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TO DONNA JEAN AND TRISTAN 

"Yes", I answered you l a s t  n i g h t ;  
No " , t h i s  morning s i r ,  I say :  
Colours  seen  by c a n d l e - l i g h t  

W i l l  n o t  look  t h e  same by day.  

E l i z a b e t h  Barret t  ~ r o w n i n g  



ABSTRACT 

The e f f e c t  o f  l i g h t  q u a l i t y  on growth,  p h o t o s y n t h e s i s ,  

pigment c o n c e n t r a t i o n s  and carbon m e  tab01 i s m  i n  two s p e c i e s  olf 

marine a l g a e ,  C y c l o t e l l a  nana and D u n a l i e l l a  t e r t i o l e c t a  was 

examined. ~ e l a t i v e  growth c o n s t a n t s  f o r  C y c l o t e l l a  w e r e  0 .37 ,  

0 .29 and 0 .25 i n  b l u e ,  wh i t e  and green  l i g h t  r e s p e c t i v e l y .  

Corresponding c o n s t a n t s  were 0 .41 ,  0 .31  and 0 .29  f o r  D u n a l i e l l a .  

Pho tosyn the t i c  r a t e s  o f  t h e  two s p e c i e s  w e r e  h i g h e r  i n  b l u e  

and lower i n  g reen  than i n  whi te  l i g h t  o f  t h e  same i n t e n s i t y .  

14 
More than  60% o f  t h e  C a s s i m i l a t e d  by C y c l o t e l l a  o r  

D u n a l i e l l a  grown i n  b l u e  o r  green l i g h t  was i nco rpo ra t ed  i n t o  

t h e  e t h a n o l - i n s o l u b l e  f r a c t i o n ,  compared w i t h  10-30% i n  t h i s  

f r a c t i o n  i n  whi te  l i g h t .  The r e l a t i v e  importance o f  t h e  

v a r i o u s  components w i t h i n  t h i s  f r a c t i o n  w a s  independent  o f  
. . 

l i g h t  q u a l i t y .  

14 
Although less C was a s s i m i l a t e d  i n t o  t h e  e t h a n o l -  

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

i n c r e a s e  i n  some amino a c i d s  and o r g a n i c  a c i d s  i n  t h i s  f r a c t i o n  

and a d e c r e a s e  i n  s u g a r s  and sugar  phospha tes  r e l a t i v e  t o  

whi te  l i g h t  o f  t h e  same i n t e n s i t y .  ~ h e s e  d i f f e r e n c e s  were 

independent  o f  l i g h t  i n t e n s i t y ,  p h o t o s y n t h e t i c  r a t e s  and 

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

The c o n c e n t r a t i o n s  o f  c h l o r o p h y l l  - a and b  o r  c i n  - - 



~ u n a l i e l l a  - o r  C y c l o t e l l a  were h i g h e r  under b l u e  l i g h t  and lower 

under g reen  than whi te  l i g h t  o f  t he  same i n t e n s i t y .  T o t a l  

c a r o t e n o i d  c o n c e n t r a t i o n s  were h i g h e r  i n  green and lower i n  

b l u e  l i g h t .  
/ 

RNA and DNA c o n c e n t r a t i o n s  were h i g h e r  i n  b l u e  and lower 

i n  green than  i n  wh i t e  l i g h t .  S i m i l a r  v a r i a t i o n s  were observed 

i n  the c o n c e n t r a t i o n  o f  t o t a l  ce l l  p r o t e i n .  Turnover o f  r e c e n t l y  

formed p r o t e i n  was i n d i c a t e d .  

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

14  
C i n  phytop lankton  growing a t  d i f f e r e n t  dep ths  i n  Saanich 

I n l e t  and ~ n d i a n  A r m ,  B.  C .  were examined. Gene ra l ly ,  s u r f a c e  

14 
phytop lankton  con ta ined  t h e  g r e a t e s t  p r o p o r t i o n  o f  c i n  t h e  

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

N e a r  t h e  bot tom o f  t h e  p h o t i c  zone,  t h e  g r e a t e s t  p r o p o r t i o n  o f  

newly formed compounds were i n  t h e  i n s o l u b l e  f r a c t i o n .  The 

v a r i o u s  components o f  t h e  e thano l - so lub le  f r a c t i o n  changed wi th  

d e p t h  w i t h i n  t h e  p h o t i c  zone.  Carbohydrates  decreased  w i t h  

d e p t h  and amino a c i d s  i nc reased  w i t h  d e p t h .  These s h i f t s  

appear  t o  be  a  r e sponse  t o  changes i n  l i g h t  q u a l i t y .  

The p e r c e n t a g e  r e l e a s e  o f  s o l u b l e  o r g a n i c  carbon by 

phytoplankton  w a s  h i g h e s t  a t  t h e  s u r f a c e  and w a s  p r o p o r t i o n a l  

t o  t h e  s i z e  o f  t h e  e thano l - so lub le  f r a c t i o n .  

iii 
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chapter 1 

L I G H T  QUALITY E F F E C T S  ON GROWTH, PHOTOSYNTHETIC RATES AND 

CARBON METABOLISM I N  TWO S P E C I E S  O F  MARINE 

PLANKTON ALGAE 



INTRODUCTION 

The chemical composition of  h igher  p l a n t s  and a lgae  has  
I 

been determined i n  a number of s p e c i e s  grown under a v a r i e t y  

o f  cond i t ions  ( f o r  reviews s e e  Krotkov 1964, S t r i ck land  1960) . 
~ n v i r o n m e n t a l  f a c t o r s  may produce q u a l i t a t i v e  and q u a n t i t a t i v e  

v a r i a t i o n s  i n  t h e  carbohydrates ,  amino a c i d s ,  organic  a c i d s  

and p r o t e i n s  produced from metabolized 
14 

c O 2 .  L ight  i n t e n s i t y  

(Champigny 1956) ,  temperature (Oue l l e t  1951) ,  pH (Ouel le t  and 

Benson 1952) and f a c t o r s  such a s  age of  c e l l  and s t a g e  of  l i f e  

h i s t o r y  (Nihei -- e t  a l .  1953) have a demonstrable e f f e c t  on 

chemical composition.  The wavelength of  l i g h t  a l s o  in f luences  

t h e  chemical composition 

under b lue  l i g h t  produce 

grown under r ed  o r  white  

of p l a n t s .  For exampie, p l a n t s  grown 

more amino a c i d s  and p r o t e i n  than those  
. - 

l i g h t  of the  same i n t e n s i t y  

(Voskresenskaya 1956, Hauschild e t  -- a l .  1962a, 1962b).  Fur the r ,  

l i g h t  q u a l i t y  produced marked d i f f e r e n c e s  i n  growth r a t e s  and 

development ( ~ o w a l l i k  1963, Mohr and Holl  1964) . Most 

of  t h i s  l i g h t  q u a l i t y  work has  been confined t o  h igher  

p l a n t s  a l though Hauschild -- e t  a l .  (1962a, 1962b),  Hess and 

To lbe r t  (1967) , and zak (1965) , r epor ted  t h a t  l i g h t  q u a l i t y  

inf luenced t h e  chemical composition of f r e s h  water a lgae .  

These r e s u l t s  sugges t  t h a t  t h e  chemical composition of  



6 
i algae i n  the photic zone of lakes or oceans may change with 
t 

depth since l i g h t  of the various wavelengths i s  d i f f e r e n t i a l l y  

attenuated. Thus, blue and green l i g h t  penetrate to  grea tes t  

depths i n  oceanic and coastal  waters respectively (Jerlov 1951). 

c e l l s  a t  the bottom of the photic zone may be exposed primarily 

to  blue l i g h t  which may, as an example, r e s u l t  i n  a blue l i g h t  

enhancement of protein synthesis.  The nature of the photo- 

synthate may, i n  turn,  influence the quanti ty and qual i ty  of 

soluble organic compounds the algae excrete in to  the environ- 

ment. These excreted compounds may be of considerable ecological 

significance as  a source of energy for heterotrophic organisms 

or  in the formation of organic aggregates. 

I n  t h i s  section the e f fec t s  of blue, green and white l i g h t  

on photosynthetic r a t e s ,  growth r a t e s ,  and the nature of the 

photosynthate i n  two marine planktonic algae,  Cyclotella nana 

Hus ted t and ~ u n a l i e l l a  t e r  t i o l e c  t a  Butcher were examined. - 

MATERIALS AND METHODS 

Axenic cul tures  of two marine algae,  the diatom Cyclotella 

nana and the green alga ~ u n a l i e l l a  t e r t i o l e c t a  were used i n  

these experiments. The cul tures  were grown i n  the a r t i f i c i a l  

sea water medium described by Jones e t a1 . (1963) . I t  was -- 
modified by the addit ion of 1 m l / l  of vitamin solution containing 

500 pg/ml thiamine-HC~, 2 pg/ml vitamin B and 1 .g/ml of b io t in .  
12 



p I n  a d d i t i o n ,  0.15 g / l  NaSiOj.HZO w e r e  added t o  the medium i n  
1 

which d ia toms  w e r e  c u l t u r e d .  T h e  s a m e  volume o f  0  . O 1  N HC1 as 

t h a t  o f  s i l i c a t e  was added t o  ma in t a in  a  p H  o f  7 .5  - 7 .6 .  The 

medium was s t e r i l i z e d  by  a u t o c l a v i n g  f o r  20 min a t  120 c and 

15  ps i  ( ~ p p e n d i x  I )  . 

Growth and P h o t o s y n t h e t i c  R a t e  Measurements 

C u l t u r e s  w e r e  grown w i t h  con t inuous  s t i r r i n g  a t  a  

t empera tu re  o f  20 * 0 .5  C i n  co t t on - s toppe red  2.8-1 "low formn 

Fernback f l a s k s  c o n t a i n i n g  1 . 5  1 o f  medium. S tock  c u l t u r e s  w e r e  

main ta ined  i n  w h i t e  l i g h t  i n  screw-capped 125 - m l  Erlenmeyer f l a s k s  

c o n t a i n i n g  50 m l  o f  t h e  same medium. ~ o u t i n e  checks  o f  b o t h  s t o c k  

and expe r imen ta l  c u l t u r e s  v e r i f i e d  t h e  absence  o f  con t amina t i on  

(Appendix 11) . The inoculum f o r  e ach  exper iment  was o b t a i n e d  

from s t o c k  c u l t u r e s  i n  t h e  e x p o n e n t i a l  phase  o f  growth.    he 

volume o f  each  inoculum w a s  a d j u s t e d  t o  p r o v i d e  an i n i t i a l  con- 

4 
c o n c e n t r a t i o n  o f  1-3 x  10  cells/ml and t h e  c u l t u r e s  w e r e  p l a c e d  

under  t h e  a p p r o p r i a t e  l i g h t  c o n d i t i o n s .  

Growth r a t e s  were de te rmined  by measur ing the i n c r e a s e  i n  

ce l l  numbers w i t h  a  Model B C o u l t e r  Counte r ,  o r  by  measur ing 

changes  o f  o p t i c a l  d e n s i t y  a t  750 nm w i t h  a ~ p e c t r o n i c  20 

calorimeter . opt ica l  d e n s i t y  v a l u e s  were conve r t ed  t o  c e l l  

numbers by  means o f  a  c a l i b r a t i o n  cu rve .  The r e l a t i v e  growth 

Cons t an t  ( k )  and mean g e n e r a t i o n  t i m e  (T)  w e r e  c a l c u l a t e d  from 



i E 
L 
i t he  fo l lowing formulae: -- 
! 

logeN-log N 2 . 3  ( log  N-log N ) and 
k = e o -  - 10 10 0 

+ t 

where N = c e l l  concent ra t ion  a t  time t; No = c e l l  concent ra t ion  

a t  time t = o and t = time i n  days.  

2- 
To measure photosynthe t ic  r a t e s ,  100 p C i  of  14c03 were 

added t o  each of  s e v e r a l  r e p l i c a t e s  o f  200 m l  of  c e l l  suspension 

taken from t h e  l o g  phase of growth. A t  end of  t h e  experiment 

c e l l  numbers were determined and an a l i q u o t  from each suspension 

was f i l t e r e d  through a  ~ i l l i p o r e  HA f i l t e r  (47 mm, pore diam. 

0 .45u) . ~ i l t r a t i o n  removed d i s so lved  s a l t s  which i n t e r f e r e  wi th  

ion -exchange s e p a r a t i o n  and chromatography o f  the  e  than01 -soluble  

components. The c e l l s  were k i l l e d  and e x t r a c t e d  i n  b o i l i n g  80% 

e thano l  f o r  1 h r .  The e thanol - insoluble  f r a c t i o n  was then 

removed wi th  a  

with 0 .1  N H C ~  

remove 
14 co* . 

~ i l l i p o r e  f i l t e r .  The f i l t r a t e  was a c i d i f i e d  

t o  pH 3 and a e r a t e d  v igorous ly  f o r  1 h r  t o  

The e thanol -so luble  e x t r a c t s  were reduced t o  a  

small  volume i n  vacuo a t  2 8  C.  - 

Separat ion and  denti if i c a t i o n  of  Photosynthe t ic  Products 

Pigments and o t h e r  compounds s o l u b l e  i n  organic  s o l v e n t s  

Were removed from the  e thanol -so luble  e x t r a c t  by adding a  volume 

of chloroform equal  t o  the  volume of  the  ' e x t r a c t .  The mixture 



f was shaken and s t o r e d  20 h r  a t  5 C .  Af ter  s e p a r a t i o n ,  the  
t 

ethanol -so luble  f r a c t i o n  was taken t o  dryness  - i n  vacuo a t  2 8  C .  

Dried e x t r a c t s  were then red i s so lved  i n  1 m l  of d i s t i l l e d  water .  

A 10 a l i q u o t  from the  e thanol -so luble  f r a c t i o n  was assayed 

14 
f o r  C a c t i v i t y .  The amino a c i d ,  organic  a c i d ,  and sugar f r a c -  

+ 
t i o n s  were separa ted  on Rexyn 101 (H ) and Rexyn 201 (HCOO-) ion 

exchange columns. More than 96% of  the  t o t a l  r a d i o a c t i v i t y  p r e -  

s e n t  i n  the  e thanol -so luble  e x t r a c t s  was recovered i n  these  

t h r e e  f r a c t i o n s .  A 10 b1 a l i q u o t  from each f r a c t i o n  was assayed 

f o r  r a d i o a c t i v i t y ,  and 50 b1 a l i q u o t s  were chromatographed on 

Whatman 3 MM f i l t e r  paper .  

I n i t i a l l y  t h e  amino a c i d s  and the  n e u t r a l  p repara t ions  

were chromatographed i n  two dimensions wi th  pheno1:ammonium 

hydroxide:water (267:37:1) and n-propano1:ethyl ace ta te :wa te r  

(7:12:2).  Af te r  d ry ing  t h e  chromatograms were run a  second 

time i n  t h e  second s o l v e n t  system. Glycine,  s e r i n e ,  and 

occas iona l ly  glutamic a c i d  were n o t  adequately separa ted  

wi th  t h i s  two-dimensional sys  tem. Consequently, the  mixture 

of  t h e  amino a c i d s  was e l u t e d ,  s p o t t e d  on Whatman 3 MM f i l t e r  

paper and developed i n  a  one-dimensional system wi th  b o r a t e  

buffered  phenol.  

