c e  - L d L  

KN03 5.000 

MgS04. 7H20 2.500 

KH2 PO4 1.250 

FeS04 .7B20 0.028 

A r n o n ' s  A 5 s o l u t i o n  1.000 m l / l  

A r n o n ' s  A 5 s o l u t i o n  c o n t a i n s  ( 2 )  

SA 
H3B0 

3 2.8600 

MnC12. 41120 1 .8100 

ZnS04. 7H20 0.2220 

CuS04 . 5112 0 0.0790 

Moo3 0.0071 



IV B u r r  ' s M e d i u m  ( O )  

FeS04. 7 H 2 0  

EDTA a s  compex 

N a 2 H P 0 4 .  21120 

NaH21104.  H 2 0  2.25~10-~ mole 

P H 6.4-6.5 

I n  t h i s  mcdium, t h e  phosphate and t h c  g l u c o s e  

wcrc a ~ l t o c l  civcd scpara lc ly  from t5c r e s c  of 

the media. They wcrc added j u s t  becore c s e  

i n  an expclr i 1;lcnC. T h i s  medium w a s  malnl y 

used  i n  the p r c s s u r c  vcsae l  c c l t u r e  cxperime:lt. 