L a t e r ,  a  second two-dimensional system was used which gave 

b e t t e r  sepa ra t ion  of  these  amino a c i d s .  The f i r s t  s o l v e n t  

system cons i s t ed  of  phenol: ammonium hydroxide :water (300: 75: 1) 



and the  second s o l v e n t  sys  tem cons i s  ted of  butanol  : ace tone : 

diethy1amine:water (11:11:2:5).  

The o rgan ic  a c i d  chromatograms were developed i n  two dimen- 

s i o n s  with e thano l :  ammonium hydroxide (95: 5)  and the  organic  

phase of butano1:formic acid:water  ( 4 : : 5 ) .  This s o l v e n t  

system was prepared 12 h r  i n  advance. A c l e a r e r  sepa ra t ion  

of organic  a c i d s  was obtained wi th  a  second two-dimensional 

system c o n s i s t i n g  of  e thano l  :water :ammonium hydroxide (35: 13 : 2 )  

and e thy1 a c e t a t e  : ace t i c  ac id :  water : sodium a c e t a t e  (20 : 11 : 10 : 48) . 
Chromatograms were exposed t o  I l f o r d  I l f e x  X-ray f i l m  f o r  

1 - 3 weeks t o  l o c a t e  the  r a d i o a c t i v e  compounds. A l l  r a d i o a c t i v e  

s p o t s  were excised  and r a d i o a c t i v i t y  i n  the  s p o t s  determined. 

Paper s p o t s  were p laced  d i r e c t l y  i n t o  15 m l  of  a  toluene base 

s c i n t i l l a t i o n  c o c k t a i l .  The e f f i c i e n c y  o f  paper s p o t  count ing 

14 
was determined by applying a known a c t i v i t y  of  C-glucose t o  

chromatogram paper and measuring the  a c t i v i t y  under the  same 

cond i t ions  a s  the  unknowns. The channels r a t i o  method descr ibed  

by Peng (1966) was a l s o  employed f o r  measuring e f f i c i e n c y .  

Resolved compounds were i d e n t i f i e d  from t h e i r  r e l a t i v e  

p o s i t i o n s  by sp ray  reagen t s  and f i n g e r p r i n t i n g  techniques.  

Fur ther  i d e n t i f i c a t i o n  was made by co-chromatography of e l u t e d  

m a t e r i a l s  wi th  known compounds. 

The e thano l - inso lub le  r e s i d u e s  were converted t o  C02 by 

the wet combustion method descr ibed  by Hofstra  (1967) t o  



measure t o t a l  1 4 C  f ixed  i n  t h i s  f r a c t i o n .  1n a d d i t i o n ,  i n  

some experiments ,  a l i q u o t s  of the  e thanol - insoluble  r e s i d u e s  

were hydrolyzed i n  a s o x h l e t  appara tus .  One por t ion  was 

I 
hydrolyzed i n  1 N H2S04 f o r  15 h r  a t  105 C ,  the o t h e r  hydrolyzed 

i n  6 N HC1 f o r  20 h r  a t  105 C ,  f o r  carbohydrate and p r o t e i n  

amino a c i d  a n a l y s i s  r e s p e c t i v e l y .  The H2S04 was removed by 

p r e c i p i t a t i n g  with BaCO and HC1 removed by repea ted ly  evapo- 3 

r a t i n g  the  hydro lysa tes  t o  dryness  - i n  vacuo. The hydrolysa tes  

were r ed i s so lved  i n  water and f r a c t i o n a t e d  by ion -exchange 

r e s i n s  be f o r e  t h e  paper chroma tographic  sepa ra t ion  of t h e i r  

c o n s t i t u e n t s .  

Light  Conditions 

Newly e s t a b l i s h e d  a l g a l  c u l t u r e s  were placed i n  c o n t r o l l e d  

environment chambers and exposed t o  a 1 igh t :da rk  regime of  

16:8 h r  . The c e l l s  were i l luminated  from above wi th  whi te ,  

b lue  o r  green f l u o r e s c e n t  lamps. In the  l a t t e r  two cases  

s h e e t s  of b lue  o r  green c e l l u l o i d  r e s p e c t i v e l y ,  used a s  f i l t e r s ,  

were placed between the  lamps and the  c u l t u r e  v e s s e l s .  The 

energy and wavelength of  l i g h t  a t  the  s u r f a c e  of  the  c u l t u r e s  

were measured w i t h  an ISCO ~ p e c t r o r a d i o m e t e r .  ~aximum ou tpu t  

3 -2 -1 w a s  7 . 9  x 10 e r g s  cm s e c  from the  white  lamps and 

3 -2 - 1 
8.0 x 10 e r g s  cm s e c  from the  b lue  o r  green lamps. The 

s p e c t r a l  d i s t r i b u t i o n  of  the  var ious  lamps and f i l t e r s  is  



Figure 1.1 S p e c t r a l  d i s t r i b u t i o n  of  t h e  t h r e e  l i g h t  systems 

used i n  t h i s  i n v e s t i g a t i o n .  White l i g h t  was 

obta ined  from cool  white f l u o r e s c e n t  lamps. Blue 

o r  green l i g h t  was obtained by combining s h e e t s  of 

b lue  o r  green c e l l u l o i d  wi th  b lue  o r  green f l u o r -  

e s c e n t  bulbs .  ~aximum energy o u t p u t  was 7 .9  x 10 
3 

-2 -1 
e r g s  cm s e c  from the  white  lamps and 8.0 x 10 

3 

-2 -1 
e r g s  cm s e c  from the  b lue  o r  green lamps. 





shown i n  ~ i g .  1 -1. 

RESULTS 

Rate of  14C02-fixation 

Cul tures  were grown f o r  9 days under b l u e ,  green o r  white  

14 
l i g h t  be fo re  C 0 2  f i x a t i o n  r a t e s  were measured. Neutral  d e n s i t y  

f i l t e r s  were used t o  achieve a range of  d e s i r e d  i n t e n s i t i e s .  

Rates of  photosynthes is  by Cyc lo te l l a  nana i n  r e l a t i o n  t o  l i g h t  

q u a l i t y  and i n t e n s i t y  a r e  shown i n  Fig.  1.2A. Light  s a t u r a t i o n  

3 -2 -1 
of photosynthes is  was achieved around 5.0 x 10 e r g s  cm sec  

3 -2 -1 
i n  white  o r  green l i g h t  and 6 .5  x 10 e r g s  cm s e c  i n  b lue  

l i g h t .  Rates  of photosynthes is  a t  s a t u r a t i o n  i n t e n s i t i e s  were 

h igher  i n  b lue  than i n  green o r  white  l i g h t .  

The energy produced by the  b lue  l i g h t  system was i n s u f -  

f i c i e n t  t o  s a t u r a t e  photosynthes is  i n  ~ u n a l i e l l a .  Therefore,  

l i g h t  i n t e n s i t i e s  were ad jus ted  t o  o b t a i n  approximately the  

same number of  quanta from each l i g h t  source.  The i n t e n s i t i e s  

3 -2 -1 
var ied  from 7.4 - 8.0 x 10 e r g s  cm s e c  . 

14 
The r a t e  of  C f i x a t i o n  by Duna l i e l l a  i n  b lue  l i g h t  

r e l a t i v e  t o  white  l i g h t  was s i g n i f i c a n t l y  h igher  than 1.0 

(p < 0.001) ,  while the  green:white r a t i o  was s i g n i f i c a n t l y  

lower than 1 .0  (p < 0.001) .  These r e s u l t s  presented  i n  



14 
Figure 1 . 2  A. Total f ixat ion of C by Cyclotella nana a f t e r  

30 min photosynthesis i n  b lue,  green or white 

l i g h t .  

B. Normalized photosynthetic curves. The data 

were taken from Figure 1 . 2 A .  
Ik 

represents the 

r a t i o  between the r a t e  of photochemical 

processes (P) i n  photosynthesis and the maximum 

r a t e  of enzymatic processes ( P  ) .  
max 
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Table 1.1 a r e  s i m i l a r  t o  those f o r  - C y c l o t e l l a  ( ~ i g .  1 . 2 A )  . 
14 

Table 1 . 2  shows the  r a t i o s  of  t o t a l  C-f ixat ion i n  

e i t h e r  b lue  o r  green l i g h t  t o  t h a t  i n  white  l i g h t  a f t e r  the  

c u l t u r e s  have been grown f o r  9 days i n  b l u e ,  green o r  white 

l i g h t  a t  i n t e n s i t i e s  approximately 10% of  the  i n t e n s i t i e s  

used i n  t h e  f i r s t  s e r i e s  of  experiments.  The r e s u l t s  were 

g e n e r a l l y  s i m i l a r  t o  those a t  h igh  i n t e n s i t i e s  although the  

green: white  r a t i o s  i n  Duna l i e l l a  were s i g n i f i c a n t l y  lower i n  

c e l l s  grown under low l i g h t  i n t e n s i t i e s  than those grown a t  

h igh  i n t e n s i t i e s  (p < 0.001).  

14 
We a l s o  measured C-f ixat ion under l i g h t  cond i t ions  

approximating those near  the  bottom of  t h e  p h o t i c  zone. The 

s p e c t r a l  d i s t r i b u t i o n  of a v a i l a b l e  l i g h t  was measured a t  1 2  m 

depth i n  Indian A r m ,  a marine i n l e t  i n  the  v i c i n i t y  of  

Vancouver, B. C.  A t  t h i s  depth ,  approximately one-quarter 

o f  t h e  l i g h t  was i n  the  b lue  p o r t i o n  of  t h e  v i s i b l e  spectrum, 

t h e  remainder was i n  t h e  green p a r t  of  t h e  spectrum. Green 

and b lue  f l u o r e s c e n t  bulbs  and f i l t e r s  were combined t o  produce 

l i g h t  of  approximately s i m i l a r  composition. Light  i n t e n s i t y  

was ad jus ted  t o  approximately 10% of  t h e  s a t u r a t i o n  i n t e n s i t i e s .  

14 
The C-f ixat ion was measured and compared with the  r a t e s  i n  

white l i g h t  (Table 1 .3 )  . The blue-green:white r a t i o s  of  photo- 

s y n t h e s i s  i n  C y c l o t e l l a  and Duna l i e l l a  were s i m i l a r  t o  the  

b1ue:white r a t i o s .  



-1 2 - 

Table 1.1 

14 
~ a t i . 0 ~  of C f i x a t i o n  by Dunal ie l la  t e r t i o l e c t a  

green l i g h t  r e l a t i v e  t o  white l i g h t .  C e l l s  were 

i n  b lue  o r  

precondi t ion  d e 
t o  a 16: 8 h r  1 igh t :da rk  cyc le .  14C0 was added 30 min a f t e r  

2 

t he  beginning o f  t h e  l i g h t  per iod .  Experimental time was 30 

min. Light  i n t e n s i t i e s  were va r i ed  wi th in  the  range 7.3 x 10 
3 

-2 -1 3 -2 -1 
e r g s  cm s e c  t o  8.0 x 10 e r g s  cm s e c  t o  g ive  approxi-  

mately t h e  same number of  quanta.  

Ra t ios  of  t o t a l  f i x a t i o n  of 14c 

Blue : white Green :white 



Table 1 . 2  

14 
Rat ios  of C f i x a t i o n  by Cyc lo te l l a  nana and ~ u n a l i e l l a  

t e r t i o l e c t a  i n  b lue  or  green l i g h t  r e l a t i v e  t o  white l i g h t .  

2 
~ i g h t  i n t e n s i t i e s  were va r i ed  wi th in  the  range 7.9 x  10 - 

2 -2 -1 
8.5  x 10 e r g s  cm s e c  t o  g ive  approximately 10% of  the  

i n t e n s i t i e s  used i n  the  experiments r epor ted  i n  Table 1.1. 

C e l l s  were precondit ioned t o  a  16:8 h r  1 igh t :da rk  cyc le .  

14 
C02 

was added 30 min a f t e r  the  beginning of  t h e  l i g h t  

pe r iod .  Experimental time was 30 min . 

Rat ios  of t o t a l  f i x a t i o n  of  1 4 C  

C y c l o t e l l a  Duna l i e l l a  Duna l i e l l a  

--* 1.26 0.65 0.46 

* Lost  



-14 - 

Table 1 . 3  

14  
~ a t i o s  o f  C f i x a t i o n  by c y c l o t e l l a  nana and ~ u n a l i e l l a  

t e r t i o l e c t a  i n  a  mixture  o f  b l u e  and green  t o  t h a t  i n  wh i t e  

l i g h t .  C e l l s  were p recond i t i oned  t o  a  16 :8  h r  1 i g h t : d a r k  

c y c l e .  1 4 C 0  was added 30 min a f t e r  beg inn ing  o f  new l i g h t  
2 

p e r i o d .  Exper imental  t ime was 30 min. L i g h t  i n t e n s i t y  was 

2 -2 -1 
7.9 x 10  ergs c m  sec . 

R a t i o s  o f  t o t a l  f i x a t i o n  o f  1 4 C  

C y c l o t e l l a  

1 - 6 4  

1.83 

1 .79  

1 .71  

nana ~ u n a l i e l l a  t e r t i o l e c t a  



Growth of  Cyc lo te l l a  nana and ~ u n a l i e l l a  t e r  t i o l e c t a  

C y c l o t e l l a  grew more r a p i d l y  i n  b lue  l i g h t  than i n  e i t h e r  

green o r  white  l i g h t .  Re la t ive  growth c o n s t a n t s  i n  the  expo- 
I 

n e n t i a l  phase were 0.37, 0.25 and 0.29 r e s p e c t i v e l y  (Fig.  1 . 3 ) .  

The mean genera t ion  time f o r  C y c l o t e l l a  v a r i e d  between 44 - 65 

h r ,  depending on t h e  s p e c t r a l  q u a l i t y  o f  the  a v a i l a b l e  l i g h t .  

When C y c l o t e l l a  was removed from white  l i g h t  and p u t  i n  e i t h e r  

green o r  b lue  l i g h t ,  it grew more s lowly a t  f i r s t  and then 

a t t a i n e d  a  r e l a t i v e l y  c o n s t a n t  growth r a t e  which was h igher  

i n  b lue  and lower i n  green l i g h t  than i n  white  l i g h t  of 

s i m i l a r  i n t e n s i t y .  

The r e l a t i v e  growth cons tan t s  o f  Duna l i e l l a  when grown 

i n  b l u e ,  green ,  and white  l i g h t  were 0.41, 0.29 and 0.31 

r e s p e c t i v e l y  (Fig.  1.4) . Mean genera t ion  t imes v a r i e d  from 
. - 

40 - 57 h r .  Duna l i e l l a  t r a n s f e r r e d  from white  t o  b lue  l i g h t  

a l s o  exh ib i t ed  a  l a g  before growing more r a p i d l y  than c e l l s  

cu l tu red  i n  white  l i g h t .  

14 
E f f e c t  o f  l i g h t  q u a l i t y  on d i s t r i b u t i o n  of  C i n  a l g a l  
pho t o syn tha te  

14 
The d i s t r i b u t i o n  o f  C i n  the  va r ious  f r a c t i o n s  i n  

Cyc lo te l l a  and ~ u n a l i e l l a  grown i n  b l u e ,  green o r  white  

l i g h t  i s  given i n  Table 1 .4 .  When t h e  c e l l s  were grown i n  

b lue  o r  green l i g h t  65 - 70% of t h e  r a d i o a c t i v i t y  was i n  the  



Figu re  1 . 3  Growth o f  C y c l o t e l l a  nana under s a t u r a t i n g  i n t e n s i -  

t ies  of b l u e  ( o ) ,  green  ( ) o r  w h i t e  l i g h t  

3 -2 -1 
( A ) . L i g h t  i n t e n s i t y  7 . 9  x 10  e r g s  c m  sec . 
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~ i g u r e  1 .4  Growth o f  D u n a l i e l l a  t e r t i o l e c t a  i n  b l u e  ( 0 ) ,  

green  ( ) o r  whi te  l i g h t  ( A ) . ~ i g h t  i n t e n s i t y  

3 -2 -1 
7.9  x 10 e r g s  cm sec . 
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ethanol - insoluble  f r a c t i o n  compared wi th  10 - 30% i n  white  l i g h t .  

'phis was observed a t  high o r  s a t u r a t i o n  l i g h t  i n t e n s i t i e s  and a t  

i n t e n s i t i e s  10% of  these  l e v e l s .  Conversely, the  r a d i o a c t i v i t y  

incorporated i n t o  the  e thanol -so luble  f r a c t i o n  was r e l a t i v e l y  

low i n  c e l l s  grown i n  b lue  o r  green l i g h t .  

14 
Some s p e c i e s  d i f f e r e n c e s  i n  t h e  d i s t r i b u t i o n  o f  C were 

noted (Table 1.4)  . In white  l i g h t ,  t h e  e thanol -so luble  f r a c t i o n  

14 c o n s i s t e n t l y  contained 85 - 90% of t h e  t o t a l  C ass imi la ted  

14 
i n  Duna l i e l l a  and 65 - 70% of the  c a s s i m i l a t e d  i n  C y c l o t e l l a .  

These s p e c i e s  d i f f e r e n c e s  were n o t  apparent  i n  b lue  o r  green 

l i g h t .  

Hydrolysis of  the  e thanol - insoluble  f r a c t i o n  showed t h a t  

14 p r o t e i n  amino a c i d s  accounted f o r  about  96% of  the  C f ixed  

i n  t h i s  f r a c t i o n  i n  b lue  o r  green l i g h t  (Table 1 . 5 ) .  In  white  

l i g h t  t h e  p r o t e i n  amino a c i d s  account f o r  92% of  t h e  t o t a l  

r a d i o a c t i v i t y .  

14 
The d i s t r i b u t i o n  of C wi th in  the  e thanol -so luble  f r a c t i o n  

is  shown i n  Table 1.6.  The main so lub le  carbohydrate  i n  

Duna l i e l l a  is  g l y c e r o l .  Glucose and t r a c e  q u a n t i t i e s  of  sucrose 

a l s o  occurred.  Glucose was the  primary s o l u b l e  carbohydrate i n  

C y c l o t e l l a .  Trace q u a n t i t i e s  of  f r u c t o s e ,  r i b o s e  and mannose 

and one unknown c o n s i s t e n t l y  appeared. 

m e n  C y c l o t e l l a  and Duna l i e l l a  were exposed t o  b l u e  l i g h t ,  

t h e r e  w a s  an i n c r e a s e  i n  the  r a d i o a c t i v i t y  of  a s p a r t i c  a c i d ,  
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glutamic a c i d ,  asparagine , glutamine, s e r  i n e  , a l a n i n e  , malic 

ac id  and fumaric a c i d  r e l a t i v e  t o  t h a t  observed i n  white l i g h t .  

~ a d i o a c t i v i t y  decreased i n  g lyc ine ,  glucose and the  phosphate 

I 
e s t e r s .  Duna l i e l l a  d i d  d i f f e r  i n  t h a t  no r a d i o a c t i v i t y  was 

de tec ted  i n  glutamine a f t e r  30 min of  photosynthes is .  The 

r a d i o a c t i v i t y  i n  g l y c e r o l ,  t he  primary carbohydrate ,  decreased 

i n  b lue  l i g h t  compared wi th  white  l i g h t .  

When C y c l o t e l l a  and ~ u n a l i e l l a  were incubated i n  green 

l i g h t ,  t h e  q u a n t i t y  o f  s e r i n e ,  a s p a r t i c ,  glutamic,  mal ic ,  and 

fumaric a c i d s  increased  r e l a t i v e  t o  white  l i g h t ,  b u t  the  con- 

c e n t r a t i o n  of  glucose i n  C y c l o t e l l a ,  g l y c e r o l  i n  Duna l i e l l a ,  

t he  phosphate e s t e r s  and g lyc ine  decreased.  

A s e r i e s  o f  experiments were c a r r i e d  o u t  a t  l i g h t  

i n t e n s i t i e s  approximately 10% of  those used i n  t h e  i n i t i a l  

experiments.  The r e s u l t s  wi th  C y c l o t e l l a  and Duna l i e l l a  were 

s i m i l a r  t o  those obta ined  when the  c e l l s  were grown a t  

s a t u r a t i n g  o r  h igh  i n t e n s i t i e s  o f  b lue ,  green ,  o r  white  l i g h t  

(Table 1.7)  . The d a t a  i n  Tables 1 .6  and 1.7 i n d i c a t e  t h a t  the  

e f f e c t  o f  l i g h t  q u a l i t y  on the  n a t u r e  of the  photosynthate  i s  

independent of  t h e  photosynthe t ic  r a t e .  Also, c e l l  concentra-  

t i o n  apparen t ly  d i d  n o t  have a very  g r e a t  in f luence  on the  

d i s t r i b u t i o n  o f  compounds i n  the  e thanol -so luble  f r a c t i o n .  
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DISCUSSION 

Growth, photosynthe t ic  r a t e  and the  na tu re  of  the  photo- 

syn tha te  o f  p lank ton ic  a lgae  changes i n  response t o  v a r i a t i o n s  

i n  a number of  environmental f a c t o r s  such a s  temperature,  

CO concen t ra t ion ,  s a l i n i t y ,  and l i g h t  i n t e n s i t y .  The r e s u l t s  2 

xepor ted  h e r e  f o r  Cyc lo te l l a  nana and Duna l i e l l a  t e r  t i o l e c t a  

( ~ i g .  1 . 2 ,  Tables 1.1 - 1.3)  i n d i c a t e  a response t o  the  

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

The e f f e c t s  of  l i g h t  q u a l i t y  on l i g h t  in tens i ty -pho tosyn thes i s  

curves were considered (Fig.  1 . 2 A ,  1 . 2 B ) .  ~aximum r a t e s  o f  

photosynthes is  a r e  lower i n  green and white  than i n  b lue  

l i g h t .  TO pe rmi t  comparison of  curves wi thout  t h e  d i s t o r t i o n  

of d i f f e r e n c e s  i n  t h e  over -a l l  magnitude o f  photosynthes is  

t h e  curves have been normalized and I va lues ,  which r e p r e s e n t  
k 

the r a t i o  between the  r a t e  o f  t h e  photochemical processes  i n  

photosynthes is  pe r  u n i t  energy and t h e  maximum r a t e  o f  

enzymatic p rocesses ,  have been determined ( T a l l i n g  1957) . The 

3 -2 -1 
I va lues  v a r i e d  from 6 - 2  x 10 e r g s  cm s e c  i n  b lue  l i g h t  
k 

3 3 -2 -1 
t o  4.7 x 10 and 4.2 x 10 e r g s  cm s e c  i n  white  and green 

l i g h t  r e s p e c t i v e l y .  The h igher  I and l i g h t  s a t u r a t e d  r a t e  of  
k 

photosynthes is  i n  b lue  l i g h t  (Fig.  1 . 2 ~ ,  1 . 2 ~ )  sugges ts  t h a t  

concen t ra t ions  o f  photosynthe t ic  enzymes a r e  probably h igher  

i n  b lue  l i g h t  grown c e l l s .  Furthermore, t h e  s lope  of  the  l i n e a r  



p o r t i o n  of  the  curves i n  ~ i g .  1 . 2 A  sugges ts  t h a t  Cyc lo te l l a  

c e l l s  grown i n  b lue  l i g h t  conta in  a  h igher  concent ra t ion  of  

photosynthe t ic  pigments than those from green and white l i g h t .  
I 

This was v e r i f i e d  by d i r e c t  measurements. When t h e  curves i n  

Fig.  1 . 2 A  a r e  normalized (Fig.  1 . 2 B )  t he  white  and green l i g h t  

curves a r e  s h i f t e d  t o  the  l e f t  o f  the  b l u e  l i g h t  curves .  This 

sugges ts  t h a t ,  r e l a t i v e  t o  b lue  l i g h t ,  t h e  da rk  r e a c t i o n s  i n  

green and white  l i g h t  were a f f e c t e d  t o  a  g r e a t e r  degree than 

t h e  l i g h t  r e a c t i o n s  (Yentsch and Lee 1966) .  

There a r e  numerous examples o f  environmental  parameters 

which have a  g r e a t e r  e f f e c t  on dark  r e a c t i o n s  than l i g h t  r eac -  

t i o n s .  Low temperature,  C 0 2 ,  n u t r i e n t  concen t ra t ions  and l i g h t  

i n t e n s i t y  a l l  a f f e c t  da rk  r e a c t i o n s  t o  a  g r e a t e r  degree than 

l i g h t  r e a c t i o n s  (Yentsch and Lee 1966, Steemann Nielsen and 

Hansen 1961, ~ a b i n o w i t c h  1951) . Yentsch and Lee (1966) a l s o  

suggested t h a t  lower I va lues ,  such as observed when C y c l o t e l l a  k  

was grown i n  white  o r  green l i g h t ,  i s  a  response t o  a  phys io logi -  

c a l l y  i n f e r i o r  environment. However, t h i s  does n o t  preclude the  

p o s s i b i l i t y  t h a t  adap ta t ion  (as  def ined  by Steemann Nielsen 

and Jorgensen 1968) i s  occurr ing .  The r e s u l t s  r epor ted  here  

i n d i c a t e  t h a t  a l g a e  adap t  t o  l i g h t  q u a l i t y  al though the  e x t e n t  

of  adap ta t ion  i s  n o t  s u f f i c i e n t  t o  e q u a l i z e  the  quantum 

-, e f f i c i e n c y  of photosynthes is  i n  the  t h r e e  l i g h t  systems. 

The r e l a t i v e  r e s p i r a t i o n  r a t e s  i n  C y c l o t e l l a  and ~ u n a l i e l l a ,  



est imated by the  method of  Steemann Nielsen and Hansen (1959b) 

were lower i n  b lue  l i g h t  c e l l s  than i n  those grown i n  green o r  

white l i g h t  (Fig.  1 . 2 A ) .  Published d a t a  on the  e f f e c t  of  l i g h t  

q u a l i t y  on r e s p i r a t i o n  a r e  spa r se .  ~ o w a l l i k  (1967) r epor ted  

t h a t  b lue  l i g h t  s t imula ted  r e s p i r a t i o n  i n  a l g a e .  In  c o n t r a s t ,  

Humphrey and Rao (1967) repor ted  s i m i l a r  r a t i o s  o f  photosynthes is  

t o  r e s p i r a t i o n  i n  b lue  and white  l i g h t  f o r  the  diatom ~ y l i n d r o t h e c a  

c los ter ium.  The lower r e s p i r a t i o n  and h igher  photosynthe t ic  r a t e  

i n  C y c l o t e l l a  and ~ u n a l i e l l a  c e l l s  grown i n  b lue  l i g h t  w i l l  r e s u l t  

i n  incorpora t ion  o f  a g r e a t e r  propor t ion  o f  a s s i m i l a t e d  CO 
2 

i n t o  c e l l u l a r  m a t e r i a l  than i n  comparable c e l l s  grown i n  e i t h e r  

white  o r  green l i g h t .  Hence, a l g a l  c e l l s  grown under b lue  l i g h t  

w i l l  reach  d i v i s i o n  s i z e  f a s t e r  and should have a h igher  growth 

r a t e .  This i s  supported by d a t a  i n  ~ i g .  1 .3  and 1.4.  

The enhanced photosynthes is  i n  b lue  l i g h t  would c o u n t e r a c t  

i n  p a r t ,  t he  e f f e c t  on photosynthes is  of  t h e  low i n t e n s i t i e s  

encountered i n  t h e  lower p a r t  o f  t h e  p h o t i c  zone i n  t h e  open 

ocean. I t  would a l s o  inc rease  the  compensation depth f o r  a l g a e .  

14 
The r a t i o  of  C uptake i n  a lgae  grown i n  blue-green l i g h t  

(Table 1 .3)  w a s  s i m i l a r  t o  the  b1ue:white r a t i o  (Table 1 . 2 )  

sugges t ing  t h a t  t h e  b lue  l i g h t  i s  o v e r r i d i n g  the  e f f e c t  of  

green l i g h t .  Otherwise a lower blue-green: white  r a t i o  might have 

been expected.  his may be due t o  the  e f f i c i e n t  absorpt ion  of  

photons i n  t h e  b l u e  p o r t i o n  of  the  spectrum by ch lo rophy l l .  



Only the  accessory  

l i g h t  i n  the  green 

pigments such a s  ca ro teno ids  can u t i l i z e  

p o r t i o n  of the  spectrum. However, Tanada 

(1951) r epor ted  t h a t  the  photosynthe t ic  e f f i c i e n c y  of  diatom 

carotenoids  was almost  a s  high a s  ch lo rophy l l .  The caro tenoids  

o f  green a lgae  a r e  only  h a l f  a s  e f f i c i e n t  a s  ch lorophyl l  

(Emerson and Lewis 1943).  The d a t a  presented  i n  t h i s  s e c t i o n  

sugges t  a low caro tenoid  e f f i c i e n c y  i n  c e l l s  exposed t o  a 

mixture of  b lue  and green l i g h t .  The mechanism involved i s  

uncer t a in .  However, t h i s  type o f  response i s  n o t  new. Hauschild 

e t  -- a l .  (1962a) observed that i n  photosynthes iz ing  C h l o r e l l a  an 

a d d i t i o n  of  a s  l i t t l e  a s  4% b lue  r a d i a t i o n  t o  red l i g h t  had t h e  

same metabol ic  e f f e c t  a s  i r r a d i a t i o n  w i t h  b lue  l i g h t  a lone .  

L igh t  q u a l i t y  had a marked e f f e c t  on t h e  d i s t r i b u t i o n  o f  

14 
C i n  a l g a l  photosynthate .  Two major changes were observed i n  

14 
t h e  d i s t r i b u t i o n  o f  C i n  Cyc lo te l l a  and Duna l i e l l a  grown i n  

b lue  o r  green l i g h t  compared wi th  white  l i g h t .  

14 
(1) In  b lue  o r  green l i g h t  60 - 70% of  t h e  t o t a l  C f ixed  

by t h e  c e l l s  w a s  loca ted  i n  t h e  e thanol - insoluble  f r a c t i o n ,  

whereas, i n  white  l i g h t ,  t he  e thanol - insoluble  f r a c t i o n  contained 

from 10 - 30% of  t h e  f ixed  14C.  ( 2 )  The s p e c t r a l  composition 

of l i g h t  had a marked e f f e c t  on the  r e l a t i v e  importance of com- 

ponents wi th in  t h e  e thanol -so luble  f r a c t i o n ,  b u t  n o t  wi th in  t h e  

e thanol - insoluble  f r a c t i o n .  

The r e s u l t s  from hydro lys i s  of  the  e thano l - inso lub le  



f r a c t i o n  a r e  given i n  Table 1.5.  A minimum of  92% of  the  

a c t i v i t y  was recovered on hydro lys i s  of  p r o t e i n s  and a  f u r t h e r  

1 - 7% recovered a s  sugars .  Of the 16 - 1 8  common p r o t e i n  amino 
I 

a c i d s ,  aspar  t i c  a c i d ,  g lu  tamic a c i d  and a l a n i n e  contained most 

14 
C a c t i v i t y  (Table 1 .8 )  . Our r e s u l t s  agree  with those repor ted  

f o r  s e v e r a l  chlorophycean and rhodophycean a lgae  ( ~ r a i g i e  e t  a l .  -- 

1966, Majak -- e t  a 1  . 1966) . m i l e  p r o t e i n  formation is enhanced 

i n  b lue  o r  green l i g h t ,  l i g h t  q u a l i t y  has  no e f f e c t  on the  

14 
r e l a t i v e  d i s t r i b u t i o n  of  C among t h e  p r o t e i n  amino a c i d s .  

Thus i t  appears  t h a t  s h o r t e r  wavelength l i g h t  (def ined f o r  t h e  

purposes of t h i s  d i scuss ion  a s  t h e  wavelengths a v a i l a b l e  from 

the  b lue  and green l i g h t  systems (400 - 580 nm)) changes the  

r a t e  of  p r o t e i n  s y n t h e s i s  b u t  n o t  i t s  composition. In c o n t r a s t ,  

Hauschild -- e t  a l .  (1962a, 1962b) were unable t o  demonstrate any 

14 d i f f e r e n t i a l  e f f e c t  o f  b lue  l i g h t  on t h e  incorpora t ion  of  c 

i n t o  the  p r o t e i n  of  s e v e r a l  f reshwater  a lgae .  However, b l u e  

14 
l i g h t  s t imula ted  an increased  propor t ion  o f  C 0 2  i n t o  the  

p r o t e i n  component o f  bean and tobacco l eaves  (Voskresenskaya 

1956) .  

Glucose, probably der ived  from t h e  h y d r o l y s i s  of  s t a r c h ,  

was the  most s i g n i f i c a n t  r a d i o a c t i v e  sugar recovered from 

Duna l i e l l a  on carbohydrate  hydolys is .  Glucose and small  quan t i -  

. t i e s  of  mannose were recovered from 

sugars  may have been der ived  from a  

C y c l o t e l l a .  These two 

substance s i m i l a r  t o  



Table 1.8 

1 4  
D i s t r i b u t i o n  o f  C among the  p r o t e i n  amino a c i d s  a f t e r  30 min 

o f  p h o t o s y n t h e s i s  by C y c l o t e l l a  and D u n a l i e l l a  i n  b l u e ,  g reen  

o r  whi te  l i g h t  a t  s a t u r a t i n g  o r  h i g h  i n t e n s i t i e s .  Approximately 

14  
% o f  t o t a l  C f i x e d  i n  t h e  p r o t e i n  f r a c t i o n  

C y c l o t e l l a  D u n a l i e l l a  

w h i t e  b l u e  green wh i t e  b l u e  g reen  

a s p a r  t a  te 

g l u  tama te  

a l a n i n e  

g l y c i n e  

s e r i n e  

l e u c i n e  

p r o l i n e  

pheny la l an ine  

th reon ine  

t y r o s i n e  

v a l i n e  

m e  t h i o n i n e  

o r n i t h i n e  

ar g i n  i n e  

unknown 



laminar in ,  a r e s e r v e  polysaccharide t h a t  occurs  i n  brown a l g a e  

( B e a t t i e  -- e t  a l .  1961) ,  o r  from c e l l  wa l l  polysacchar ides .  

The e thanol -so luble  f r a c t i o n  i n  c e l l s  grown i n  b lue  o r  

14 green l i g h t  contained a h igher  p ropor t ion  of  C i n  a l a n i n e ,  

s e r i n e ,  a s p a r t i c ,  glutamic,  fumaric and malic a c i d s  than those 

grown i n  white  l i g h t .  Conversely, the  r e l a t i v e  importance of  

g lyc ine  and carbohydrates  was reduced. These r e s u l t s  were 

observed i n  c e l l s  grown under h igh  o r  s a t u r a t i n g  i n t e n s i t i e s  

and a t  low i n t e n s i t i e s .  Apparently t h e  changes i n  d i s t r i b u t i o n  

14 
of C among t h e  photosynthe t ic  products  a r e  n o t  dependent on 

rates o f  photosynthes is  b u t  a r e  a s s o c i a t e d  wi th  d i f f e r e n c e s  i n  

l i g h t  q u a l i t y .  Shor t  wavelength l i g h t  s t i m u l a t e s  p r o t e i n  

s y n t h e s i s  a t  t h e  expense of  e thanol -so luble  compounds such a s  

carbohydra tes ,  g lyc ine  and probably g l y c o l i c  a c i d .  No conclu- 

s i o n s  were drawn from measurements of  r a d i o a c t i v i t y  i n  g l y c o l i c  

a c i d  s i n c e  t h i s  compound i s  h i g h l y  v o l a t i l e .  Laboratory s t u d i e s  

ind ica ted  t h a t  a l a r g e  propor t ion  of  it was l o s t  between the  

k i l l i n g  procedure and t h e  f i n a l  measurements. 

If the concen t ra t ion  of  f r e e  amino a c i d s  is expressed a s  

14 
a pe rcen t  of  the  t o t a l  C f ixed  by t h e  c e l l s  (Table 1 . 9 ) ,  t he  

amino a c i d  pools  a r e  smal ler  i n  c e l l s  grown under b lue  o r  green 

l i g h t  than white  l i g h t .  This is c o n s i s t e n t  wi th  the  enhanced 

p r o t e i n  forma t i o n  

inc rease  i n  amino 

observed under s h o r t  wavelength l i g h t .  The 

a c i d s  requi red  f o r  p r o t e i n  s y n t h e s i s ,  i n  



Table 1.9 

The d i s t r i b u t i o n  of 14c among compounds of C y c l o t e l l a  o r  Duna l i e l l a  as a 

percentage of the  t o t a l  14c f i x e d  a f t e r  30 min photosynthes is  i n  b l u e ,  green 
I 

o r  white l i g h t  a t  s a t u r a t i n g  o r  high i n t e n s i t i e s .  

- - - - - - - - - - - - - - - 

Organism C y c l o t e l l a  Dunal i e  1 l a  

% of t o t a l  14c f i x e d  

Light  q u a l i t y  white  b lue  green  white  b lue  green 

Aspar t i c  a c i d  7.6 5.4 6.3 11.3 4.6 5.4 

Glu tamic a c i d  1.7 2.2 2.2 1.4 1.2 1 .5  

Asparagine 0.6 0.7 0.4 0.8 0.4 0.3 

Glu tamine 0.3 0.4 0.2 - - - - - - 
Glycine 0.5 0.2 0.3 11.3 3.2 3.7 

Ser ine  4.5 2.7 3.1 6.9 2.8 3.1 

A1  anine 

Malic a c i d  

Fumaric a c i d  1 .8  1.3 1.4 1.2 0.7 0.9 

Glycol ic  a c i d  2.6 0.7 1.1 5.3 1.2 1.8 

Succ i n i c  a c i d  0 .5  0.2 -- 0.9 0.3 2.8 

Glucose 11.0 5.0 5.6 1 .0  0.4 -- 
Glycerol  - - - - - - 10.9 2.2 2.5 

Phosphate e s t e r s  20.0 6.9 8.0 22.7 6.3 6.7 

Tota l  amino a c i d s  17.3 13.1 13.8 37.4 14.9 16.5 

To ta l  o rganic  a c i d s  11.8 7.6 8 .7  12.6 4 .3  5.7 

Tota l  carbohydra tes  31.0 11.9 13.6 34.7 8 .8  9.2 

' Tota l  p r o t e i n  amino a c i d s  29.7 60.3 59.1 8 .9  67.4 63.7 

Tota l  hydro l ized  carbohydra tes  1 .7  0.2 0.,9 0.6 0.8 1.2 



p a r t i c u l a r  g lu  tama t e  and aspar  t a t e  , would d e p l e t e  the  supply 

of oxa loace ta te  and o t h e r  Krebs cyc le  in te rmedia tes .  I f  amino 

a c i d s  a r e  be ing  synthes ized  from these  in termedia tes  under s h o r t  

wavelength l i g h t ,  then these  in termedia tes  must be replaced 

t o  ensure func t ion ing  of  the  Krebs c y c l e .  This could be achieved 

by 8-carboxylation o f  pyruvate o r  phosphoenol pyruvate (PEP) t o  

give oxa loace ta te  o r  malate.  Walker (1962) suggested t h a t  

8-carboxylation r e a c t i o n s  may account f o r  a s i g n i f i c a n t  propor- 

t i o n  o f  the  t o t a l  carbon f ixed  i n  l i g h t .  Recent ly,  Baldry e t  a l .  -- 

(1969) r epor ted  a l i g h t  s t imula ted  8-carboxylation o f  PEP by 

i s o l a t e d  c h l o r o p l a s t s .  A l t e r n a t i v e l y ,  it may be t h a t  s h o r t  

wavelength l i g h t  f avors  t h e  Hatch-Slack pathway o f  C02 f i x a t i o n  , 

r e s u l t i n g  i n  an increased  product ion o f  o x a l o a c e t a t e ,  malate 

and o t h e r  Krebs c y c l e  in termedia tes  (Hatch and Slack,  1966) . 
The occurrence o f  t h i s  pathway i n  a l g a e  h a s  n o t  y e t  been 

denons t ra ted ,  nor a r e  the  p o s s i b l e  e f f e c t s  of  l i g h t  of  d i f f e r e n t  

wavelengths known. In  t h e  Hatch-Slack pathway the  l a b e l  i n  t h e  

C -dicarboxylic  a c i d s  appears  i n  3-phosphoglycerate, then hexose 
4 

phosphates and o t h e r  carbohydrates .  Hence it i s  doub t fu l  t h a t  

t h i s  is  the  mechanism involved i n  these  two a lgae  s i n c e  b lue  

and green l i g h t  promote the  s y n t h e s i s  of  p r o t e i n s  a t  the  expense 

of  carbohydrates .  The d a t a  do n o t  i d e n t i f y  the  r e a c t i o n s  involved 

i n  co2 f i x a t i o n .  They do however, show t h a t  s h o r t  wavelength 

l i g h t  switches t h e  d i r e c t i o n  of a l g a l  metabolism i n  favor  o f  



y n t h e s i s  i n  the  two a lgae  C y c l o t e l l a  nana and Duna - 
t e r t i o l e c t a  while  white  l i g h t  promotes the  formation of carbo- 

hydra tes .  

The r e s u l t s  obtained i n  t h i s  i n v e s t i g a t i o n  lend suppor t  t o  

some e a r l i e r  work t h a t  a l t e r a t i o n s  i n  t h e  s p e c t r a l  composition o f  

l i g h t  i s  an impor tant  f a c t o r  determining t h e  p l a n t ' s  response t o  

environmental  cond i t ions .  Light  q u a l i t y  a l t e r s  t h e  pathway of  

s y n t h e s i s  o f  carbon l ead ing  t o  d i f f e r e n c e s  i n  the  q u a l i t a t i v e  

and q u a n t i t a t i v e  r e l a t i o n s h i p s  between t h e  d i r e c t  products  o f  

photosynthes is .  The d a t a  sugges t  t h a t  both  the  C02  f i x a t i o n  

and t h e  d i s t r i b u t i o n  of  the  pho tosyn the t i c  me tabo l i t e s  i n  a lgae  

would be changed a s  l i g h t  q u a l i t y  i s  a l t e r e d  wi th  depth i n  t h e  

p h o t i c  zone. The enhanced photosynthes is  i n  b lue  o r  blue-green 

l i g h t  has  t h e  e f f e c t  of  maximizing the  capac i ty  o f  plankton a l g a e  

t o  u t i l i z e  t h e  l i g h t  a v a i l a b l e  i n  t h e  lower p a r t  o f  t h e  p h o t i c  

zone. 



Chapter 2 

P R O T E I N ,  RNA, DNA AND PHOTOSYNTHETIC PIGMENTS I N  TWO S P E C I E S  

O F  MARINE PLANKTON ALGAE DURING GROWTH I N  L I G H T  O F  D I F F E R E N T  

SPECTRAL QUALITY 



INTRODUCTION 

I n  t h e  p r e v i o u s  chap te r  ev idence  was p r e s e n t e d  t h a t  l i g h t  

o f  d i f f e r e n t  s p e c t r a l  q u a l i t y ,  b u t  o f  t h e  same i n t e n s i t y ,  p r o -  

duces  d i f f e r e n c e s  i n  c e l l  growth r a t e s ,  C02 f i x a t i o n  r a t e s ,  

and p h o t o s y n t h e t i c  p r o d u c t s  i n  two s p e c i e s  o f  marine p lankton  

a l g a e ,  C y c l o t e l l a  nana Hus t e d t  and ~ u n a l i e l l a  t e r t i o l e c t a  

Butcher.  Ra te s  o f  i n c r e a s e  i n  c e l l  numbers were h i g h e s t  i n  

b l u e  l i g h t ,  i n t e r m e d i a t e  i n  whi te  and lowes t  i n  g reen  l i g h t .  

Responses t o  l i g h t  q u a l i t y  which r e s u l t e d  i n  an i n c r e a s e  i n  t h e  

p r o t e i n  c o n c e n t r a t i o n  i n  C y c l o t e l l a  and D u n a l i e l l a  grown i n  b l u e  

and green l i g h t  r e l a t i v e  t o  t h a t  i n  wh i t e  l i g h t  were a l s o  

d e s c r i b e d .  The observed  d i f f e r e n c e s  i n  d i v i s i o n  r a t e s  should 

r e f l e c t  d i f f e r e n c e s  i n  r a t e s  o f  DNA s y n t h e s i s  s i n c e  the forma- 

t i o n  o f  daugh te r  cells is c l o s e l y  r e l a t e d  t o  a p reced ing  

i n c r e a s e  i n  DNA (Ruppel 1962) . Any i n c r e a s e  i n  r a t e s  o f  

p r o t e i n  s y n t h e s i s  should  be c l o s e l y  r e l a t e d  t o  an i n c r e a s e  i n  

RNA (Ruppel 1962) . There fo re ,  changes i n  RNA and DNA concen- 

t r a t i o n s  may be expec t ed  i n  C y c l o t e l l a  and D u n a l i e l l a  when grown 

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

D i f f e r e n c e s  in l i g h t  q u a l i t y  a l s o  appear  t o  i n f l u e n c e  

t h e  c o n c e n t r a t i o n  of t h e  v a r i o u s  p h o t o s y n t h e t i c  pigments.  

Observa t ions  i n  Chapter  1 s u g g e s t  t h a t  pigment c o n c e n t r a t i o n s  

. are h i g h e r  i n  b l u e  and lower i n  g reen  than i n  wh i t e  l i g h t .  

The work r e p o r t e d  h e r e  d e s c r i b e s  a  series o f  exper iments  

des igned  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  v a r i a t i o n s  i n  l i g h t  
L. 



q u a l i t y  on t h e  ra te  o f  s y n t h e s i s  o f  p r o t e i n ,  RNA, DNA and pho to-  

s y n t h e t i c  p igments .  

MATERIALS AND METHODS 

~ x e n i c  c u l t u r e s  o f  two s p e c i e s  o f  mar ine  p l a n k t o n  a l g a e  . 

w e r e  used i n  this i n v e s t i g a t i o n ,  t h e  d ia tom C y c l o t e l l a  nana 

Hus t e d t  and t h e  g r e e n  f l a g e l l a t e  D u n a l i e l l a  t e r t i o l e c  t a  Butcher .  

The c u l t u r e  medium and methods o f  c u l t u r e  were t h e  same a s  

d e s c r i b e d  i n  Chapte r  1. The c o n c e n t r a t i o n  o f  c h l o r o p h y l l  - a  and 

b - o r  - c and t h e  t o t a l  c a r o t e n o i d s  w a s  measured d a i l y  f o r  

1 0  - 1 5  days  i n  c u l t u r e s  grown under b l u e ,  g r een  o r  wh i t e  

l i g h t  o f  t h e  same i n t e n s i t y .  Pigments w e r e  e x t r a c t e d  i n  

90% a c e t o n e  i n  t h e  manner d e s c r i b e d  by S t r i c k l a n d  and Parsons  

(1965) w i t h  the e x c e p t i o n  t h a t  1 d r o p  o f  0.5% dimethylamine 
. - 

i n s t e a d  o f  M ~ C O  was added t o  the e x t r a c t .  A s o n i c  d i s r u p t o r  
3  

(Bronwi l l  ~ i o s o n i c ,  125 w a t t s )  w a s  used t o  f a c i l i t a t e  pigment 

e x t r a c t i o n .  Three 30-sec p e r i o d s  o f  s o n i f i c a t i o n  a t  70% maximum 

p o w e r  w e r e  s u f f i c i e n t  t o  e n s u r e  c e l l  d i s r u p t i o n  and maximum 

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

measured pigment  c o n c e n t r a t i o n s  18 - 30% o v e r  t h o s e  o b t a i n e d  w i t h -  

o u t  t r e a t m e n t .  O p t i c a l  d e n s i t i e s  o f  t h e  a c e t o n e  e x t r a c t s  w e r e  

measured i n  l - c m  c u v e t t e s  w i t h  a Cary Model 14 ~ e c o r d i n g  

Spect rophotometer  . pigment c o n c e n t r a t i o n s  w e r e  c a l c u l a t e d  u s i n g  

the t r i c h r o m a t i c  e q u a t i o n s  o f  S t r i c k l a n d  and Parsons  (1965) . 



" ,  

Pigments were e x t r a c t e d  from c u l t u r e s  grown f o r  9 days 

under b l u e ,  green o r  white  l i g h t  t o  examine p o s s i b l e  changes i n  

the  concen t ra t ions  of  8 -carotene and the  va r ious  xanthophylls  

I 
i n  the  caro tenoid  f r a c t i o n .  The pigments were separa ted  by 

two-dimensional paper chromatography . To prepare  the  pigments 

f o r  chromatography, each acetone e x t r a c t  was mixed i n  a separa-  

t o r y  funnel  wi th  an equal  volume of  d i e t h y l  e t h e r  and washed 

thoroughly wi th  10% (v/v) NaC1. Chromatograms were run i n  the  

da rk  i n  chromatographic tanks con ta in ing  a beaker o f  s i l i c a  g e l  

t o  keep s o l v e n t s  and atmosphere d ry .  The s o l v e n t  system f o r  t h e  

f i r s t  d i r e c t i o n  cons i s t ed  of  f r e s h  4% (v/v) propanol i n  r e d i s t i l l e d  

hexane. The second s o l v e n t  system c o n s i s t e d  o f  30% (v/v) ch lo ro -  

form i n  r e d i s t i l l e d  hexane. The ch lo rophy l l s  were e l u t e d  from 

t h e  chromatograms wi th  ace tone ,  the  ca ro teno ids  wi th  e t h y l  e t h e r .  

The o p t i c a l  d e n s i t y  of  each pigment f r a c t i o n  w a s  determined. 

Pigments were i d e n t i f i e d  a f t e r  e l u t i o n  from t h e  chromatograms by 

t h e  absorp t ion  s p e c t r a  descr ibed  by Goodwin (1955) and Smith 

and Benitez (1955) , al though the  absorp t ion  s p e c t r a  descr ibed  by 

J e f f r e y  (1963) f o r  ch lorophyl l  c_ and fucoxanthin (Parsons and 

S t r i ck land  1963) were a l s o  used. The Rf va lues  r epor ted  by 

J e f f r e y  (1961) were a l s o  used f o r  i d e n t i f i c a t i o n .  The e x t i n c -  

t i o n  c o e f f i c i e n t s  used i n  c a l c u l a t i n g  the  pigment concen t ra t ions  

. were those given by J e f f r e y  (1961) excep t  f o r  ch lo rophy l l  c_ 

( ~ e f f r e y  1963) and fucoxanthin (Parsons and S t r i ck land  1963) .  



Where t h e  e x t i n c t i o n  c o e f f i c i e n t s  w e r e  unknown ( t h e  minor 

xan thophy l l s )  t h e  e x t i n c t i o n  c o e f f i c i e n t  f o r  8-carotene was 

a l s o  used ( J e f f r e y  1961) .  

I n  ano the r  s e r i e s  o f  exper iments  t h e  p r o t e i n ,  RNA and DNA 

c o n c e n t r a t i o n s  i n  c e l l s  grown under b l u e ,  g reen  o r  whi te  l i g h t  

w e r e  measured d a i l y  f o r  10  - 1 5  days  a f t e r  new c u l t u r e s  w e r e  

e s t a b l i s h e d .  New c u l t u r e s  were s t a r t e d  under a p p r o p r i a t e  l i g h t  

c o n d i t i o n s  from s t o c k  c u l t u r e s  k e p t  i n  w h i t e  l i g h t .  

DNA was measured u s i n g  t h e  f l u o r o m e t r i c  method d e s c r i b e d  

by Holm-Hansen -- e t  a l .  (1968) .  ~ l i q u o t s  o f  t h e  c u l t u r e  w e r e  

f i l t e r e d  through ~ i l l i p o r e  HA f i l t e r s  (25  mrn, 0.45p po re  diam.) , 

t h e  c e l l s  and f i l t e r  then  suspended i n  5 m l  o f  a b s o l u t e  ace tone  

and broken down w i t h  a  s o n i c  d i s r u p t o r .  The p r e p a r a t i o n  w a s  t hen  

c e n t r i f u g e d  and the s u p e r n a t a n t  d i s c a r d e d .  Substances  which 

might i n t e r f e r e  w i t h  t h e  DNA a s s a y  w e r e  t hen  e x t r a c t e d  from t h e  

sediment  i n  t h e  fo l lowing  sequence: a )  fou r  t i m e s  w i t h  a b s o l u t e  

ace tone ;  b) once w i t h  90% ace tone ;  c )  once w i t h  c o l d  ( 5  C)  10% 

TCA; d )  t w i c e  w i t h  95% e t h a n o l .  A f t e r  d r y i n g ,  diaminobenzoic 

a c i d  s o l u t i o n  (DABA. 2HC1) was added t o  t h e  sediment  and t h e  

mix ture  h e a t e d  f o r  1 h r  . Then, 0.6 N p e r c h l o r i c  a c i d  was added 

and t h e  f l u o r e s c e n c e  o f  t h e  DNA-DABA complex was measured w i t h  a 

Baird Atomic F luorescence  Spectrophotome ter . The c o n c e n t r a t i o n  

o f  DNA i n  t h e  sample was determined from a s t a n d a r d  c a l i b r a t i o n  

cu rve  p repa red  w i t h  c a l f  thymus DNA. 



~ i b o n u c l e i c  ac id  concent ra t ions  were determined wi th  the  

o r c i n o l  method o f  Schneider (1957) . Aliquots  o f  the  c u l t u r e  

were f i l t e r e d  and impur i t i e s  e x t r a c t e d  a s  descr ibed  above f o r  

DNA. The sediment was washed with 95% e thano l  and the  superna tan t  

d iscarded.    hen 1 .3  m l  of  10% TCA and 1 .3  m l  o f  d i s t i l l e d  water 

were added t o  each sample and the  mixture was heated a t  90 C 

f o r  15  min. Af te r  c e n t r i f u g i n g  1 .5  m l  of t h e  superna tan t  f l u i d  

was added t o  1.0 m l  o f  d i s t i l l e d  water and 1 .5  m l  o f  o r c i n o l  

r eagen t .  The mixture was then hea ted  i n  a  water b a t h  a t  90 C 

f o r  30 min. The s o l u t i o n  was cooled and i t s  o p t i c a l  d e n s i t y  

measured a t  660 nm. Ribose d isso lved  i n  d i s t i l l e d  water was 

used f o r  c a l i b r a t i o n .  

P ro te in  was measured with t h e  phenol r eagen t  of Fol in  and 

Ciocal teu  (Lowry -- e t  a l .  1951) .  The p l a n t  c e l l s  were d i s rup ted  

s o n i c a l l y  and s o l u b i l i z e d  i n  a  copper a l k a l i  s o l u t i o n  f o r  1 hr 

a t  100 C. The colour  developed on a d d i t i o n  of  the  phenol r e a g e n t  

was measured a t  750 nm. The method was s tandardized  wi th  bovine 

serum albumin. 

RESULTS 

pigment concen t ra t ions  from c u l t u r e s  grown f o r  9  days 

under each l i g h t  regime and determined chromatographical ly  a r e  

presented  i n  Table 2 .l. Pigment concen t ra t ions  measured 1 2  - 20% 
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h i g h e r  when determined by chromatography than by spec  t ropho  t o  - 

metry.  I n  D u n a l i e l l a  t he  r a t i o  o f  c h l o r o p h y l l  b : a  - - i n  c e l l s  

grown i n  b l u e  l i g h t  (0.57) w a s  s i g n i f i c a n t l y  h i g h e r  (p  < 0.001) 

than i n  ce l l s  grown i n  whi te  and green  l i g h t  (0.50 and 0.48 

r e s p e c t i v e l y )  . The r a t i o  o f  c h l o r o p h y l l  - c : a  i n  c y c l o t e l l a  

grown i n  green  l i g h t  (0 . l8 )  w a s  lower (p < 0.001) than  c e l l s  

grown under wh i t e  o r  b l u e  l i g h t  (0.22 and 0.23 r e s p e c t i v e l y )  . 

The c a r o t e n o i d : c h l o r o p h y l l  - a r a t i o s  i n  C y c l o t e l l a  were 1 .60 ,  

1.11 and 0.72 i n  g r e e n ,  b l u e  and wh i t e  l i g h t  r e s p e c t i v e l y .  

The a b s o l u t e  and r e l a t i v e  c o n c e n t r a t i o n s  o f  t h e  i n d i v i d u a l  

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

q u a l i t i e s  (Table 2.1) . The c o n c e n t r a t i o n  o f  B-caro tene ,  t h e  

major l i g h t - a b s o r b i n g  c a r o t e n o i d  i n  ~ u n a l i e l l a  was s i g n i f i c a n t l y  

h i g h e r  i n  b l u e  and g reen  than  i n  wh i t e  l i g h t .  The 0-carotene 

c o n c e n t r a t i o n s  i n  Cyclo t e l l a  were a l s o  g r e a t e r  i n  b l u e  and green  

than i n  wh i t e  l i g h t .  The c o n c e n t r a t i o n  r e l a t i v e  t o  t h e  t o t a l  

c a r o t e n o i d  f r a c t i o n  i n c r e a s e d  from 2.4% i n  wh i t e  l i g h t  t o  4.7% 

and 3.7% i n  b l u e  and g reen  1 i g h t  . The c o n c e n t r a t i o n  i n  bo th  b l u e  

and green l i g h t  was s i g n i f i c a n t l y  h i g h e r  than  i n  whi te  l i g h t  

(p < 0 .001) .  On t h e  o t h e r  hand,  t h e  c o n c e n t r a t i o n  o f  fucoxan th in ,  

t h e  major l i g h t - a b s o r b i n g  c a r o t e n o i d  i n  C y c l o t e l l a  , was lower i n  

b l u e  l i g h t  and h i g h e r  i n  g reen  than i n  wh i t e  l i g h t .  The concen t r a -  

t i o n  o f  fucoxan th in  a s  a  f r a c t i o n  o f  t h e  t o t a l  c a r o t e n o i d s  was 

h i g h e s t  under b l u e ,  76.6%, compared w i t h  71.5% and 68.4% i n  



s i g n i f i c a n t l y  h igher  than in  green o r  white  l i g h t  (p < 0.01) 

r e s p e c t i v e l y .  The abso lu te  and r e l a t i v e  va lues  of the  minor 

xanthophylls  were a l s o  q u i t e  v a r i a b l e  . The t o t a l  concent ra t ion  

of  ca ro teno ids  i n  the  two a lgae  va r i ed  wi th  l i g h t  q u a l i t y  i n  the  

fol lowing manner: b lue  < white < green.  

Tables 2 . 2  and 2.3 show the  r a t i o s  of  ch lorophyl l  a ,  b_, c - 

and caro tenoids  i n  Cyc lo te l l a  and Duna l i e l l a  grown i n  b lue ,  green 

o r  white  l i g h t  of  the  same i n t e n s i t y .  These va lues ,  which a r e  

t h e  r a t i o s  of  pigment concen t ra t ions  i n  b lue  o r  green l i g h t  

r e l a t i v e  t o  white  l i g h t ,  a r e  means of  d a i l y  measurements from 

s e v e r a l  d i f f e r e n t  c u l t u r e s  of the  two a lgae  grown f o r  pe r iods  

of 10 - 15 days.  The b1ue:white ch lo rophy l l  r a t i o s  were g r e a t e r  

than 1 .0 ,  t h e  green:white r a t i o s  l e s s  than 1 .0 .  Thus, t h e  chloro-  

p h y l l  concen t ra t ions  i n  these  two a lgae  vary  wi th  l i g h t  q u a l i t y  

i n  t h e  fol lowing manner: b lue  > white  > green. 

~ i f f e r e n c e s  i n  the  concent ra t ion  of  p r o t e i n  i n  a l g a e  grown 

under the  t h r e e  l i g h t  regimes were observed 2 4  h r  a f t e r  the  

es tabl i shment  of  new c u l t u r e s  us ing  c e l l s  from s t o c k  c u l t u r e s  

i n  white l i g h t .  The p r o t e i n  concen t ra t ions  and t h e  r a t i o s  of  

p r o t e i n  i n  b lue  o r  green l i g h t  t o  white  l i g h t  a r e  presented  

(Tables 2 . 4  and 2 . 5 ) .  The concent ra t ion  of p r o t e i n  i n  both  

plankton a l g a e  is h igher  i n  b lue  and lower i n  green than i n  

white  l i g h t .  The b1ue:white r a t i o  is  approximately 1.60 and 
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Table 2.4  

Concentrat ions of p r o t e i n ,  RNA and DNA i n  C y l o t e l l a  - nana grown i n  b lue ,  

green o r  white  l i g h t .  The r a t i o s  of p r o t e i n ,  DNA and RNA i n  b lue  o r  green 

l i g h t  r e l a t i v e  t o  those  i n  white  l i g h t  a r e  a l s o  presented .  L igh t  i n t e n s i t y  

3  -2 -1 was 7.9 x 10 e r g s  cm s e c  . Each value r e p r e s e n t s  the  mean of d a i l y  

measurements on same c u l t u r e  over a  per iod  of 10 - 1 5  days. Standard 

dev ia t ions  f o r  each  s e r i e s  a r e  shown. 

6  
pg p ro t e in / lO  c e l l s  r a t i o s  of p r o t e i n  concen t r a t  ions  

white  b  h e  green b1ue:white green: whi te  

10. lf 0.1 16.9fO. 2  8. WO. 1 1.68 

9.3fO. 5  14.9fO. 3  7.5f0.2 1.60 

10.3f0. 1 16.4f0.1 8.  WO. 2  1.59 

9.8fO. 3  16.2fO. 2 7.7f0.4 1.65 

6  
wg R N A / ~ O  c e l l s  r a t i o s  of RNA concen t r a t ions  

0.91f0.08 1.14fO. 03 0.79fO. 03 1.25 0.87 
. - 

0.98f0.02 1.23f0. 07 0.81f0. 02 1.26 0.83 

0.83f0.03 1.15f0. 08 0.76fO. 02 1.38 0.92 

0.96fO. 05 1.25f0.02 0.78f 0.02 1 .81  0.81 

0.85fO. 05 1.10-10.04 0.73f0.03 1.29 0.86 

7  
pg D N A / ~ O  c e l l s  r a t i o s  of DNA concen t r a t ions  

0.88fO. 02 0.99fO. 01 0.7WO. 02 1.13 0.90 



Table 2 .5  

Concentrat ion of p r o t e i n ,  RNA and DNA i n  Duna l i e l l a  t e r t i o l e c t a  grown i n  

b lue ,  green o r  white  l i g h t .  The r a t i o s  of p r o t e i n ,  RNA and DNA i n  b lue  o r  

green l i g h t  r e l a t i v e  t o  those i n  white l i g h t  a r e  a l s o  presented .  L igh t  I 
i n t e n s i t y  was 7 .9  x l o3  e r g s  cm-2 s e c - l .  Each va lue  r e p r e s e n t s  the mean of 

d a i l y  measurements on the  same c u l t u r e s  over a  pe r iod  of 10 - 1 5  days. 

Standard d e v i a t i o n s  f o r  each s e r i e s  a r e  shown. 

pg pro te in /106  c e l l s  r a t i o s  of p r o t e i n  concen t r a t ions  

white  b lue  green b lue  :white green:white 

pg R N A / L O ~  c e l l s  r a t i o s  of RNA concen t r a t ions  

12.1f1.2 15.2f1. 9  10.0f1.6 1.26 0.83 

6 
pg DNA/~O c e l l s  r a t i o s  of DNA concen t r a t ions  

0.90fO. 04 0.97f0.02 0.82f0.02 1.08 0.91 



t he  green:white r a t i o  0.90. 

changes i n  RNA and DNA concen t ra t ions  under l i g h t  of  

d i f f e r e n t  s p e c t r a l  q u a l i t y  corresponded t o  t h e  p r o t e i n  changes. 

The b1ue:white l i g h t  RNA r a t i o s  were approximately 1 .3  

(Tables 2.4 and 2 . 5 ) .  The comparable green:white r a t i o s  were 

approximately 0.90. The b1ue:white and green:white r a t i o  f o r  

DNA were approximately 1.10 and 0.90 r e s p e c t i v e l y  (Tables 2 . 4  

and 2 .5) .  

DISCUSSION 

In  the  p rev ious  chapter  d a t a  was presented  which suggested 

t h a t  a  r e l a t i v e l y  high r a t e  of  l i g h t - s a t u r a t e d  photosynthes is  

observed when c y c l o t e l l a  was grown i n  b lue  compared wi th  green 

o r  white  l i g h t  w a s  a t t r i b u t a b l e ,  i n  p a r t  a t  l e a s t ,  t o  a  h igher  

concent ra t ion  o f  photosynthe t ic  pigments. These d i f f e r e n c e s  i n  

pigment concen t ra t ions  a r e  v e r i f i e d  by t h e  d a t a  presented  h e r e .  

The r a t i o s  of  ch lo rophy l l  a  concen t ra t ions  i n  b lue  o r  green - 
t o  white l i g h t  o f  t h e  same i n t e n s i t y  show t h a t  ch lorophyl l  a  

was h i g h e s t  when c e l l s  were grown i n  b lue  l i g h t  and lowest  i n  

green l i g h t  (Tables  2 . 2  and 2.3) . The ch lo rophy l l  2 concentra-  

t i o n s  i n  D u n a l i e l l a  and chlorophyl l  c  concen t ra t ions  i n  - 

Cyclo te l l a  v a r i e d  i n  a  s i m i l a r  manner r e l a t i v e  t o  l i g h t  q u a l i t y .  

Carotenoid concen t ra t ions  i n  t h e  two plankton a l g a e  were h i g h e s t  



i n  green and lowest  i n  b lue  l i g h t .  However, the  t o t a l  concentra-  

t i o n s  of  a l l  pigments were h i g h e s t  in  b lue  and lowest i n  green 

l i g h t .  

Responses o f  t h i s  type a r e  f r e q u e n t l y  d iscussed  i n  terms 

of ~nglemann ' s theory of  "complementary chromatic adap ta t ion" .  

This sugges ts  t h a t  l i g h t  of a  l i m i t e d  s p e c t r a l  reg ion  r e s u l t s  

i n  an inc rease  i n  t h e  concent ra t ion  of  those pigments which 

s t r o n g l y  absorb the  i n c i d e n t  r a d i a t i o n  and a  decrease  i n  the  

concent ra t ion  of  pigments which weakly absorb t h e  r a d i a t i o n .  

C y c l o t e l l a  and Duna l i e l l a  grown i n  b lue  l i g h t ,  which i s  s t r o n g l y  

absorbed by ch lo rophy l l s  and weakly absorbed by ca ro teno ids ,  

had a  h igher  ch lo rophy l l  and lower caro tenoid  concent ra t ion  

than c e l l s  grown i n  white  l i g h t .  Green l i g h t ,  which i s  s t r o n g l y  

absorbed by ca ro teno ids  and weakly absorbed by ch lo rophy l l s ,  

was as soc ia ted  wi th  a  h igher  concent ra t ion  of  caro tenoids  and a  

lower concen t ra t ion  of  ch lorophyl l .  

While t h e  t o t a l  concent ra t ion  of  ca ro teno ids  was h i g h e s t  

i n  green and lowest  i n  b lue  l i g h t ,  t h i s  was n o t  a  c o n s i s t e n t  

t r end  exh ib i t ed  by a l l  the  caro tenoids  (Table 2 -1) . For 

example, t h e r e  w a s  l e s s  v io laxan th in  i n  Duna l i e l l a  i n  b lue  and 

green than i n  white  l i g h t .  Fur the r ,  both  a l g a l  s p e c i e s  contained 

more 8-carotene i n  b lue  and green than i n  white  l i g h t .  The 

reasons f o r  these  i n d i v i d u a l  v a r i a t i o n s  i n  the  caro tenoids  i n  

var ious  l i g h t  q u a l i t i e s  i s  n o t  c l e a r .  



Since  t h e  i n t e n s i t i e s  o f  b l u e ,  g reen  and whi te  l i g h t  were 

SF 9 t h e  same, it i s  c l e a r  t h a t  t h e  observed pigment c o n c e n t r a t i o n s  
1J: 
U. 

B +.+ w e r e  due t o  a  response  t o  l i g h t  q u a l i t y .  S imi l a r  r e s u l t s  have 
I 

been observed by o t h e r  i n v e s t i g a t o r s  . FU j i t a  and   at tori (1962) 

r e p o r t e d  t h a t  changes i n  c h l o r o p h y l l  - a and p h y c o b i l i n  concen t r a -  

t i o n s  i n  To lypo th r ix  t e n u i s  were t h e  r e s u l t  o f  l i g h t  q u a l i t y  

r a t h e r  than i n t e n s i t y .  Jones  and Myers (1965) reached a  s i m i l a r  

conc lus ion  from work wi th  Anacys t i s  n i d u l a n s .  Brody and 

Emerson (1959) r e p o r t e d  t h a t  c h l o r o p h y l l  - a  and phycoery thr  i n  

c o n c e n t r a t i o n s  changed i n  response  t o  l i g h t  q u a l i t y  a t  low 

l i g h t  i n t e n s i t i e s  and t o  l i g h t  i n t e n s i t y  when i n c i d e n t  r a d i a t i o n  

w a s  h i g h .  Pigment c o n c e n t r a t i o n s  w e r e  n o t  measured a t  low 

i n t e n s i t i e s .  However, l i g h t  i n t e n s i t y - p h o t o s y n t h e s i s  cu rves  

p re sen ted  i n  Chapter  1 ( ~ i g .  1 .2 )  s u g g e s t  t h a t  d i f f e r e n c e s  i n  

pigment c o n c e n t r a t i o n s  a l s o  e x i s t e d  when ce l l s  w e r e  exposed t o  

e q u a l ,  low i n t e n s i t i e s  o f  b l u e ,  g reen  o r  wh i t e  l i g h t .  

The p o s s i b i l i t y  o f  a d a p t a t i o n  o f  p l ank ton  a l g a e  t o  t he  

s p e c t r a l  q u a l i t y  o f  l i g h t  has  r e c e i v e d  l i t t l e  a t t e n t i o n ,  a l t hough  

a number o f  i n v e s t i g a t o r s  have examined a d a p t a t i o n  t o  l i g h t  

i n t e n s i t y  (Steemann Nielsen and Jorgensen 1968,  Jorgensen and 

Steemann Nie l sen  1965; S a i  jo and ~ c h i m u r a  1962; Ryther  and 

Menzel 1958, Steemann Nie l sen  and Hansen 1961) .  These s t u d i e s  

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

s a t u r a t e d  rates o f  pho tosyn thes i s  i n  p o p u l a t i o n s  o f  p lankton  



a l g a e  according t o  the  l i g h t  i n t e n s i t i e s  under which they a r e  

growing. In  g e n e r a l ,  a lgae  found a t  the  s u r f a c e ,  where 

i n t e n s i t i e s  a r e  h igh ,  had a h igher  maximum photosynthe t ic  r a t e  

and lower ch lo rophy l l  concent ra t ion  per  c e l l  than a lgae  i n  

t h e  lower p h o t i c  zone. Steemann Nielsen and Hansen (1961) 

however, i n d i c a t e d  t h a t  o t h e r  f a c t o r s ,  such a s  temperature 

in f luence  these  adapt ive  responses of  a lgae .  The r e s u l t s  

presented  i n  t h i s  chapter  would sugges t  t h a t  the  responses o f  

popula t ions  o f  plankton a lgae  t o  l i g h t  observed by these  

i n v e s t i g a t o r s  were due, a t  l e a s t  i n  p a r t ,  t o  the  s p e c t r a l  

composition of  r a d i a t i o n .  

In  t h i s  i n v e s t i g a t i o n  pigment concen t ra t ions  i n  n a t u r a l  

popula t ions  were n o t  measured. However, l a b o r a t o r y  d a t a  have 

been compared wi th  those from a f i e l d  s tudy i n  Saanich I n l e t  

(Ful ton e t  -- a l .  1969) . The caro tenoid :chlorophyl l  - a r a t i o s  

c a l c u l a t e d  from the  Saanich I n l e t  d a t a  from May t o  J u l y  1968 

are shown i n  Fig.  2 . 1 .  The carotenoid:chlorophy11 - a d a t a  show 

cons ide rab le  s c a t t e r .  The es t imated  median va lues  a t  each 

depth  a r e  used i n  t h i s  d i scuss ion .  

The Saanich I n l e t  popula t ions  cons i s t ed  mainly of the  

diatoms Skeletonema, T h a l a s s i o s i r a  and Chaetoceros,  a t  t imes,  

s m a l l  f l a g e l l a t e s  and occas iona l ly  Rhizose lenia .  A t  t h e  

s u r f a c e ,  the ca ro teno id :  ch lorophyl l  - a r a t i o  of 1.23 corresponds 

t o  t h e  caro tenoid :chlorophyl l  - a r a t i o  of 1.11 f o r  c y c l o t e l l a  



Figure  2 . 1  Ra t ios  of  carotenoid:chlorophy11 a c o n c e n t r a t i o n s  - 
in phytoplankton popu la t ions  from v a r i o u s  dep ths  

in Saanich I n l e t ,  Vancouver I s l a n d ,  B,. C.  The 

r a t i o s  were c a l c u l a t e d  from d a t a  c o l l e c t e d  a t  

Saanich I n l e t  f m  m May t o  mid J u l y ,  1968 (Ful ton  
-. 

e t  a l .  1969) .  -- 





r a t i o s  observed by J e f f r e y  (1961) f o r  diatoms grown under white  

l i g h t .  The median carotenoid:chlorophy11 a r a t i o ,  which - 
decreased wi th  depth ,  was 0.87 a t  5 m ,  0.79 a t  10 m and 0.77 I 

a t  15  m. The r a t i o s  a t  10 and 15 m a r e  comparable t o  the  

r a t i o  o f  0.72 f o r  Cyc lo te l l a  grown i n  b l u e  l i g h t  (Table 2 .l) . 
The carotenoid:chlorophy11 a r a t i o  i n  green l i g h t  was 1.60. - 
A t  10 m approximately 1% of  t h e  su r face  l i g h t  is p r e s e n t .  

This l i g h t  is  p r i m a r i l y  i n  t h e  blue-green p a r t  of  the  spectrum 

(T. R .  Parsons,  pe r sona l  communication). 

Dif ferences  i n  a number of  environmental  parameters ,  such 

as t h e  a v a i l a b i l i t y  of  n u t r i e n t s  ( p a r t i c u l a r l y  n i t r a t e s ) ,  

temperature,  l i g h t  i n t e n s i t y  and l i g h t  q u a l i t y ,  may inf luence  

t h e  pigment concen t ra t ions  i n  phytoplankton. However, with the  

except ion of l i g h t  i n t e n s i t y  and l i g h t  q u a l i t y ,  t h e s e  parameters 

d i d  n o t  vary g r e a t l y  i n  t h e  p h o t i c  zone of saanich I n l e t  (Ful ton 

e t  -- a l .  1969) .  The c o n t r i b u t i o n  of  l i g h t  q u a l i t y  t o  t h e i r  r e s u l t s  

is  n o t  c l e a r .  However, t h e r e  is  a rough s i m i l a r i t y  between the  

r e s u l t s  i n  t h i s  i w e s t i g a t i o n  and those from t h e  Saanich I n l e t  

popula t ions .  The carotenoid:chlorophy11 - a r a t i o  decreased wi th  

depth from a s u r f a c e  value which corresponded t o  t h e  va lue  f o r  

Cyc lo te l l a  c u l t u r e s  grown i n  white  l i g h t  t o  10 m where t h e  r a t i o s  

were comparable t o  those i n  c u l t u r e s  grown i n  b lue  l i g h t  b u t  

s u b s t a n t i a l l y  lower than those c u l t u r e d  i n  green l i g h t .  The 
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response  a t  5 m appea r s  t o  be i n t e r m e d i a t e  t o  t h e  s u r f a c e  and 

deep  r e sponses .  The a d a p t a t i o n  o f  t h e  n a t u r a l  p o p u l a t i o n s  may 

be i n  response  t o  t h e  b l u e  l i g h t  r a t h e r  than t o  green l i g h t .  

suppor t  f o r  t h i s  s t a t e m e n t  i s  provided from e a r l i e r  exper iments  

r e p o r t e d  i n  Chapter  1 (Table 1 . 3 )  . The p h o t o s y n t h e t i c  response  

of D u n a l i e l l a  and c y c l o t e l l a  grown i n  blue-green l i g h t ,  s i m i l a r  

i n  d i s t r i b u t i o n  t o  t h a t  i n  t h e  lower p h o t i c  zone,  was t h e  same 

a s  t h e  response  i n  b l u e  l i g h t  a t  t h e  same i n t e n s i t y .  ~t 

appea r s  t h a t  t h e  observed changes i n  phytop lankton  pigments 

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

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

R e s u l t s  a l s o  show t h a t  l i g h t  o f  d i f f e r e n t  s p e c t r a l  composi- 

t i o n  h a s  a marked e f f e c t  on t h e  c o n c e n t r a t i o n  o f  p r o t e i n s ,  RNA 

and DNA i n  = c l o t e l l a  and D u n a l i e l l a .  The p r o t e i n  c o n c e n t r a t i o n  
. - 

i n  bo th  a l g a e  was h i g h e s t  i n  c e l l s  grown i n  b l u e  and lowes t  i n  

green l i g h t  (Tables  2.4 and 2 . 5 ) .  ~ o w a l l i k  (1965) and ~ i r s o n  

and ~ o w a l l i k  (1964) r e p o r t e d  t h a t  t h e  c o n c e n t r a t i o n  o f  p r o t e i n  

i n  C h l o r e l l a  was h i g h e r  i n  b l u e  than  i n  whi te  l i g h t .  

Data i n  t h e  p r e v i o u s  chap te r  showed t h a t  g r e a t e r  pe rcen tages  

14 
o f  C were i nco rpo ra t ed  i n t o  t h e  p r o t e i n  f r a c t i o n  d u r i n g  30 min 

o f  p h o t o s y n t h e s i s  i n  b l u e  and green than i n  wh i t e  l i g h t .  The 

14 b1ue:white and green :whi te  r a t i o s  o f  C i n  t h e  p r o t e i n  f r a c t i o n  

were 3 .6  and 1 .7  r e s p e c t i v e l y  f o r  C y c l o t e l l a ,  9 .8  and 4.6 

r e s p e c t i v e l y  f o r  ~ u n a l i e l l a .  These r a t i o s  a r e  c o n s i d e r a b l y  
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higher  than comparable r a t i o s  i n  Tables 2.4 and 2 . 5 .  ~ a p i d  

turnover of newly formed p r o t e i n  may account f o r  these  d i f -  

fe rences .   his may produce amino ac id  pools  which a r e  s e p a r a t e  

from the  pools  of newly synthesized amino a c i d s  des t ined  f o r  

p r o t e i n  s y n t h e s i s .  Amino a c i d s  der ived  from p r o t e i n  breakdown 

have been shown t o  be i s o l a t e d  wi th in  c e l l s  from the  amino a c i d s  

des t ined  f o r  p r o t e i n  s y n t h e s i s .  Evidence suppor t ing  t h i s  

concept has  been summarized by  idw well -- e t  a 1  . (1964) . The amino 

a c i d s  i n  the  i n a c t i v e  pool  (with r e s p e c t  t o  p r o t e i n  s y n t h e s i s ) ,  

would then be a v a i l a b l e  f o r  use i n  o t h e r  metabol ic  pathways 

l ead ing  t o  the  formation of  amides o r  o t h e r  organic  compounds. 

Nitrogen r e l e a s e d  i n  the  s y n t h e s i s  of  o t h e r  organic  compounds 

might be a v a i l a b l e  f o r  r e - u t i l i z a t i o n  i n  t h e  formation of new 

amino a c i d s .  

Some o f  the  a d d i t i o n a l  p r o t e i n  formed i n  b lue  l i g h t  may 

be depos i ted  i n  t h e  cytoplasm o r  used f o r  t h e  s y n t h e s i s  of  

enzymes. There i s  a l s o  a  p o s s i b i l i t y  t h a t  the  b l u e - l i g h t  

enhancement of  ch lo rophy l l  formation may be due t o  an a c c e l -  

e r a t e d  product ion o f  c e r t a i n  of  the  c h l o r o p l a s t  p r o t e i n s  which 

a r e  c l o s e l y  a s s o c i a t e d  wi th  chlorophyl l  formation.  

The RNA concen t ra t ions  were h i g h e s t  i n  b lue  and lowest  i n  

green l i g h t ,  corresponding t o  <he d i f f e r e n c e s  observed i n  the  

p r o t e i n  concen t ra t ions  (Tables 2.4, 2 .5)  . P i r s o n  and ~ o w a l l i k  

(1964) r epor ted  a  s i m i l a r  inc rease  of RNA i n  C h l o r e l l a  grown 



under b lue  l i g h t .  An inc rease  o f  RNA i n  b lue  l i g h t  has  a l s o  

been observed i n  f e r n s  and h igher  p l a n t s  (Raghavan 1968, 
a. 

.. 4, Voskresenskaya and Nechaeva 1967) .  

The d i f f e r e n t  changes i n  DNA concent ra t ion  assoc ia ted  wi th  

l i g h t  q u a l i t y  were s i m i l a r  t o  those observed f o r  p r o t e i n  and RNA 

and corresponded t o  the  r a t e s  of  c e l l  d i v i s i o n  i n  the  two plankton 

a lgae  which were h i g h e s t  i n  b lue  l i g h t  and lowest  i n  green l i g h t  

(Chapter 1).  Voskresenskaya and Nechaeva (1967) observed a 

s i m i l a r  e f f e c t  o f  b l u e ,  green and white  l i g h t  on DNA i n  b a r l e y  

l eaves .  Sokawa and Hase (1967) have suggested t h a t  t h e  d i r e c t  

e f f e c t  of  l i g h t  i s  exe r t ed  on DNA s y n t h e s i s  and t h a t  c e l l u l a r  

d i v i s i o n  i s  a f f e c t e d  i n d i r e c t l y .  

The above r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  l i g h t  of d i f f e r e n t  

s p e c t r a l  q u a l i t y  induces changes i n  concent ra t ion  of  pigments, 

p r o t e i n  and n u c l e i c  a c i d s  i n  these  plankton a l g a e .  Our r e s u l t s  

do n o t  prove conc lus ive ly  t h a t  pigment s y n t h e s i s  and o t h e r  

metabol ic  p rocesses  a r e  l inked.  However, s i n c e  these  changes 

a r e  a s s o c i a t e d  wi th  d i f f e r e n c e s  i n  l i g h t  q u a l i t y  it i s  p o s s i b l e  

t o  specu la te  t h a t  both  pigment s y n t h e s i s  and o t h e r  metabol ic  

processes  a r e  s o  in terdependent  t h a t  complementary changes i n  

both sys  tems compensate, t o  a degree ,  f o r  environmental  a 1  t e r a -  

t i o n s  . A l t e r n a t i v e l y ,  the  changes i n  metabol ic  products  may be 

due t o  the  absorpt ion  of  l i g h t  by d i f f e r e n t  l i g h t  s e n s i t i v e  

pigments such as a f l a v i n  (Voskresenskaya and Nechaeva 1967) 



o r  phytochrome (Krotkov 1964) . The r e s u l t s  t h a t  have been 

observed i n  t h e  l a b o r a t o r y  s t u d i e s  may have t h e i r  c o u n t e r p a r t  

i n  n a t u r a l  p o p u l a t i o n s .  This, combined w i t h  any v e r t i c a l  

s t a b i l i t y  o f  t h e  w a t e r  i n  t h e  p h o t i c  zone and t h e  consequent  

i n h i b i t i o n  o f  v e r t i c a l  mixing may r e s u l t  i n  t h e  development o f  

two o r  more d i s t i n c t  phytoplankton p o p u l a t i o n s  be tween t h e  

s u r f a c e  and t h e  bot tom o f  t h e  p h o t i c  zone (Steemann ~ i e l s e n  

e t  a l .  1964) .  -- 

Since  t h e  r e s u l t s  w e r e  r e p r o d u c i b l e  when s t a r t i n g  aga in  

w i t h  f r e s h  c u l t u r e s  from s t o c k  c u l t u r e s  k e p t  i n  wh i t e  l i g h t ,  

t h e  d a t a  s u g g e s t  an  environmental  a d a p t a t i o n  t o  t h e  s p e c i f i c  

l i g h t  q u a l i t y  r a t h e r  than a  g e n e t i c  change. The s i m i l a r i t y  o f  

t h e  d a t a  i n  . t h i s  thesis w i t h  t hose  o f  m l t o n  e t  a l .  (1969) -- 

r e i n f o r c e  t h e  s u g g e s t i o n  t h a t  pigment c o n c e n t r a t i o n  i n  n a t u r a l  

p o p u l a t i o n s  may s h i f t  i n  r e sponse  t o  l i g h t  q u a l i t y .  These 

changes a r e  a s s o c i a t e d  w i t h  complementary changes i n  t h e  concen- 

t r a t i o n  o f  o t h e r  m e t a b o l i c  p roduc t s .  Such changes could 

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

n a t u r a l  p o p u l a t i o n s  could  a l s o  r e s u l t  i n  d i f f e r e n t  c o n c e n t r a t i o n s  

o f  o r g a n i c  compounds i n  d i f f e r e n t  p a r t s  o f  t h e  wate r  column. 

This  might produce v e r t i c a l  d i f f e r e n c e s  i n  t h e  c a p a c i t y  o f  t h e  

wate r  column t o  s u p p o r t  h e t e r o t r o p h i c  growth (by b a c t e r i a ,  a l g a e  

and by some i n v e r t e b r a t e s ) .    he va lue  o f  phytoplankton as a  

food source  might  a l s o  v a r y  w i t h  dep th  i n  t h e  p h o t i c  zone.  



Chapter 3 

THE E F F E C T  O F  L I G H T  QUALITY ON THE D I S T R I B U T I O N  O F  1 4 C  

I N  THE PHOTOSYNTHATE O F  PHYTOPLANKTON 

FROM TWO MARINE I N L E T S  



INTRODUCTION 

The c u l t u r e  s t u d i e s  (Chapters 1, 2 )  have revealed t h a t  

l i g h t  o f  d i f f e r e n t  s p e c t r a l  composition b u t  equ iva len t  intens,i- 

t i e s  a l t e r s  growth and photosynthe t ic  r a t e s  and i s  assoc ia ted  

wi th  d i f f e r e n c e s  i n  concent ra t ions  o f  va r ious  photosynthe t ic  

pigments, DNA and RNA. However, l i t t l e  i s  known of  the  e f f e c t  

of  l i g h t  q u a l i t y  on the  chemical composition of n a t u r a l  marine 

phytoplankton popula t ions  . 

In  t h i s  chapter  t h e  e f f e c t  of  s p e c t r a l  composition of  

14 r a d i a t i o n  on the  d i s t r i b u t i o n  of a s s i m i l a t e d  C and i t s  

v a r i a t i o n  wi th  depth was examined and compared with the  r e s u l t s  

observed i n  the  c u l t u r e  s t u d i e s .  Since l i g h t  o f  d i f f e r e n t  wave- 

l eng ths  is s e l e c t i v e l y  a t t enua ted  by p a r t i c u l a t e  and d i s so lved  

o rgan ic  and inorganic  m a t e r i a l  i n  water ( J e r l o v  1951) , v e r t i c a l  

d i f f e r e n c e s  i n  t h e  chemical composition of  plankton a lgae  might 

be found wi th in  t h e  p h o t i c  zone. Changes i n  the  n a t u r e  of  

metabol ic  products  wi th  depth  might a f f e c t  r a t e s  o f  r e l e a s e  o f  

e x t r a c e l l u l a r  o rgan ic  compounds. S h i f t s  i n  phytoplankton 

metabolism i n  t h e  lower p h o t i c  zone might a l s o  change the  n u t r i -  

t i o n a l  va lue  of  phytoplankton a s  a zooplankton food source.  

Few s t u d i e s  have been made on t h e  chemical composition o f  

na tu ra l ly -occur r ing  phytoplankton popula t ions .  ~ c ~ l l i s  ter  - e t 

a l .  (1961) and Antia e t  a l .  (1963) observed l i t t l e  change i n  - -- 



t h e  chemical  composi t ion o f  phytoplankton u n t i l  n u t r i e n t s  were 

d e p l e t e d  . The c o n c e n t r a t i o n s  of  p r o t e i n  and c h l o r o p h y l l  - a then 

decreased  and ca rbohydra t e s  i n c r e a s e d .  O l ive  and   orris on (1967) 

examined v a r i a t i o n s  i n  t h e  d i s t r i b u t i o n  o f  14c i n  t h e  photo-  

s y n t h e t i c  p r o d u c t s  o f  f r e shwa te r  phytoplankton under n a t u r a l  

c o n d i t i o n s .  They observed a g e n e r a l  d e c r e a s e  i n  t h e  

1 4  
p r o p o r t i o n  o f  C i n  the e thano l - so lub le  f r a c t i o n  w i t h  d e p t h  

14  
and an i n c r e a s e  i n  the C i nco rpo ra t ed  i n t o  t h e  p r o t e i n  

f r a c t i o n .  

The chemica l  composi t ion o f  c u l t u r e d  marine phytoplankton 

h a s  r e c e i v e d  some a t t e n t i o n .  The p r i n c i p a l  p r o t e i n  amino a c i d s  

are a s p a r t a t e ,  g lu t ama te ,  a l a n i n e  and l e u c i n e .  ~ l y c i n e ,  s e r i n e  , 

v a l i n e ,  p h e n y l a l a n i n e ,  p r o l i n e ,  l y s i n e  and o c c e s i o n a l l y  o r n i t h i n e  

and h i s t i d i n e  a l s o  occur  (Cowey and Corner 1966, Chau -- e t  a l .  

1967) . up t o  e i g h t e e n  d i f f e r e n t  f r e e  amino - a c i d s  have been 

found i n  d i f f e r e n t  groups o f  phytoplankton (Bidwell  1957; 

Schukerk 1960, C r a i g i e  -- e t  a l .  196 6) . A wide v a r i e t y  o f  f r e e  

ca rbohydra t e s  o c c u r  i n  phytoplankton.  I n  g e n e r a l ,  g lucose  p r e -  

dominates a l t hough  f r u c t o s e ,  s u c r o s e ,  g a l a c t o s e ,  mannose, x y l o s e  

and some suga r  a l c o h o l s  a r e  a l s o  found. 

The f i r s t  p a r t  o f  t h i s  s tudy  was conducted w i t h  Saanich 

I n l e t  p o p u l a t i o n s  d u r i n g  t h e  s p r i n g  and summer o f  1968. The 

14 
d i s t r i b u t i o n  o f  c inco rpo ra t ed  i n t o  t h e  phytop lankton  a t  

v a r i o u s  dep ths  was examined. However, under n a t u r a l  c o n d i t i o n s  
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l i g h t  changes b o t h  i n  q u a l i t y  and i n t e n s i t y  w i t h  dep th .  ~ h u s ,  

any d i f f e r e n c e s  could  be a s s o c i a t e d  w i t h  d i f f e r e n c e s  i n  l i g h t  

q u a l i t y  o r  i n t e n s i t y  o r  a combination o f  bo th .  Add i t i ona l  

s t u d i e s  w e r e  conducted i n  Ind ian  A r m  i n  t h e  s p r i n g  and summer 

of 1969 t o  s e p a r a t e  t h e  i n f l u e n c e  o f  l i g h t  q u a l i t y  and i n t e n s i t y  

on the n a t u r e  o f  p h o t o s y n t h e t i c  p roduc t s  i n  phytoplankton 

popu la t ions .  

MATERIALS AND METHODS 

The 1968 work w a s  conducted a t  t h e  f i e l d  l a b o r a t o r y  o f  

t h e  F i s h e r i e s  Research Board of Canada a t  Saanich I n l e t ,  a marine 

i n l e t  a t  t h e  sou th -eas t e rn  p a r t  o f  Vancouver I s l a n d  ( ~ i g .  3 .1 )  . 
From May t o  J u l y  t empera tu re s  ranged from 8.8 - 20.6 C a t  t,he 

s u r f a c e  and from 7.5 - 14.2 C a t  10 m. s a l i n i t i e s  ranged from 

25.65 - 3 0 . 2 x n  and 26.16 - 30.7% a t  t h e  s u r f a c e  and 10 m 

r e s p e c t i v e l y  (Fu l ton  e t  -- a l .  1969) . During t h i s  p e r i o d  t h e  upper 

10 m was o n l y  weakly s t a b i l i z e d ,  and o f t e n  mixed. Hence, t h e  

phytoplankton i n  t h e  p h o t i c  zone may have been s u b j e c t e d  t o  

c o n s i d e r a b l e  v e r t i c a l  t r a n s p o r t .  

The 1969 s t u d y  w a s  conducted a t  Ind ian  A r m ,  a  marine i n l e t  

forming p a r t  o f  t h e  Burrard I n l e t  system o f  which Vancouver 

Harbour i s  p a r t  ( ~ i g .  3 . 1 ) .  S a l i n i t i e s  ranged from 12.16 - 

1 7  .lo%,, a t  t h e  s u r f a c e  wh i l e  t hose  a t  12  m w e r e  between 24.91 - 



Figure  3 . 1  Southwestern B. C. showing t h e  l o c a t i o n s  o f  t h e  

two s t u d y  a r e a s ,  Saanich I n l e t  and Ind ian  A r m .  





27.13% (Table 3 . 2 ) .  Temperatures a t  the  su r face  and 1 2  m 

ranged from 7.5 - 14.3 C and 7.2 - 12.4 C r e s p e c t i v e l y .  The 

s a l i n i t y  obse rva t ions  agree  with those o f  Gilmar t i n  (1962) 
I 

who repor ted  a  s t r o n g  v e r t i c a l  s a l i n i t y  g r a d i e n t  i n  ~ n d i a n  

A r m .  A r e l a t i v e l y  low s a l i n i t y  l a y e r  1 .5  - 2.5 rn t h i c k  o v e r l i e s  

a 2 - 5 m t r a n s i t i o n  zone of in termedia te  s a l i n i t y  and t h e  

more s a l i n e  deeper water .  The s a l i n i t y  g r a d i e n t  w i l l  r e s t r i c t  

v e r t i c a l  c i r c u l a t i o n .  Consequently phytoplankton popula t ions  

i n  d i f f e r e n t  p a r t s  of  the  p h o t i c  zone w i l l  probably be exposed 

t o  d i f f e r e n t  l i g h t  regimes f o r  extended p e r i o d s ,  

Inc iden t  r a d i a t i o n  a t  Saanich I n l e t  was measured wi th  an 

Eppley pyrhel iometer  s i t u a t e d  on the  roof  o f  the  f i e l d  

l abora to ry  about  400 m from the  sampling s i t e .  Pho tosyn the t i ca l ly  

a c t i v e  r a d i a t i o n  was assumed t o  be 50% of  t h a t  measured by t h e  

pyrheliome t e r  (S t r i ck land  1958) . A ~ o b i t z c h - t y p e  act inograph 

was used t o  measure i n c i d e n t  r a d i a t i o n  a t  Indian A r m .  Mean 

su r face  i n t e n s i t i e s  were reduced by 10% t o  account f o r  su r face  

l o s s  of  r a d i a t i o n  by d i r e c t  r e f l e c t i o n  and upward s c a t t e r i n g  

(Davis 1941) .  

Ex t inc t ion  c o e f f i c i e n t s  f o r  Saanich I n l e t  were c a l c u l a t e d  

from underwater l i g h t  d i s t r i b u t i o n  a s  measured wi th  a  submarine 

photometer. ~ o t h  t h e  deck and sea  c e l l s ,  which were f i t t e d  

wi th  Scho t t  BG-12 b lue  g l a s s  f i l t e r s ,  had a maximum response of 

photocel l - • ’  i l t e r  combination a t  approximately 432 nm. c a l -  



c u l a t e d  e x t i n c t i o n  c o e f f i c i e n t s  and t h e  d a t a  o f  J e r l o v  (1951) 

were used t o  e s t i m a t e  t h e  a t t e n u a t i o n  o f  p h o t o s y n t h e t i c a l l y  

a c t i v e  l i g h t .  Subsur face  i n t e n s i t i e s  a t  ~ n d i a n  A r m  i n  t h e  

range 380 - 720 nm were c a l c u l a t e d  from t h e  mean s u r f a c e  

i n t e n s i t i e s  and v e r t i c a l  e x t i n c t i o n  c o e f f i c i e n t s  . V e r t i c a l  1 

d i s t r i b u t i o n  o f  l i g h t  w a s  measured w i t h  a submarine photometer 

equipped w i t h  b l u e ,  g reen  o r  r e d  f i l t e r s  . E x t i n c t i o n  c o e f f i c i e n t s  

-. 
w e r e  c a l c u l a t e d  i n  t h e  manner d e s c r i b e d  by  Atk ins  and Poole and 

a p p l i e d  by  Jenk in  (1937) and T a l l i n g  (1957) . The s p e c t r a l  

d i s t r i b u t i o n  o f  sun  and s k y l i g h t ,  which was r e q u i r e d  f o r  c a l c u -  

l a t i o n s ,  w a s  measured w i t h  an ISCO spec t ro rad iome te r  a t  noon 

each  sample day.  The energy  i n  t h e  b l u e ,  green and r e d  r e g i o n s  

a t  d i f f e r e n t  d e p t h s  w a s  c a l c u l a t e d  from t h e  e x t i n c t i o n  coef  f i- 

c i e n t s  and t o t a l  a v a i l a b l e  energy.  Ca lcu l a t ed  e n e r g i e s  

ob ta ined  i n  t h i s  way are o n l y  approximate a l t hough  r e l a t i v e  

v a l u e s  a r e  comparable.  

Phytoplankton i n  Saanich I n l e t  w e r e  sampled a t  0 .5 ,  5 

and 10 m on May 21,  June 11, June 23 and J u l y  1 6 ,  1968. Each 

sample w a s  c o l l e c t e d  b e f o r e  s u n r i s e  i n  a 5-1 PVC wate r  b o t t l e  

and w a s  d iv ided  i n t o  two p a r t s .  One p o r t i o n  w a s  used t o  

i d e n t i f y  t h e  major  phytop lankton  s p e c i e s  and t h e  o t h e r  was 

d i spensed  i n t o  a series o f  l i g h t  and d a r k  300-ml BOD b o t t l e s  

14 2- - i n t o  each o f  which 100 p C i  o f  
C03 were added. The b o t t l e s  

w e r e  then suspended a t  t h e  sampling d e p t h  f o r  10 h r  from s u n r i s e -  



These procedures avoided any e f f e c t s  of even s h o r t  exposure 

of phytoplankton from 5 and 10 m t o  s u r f a c e  i l l u m i n a t i o n .  

S tud ies  i n  ~ n d i a n  A r m  were conducted from l a t e    arch t o  

mid J u l y ,  1969. Phytoplankton were sampled a t  0 .5 m and 

1 2  m. ~ p p r o x i m a t e l y  1% of su r face  r a d i a t i o n  remained a t  1 2  m. 

To avoid any p o s s i b l e  e f f e c t s  of exposure of  phytoplankton t o  

su r face  r a d i a t i o n ,  the  method o f  Watt (1965) was used. TO each 

of  a s e r i e s  of  l i g h t  and dark 250-ml b o i l i n g  f l a s k s  100 y C i  of  

radiocarbon were added a f t e r  which the  f l a s k s  were evacuated 

and lowered t o  t h e  d e s i r e d  depth on a weighted l i n e .  A l eng th  

of  sea led  g l a s s  tubing  extending through the  rubber s topper  i n  

t h e  mouth of  the  f l a s k  was broken by a s l i d i n g  messenger. water 

was then drawn i n t o  the  f l a s k s .  Half the  l i g h t  b o t t l e s  incubated 

a t  0.5 m were covered wi th  n e u t r a l  d e n s i t y  f i l t e r s  of  150-mesh 
. - 

monel screen  ( M c ~ l l i s t e r  -- e t  a l .  1961) . The phytoplankton i n  

these  f l a s k s  were exposed t o  i n t e n s i t i e s  approximating those a t  

1 2  m. The phytoplankton i n  the  o t h e r  h a l f  of  t h e  s u r f a c e  l i g h t  

f l a s k s  were exposed t o  -- i n  s i t u  l i g h t .  The phytoplankton were 

incubated wi th  radiocarbon from 10 A .  M. - 2 P. M. 

Following incubat ion  i n  ~ a a n i c h  I n l e t  and Indian A r m  the  

b o t t l e s  o r  f l a s k s  were placed i n  a dark  box and t r anspor ted  t o  

the  l a b o r a t o r y  where d u p l i c a t e  10-ml a l i q u o t s  o f  each sample 

were f i l t e r e d  onto  s e p a r a t e  25-mrn HA Mi l l ipore  f i l t e r s .  Each 

f i l t e r e d  sample was placed i n  15 m l  of s c i n t i l l a t o r  f o r  r a d i o -  



carbon  a s s a y .  Samples w e r e  counted f o r  a s u f f i c i e n t  l e n g t h  o f  

t i m e  t o  r educe  t h e  s t a n d a r d  e r r o r  o f  c o u n t i n g  t o  1%. Primary 

p r o d u c t i o n  was c a l c u l a t e d  a c c o r d i n g  t o  t h e  method o f  S t r i c k l a n d  

and Parsons  (1965 ) .  
I 

The remainder  o f  e ach  sample was f i l t e r e d  through a  47-mm 

HA ~ i l l i p o r e  f i l t e r ,  and t h e  m a t e r i a l  on the f i l t e r  d r i e d  and 

f r o z e n .  The f i l t r a t e  was r e t a i n e d  f o r  q u a n t i t a t i v e  de te rmina-  

t i o n  o f  t h e  l a b e l l e d  o r g a n i c  compounds e x c r e t e d  by t h e  phyto-  

p l a n k t o n .  The a l g a e  and t h e  membrane f i l t e r  w e r e  p l aced  i n  

50 m l  o f  b o i l i n g  80% e t h a n o l  f o r  1 h r .  The d i s t r i b u t i o n  o f  

1 4  
C among v a r i o u s  compounds i n  the e than01 - so lub l e  f r a c t i o n  

w a s  de te rmined  u s i n g  t h e  two -dimensional  chroma t o g r a p h i c  and 

a u t o r a d i o g r a p h i c  t e c h n i q u e s  d e s c r i b e d  i n  Chapter  1. To remove 

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

f i l t e r e d  and e x t r a c t e d  s u c c e s s i v e l y  w i th :  a )  25 m l  o f  re-  

d i s t i l l e d  pe t ro l eum e t h e r ;  b) 25 m l  0 . 2  N c o l d  (1-5 C )  

p e r c h l o r i c  a c i d  f o r  1 0  min; c )  25 m l  o f  b o i l i n g  10% t r i c h l o r o -  

acetic a c i d  f o r  30 min. ~ x t r a c t i o n  p e r i o d s  up t o  1 h r  w e r e  

t e s t e d  f o r  e ach  s o l v e n t .  However, a t  l ea s t  98% o f  t h e  t o t a l  

14  1 4  
C e x t r a c t e d  i n  1 h r  was removed i n  the t i m e s  used .  The C 

remain ing  i n  t h e  r e s i d u e ,  r e f e r r e d  t o  as t h e  i n s o l u b l e  f r a c t i o n ,  

was measured by t h e  w e t  combustion method o f  H o f s t r a  (1967) .  

D i s so lved  l a b e l l e d  o r g a n i c  ca rbon  i n  t h e  f i l t r a t e s  was 

de te rmined  by a c i d i f y i n g  d u p l i c a t e  samples  t o  pH 3 w i t h  0 .1  N 



HC1 and a e r a t i n g  them v igo rous ly  f o r  1 h r  t o  remove a l l  i n o r g a n i c  

carbon .  ~ u p l i c a t e  100 v1 a l i q u o t s  o f  t h e  f i l t r a t e  were then 

p l aced  i n  s c i n t i l l a t i o n  f l u i d  f o r  r a d i o a s s a y .  

RESULTS 

14 
The C i nco rpo ra t ed  i n t o  t h e  e thano l - so lub le  , i n s o l u b l e  

and o t h e r  f r a c t i o n s  by Saanich I n l e t  and ~ n d i a m  A r m  phyto-  

p l ank ton  i s  shown i n  Tables  3 .1  and 3.2 r e s p e c t i v e l y .  Gene ra l ly  

14 
m o r e  than  90% o f  t h e  t o t a l  c a s s i m i l a t e d  and r e t a i n e d  by t h e  

phytop lankton  w a s  i n  t h e  e thano l - so lub le  and i n s o l u b l e  f r a c t i o n s .  

The remaining a c t i v i t y  was i n  t h e  pe t ro leum e t h e r ,  p e r c h l o r i c  

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

be conf ined  t o  a c o n s i d e r a t i o n  o f  t h e  occur rence  o f  14c i n  t h e  

e t h a n o l - s o l u b l e  and i n s o l u b l e  f r a c t i o n s .  Loss o f  l a b e l  from 

t h e  phytop lankton  i n  t h e  form o f  s o l u b l e  o r g a n i c  compounds i s  

a l s o  cons ide red .  

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

the e t h a n o l - s o l u b l e  f r a c t i o n  g e n e r a l l y  dec reased  w i t h  d e p t h  

whereas t h e  r e l a t i v e  a c t i v i t y  i n  t h e  i n s o l u b l e  f r a c t i o n  

i n c r e a s e d  w i t h  dep th .   his t r e n d  i s  emphasized i f  t h e  p e r c e n t  

a c t i v i t y  i n  each  f r a c t i o n  i s  p re sen ted  a s  a t o t a l  d e r i v e d  f o r  

each  dep th  over  t h e  fou r  sets o f  exper iments .  The r e s u l t s  a r e  

as  fo l lows:  
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- - 

ethanol -so luble  f r a c t i o n  205.7 162.5 99.9 

inso lub le  f r a c t i o n  177.3 207.7 270 -4  

On May 23 and June 11 t h e  p a t t e r n  of 1 4 C  d i s t r i b u t i o n  d i f f e r e d  

from the  genera l  p a t t e r n .  ~ c t i v i t y  i n  t h e  inso lub le  f r a c t i o n  

14 
was h igher  than t h e  so lub le  f r a c t i o n .  However the  c i n  t h e  

i n s o l u b l e  f r a c t i o n  was u s u a l l y  h igher  than i n  t h e  e thanol -so luble  

f r a c t i o n  i n  t h e  5  m samples and was c o n s i s t e n t l y  h igher  a t  

10 m  a able 3 . 1 ) .  

Although t h e  inso lub le  f r a c t i o n  was not  r o u t i n e l y  

analyzed, a c i d  hydro lys i s  o f  t h i s  f r a c t i o n  on two occasions 

14 y ie lded  l a r g e  q u a n t i t i e s  of C-labelled amino a c i d s .  Bidwell 

(1957) and Bidwell, Cra ig ie  and Krotkov (1958) have shown t h a t  

t h e  inso lub le  f r a c t i o n  i n  a lgae  con ta ins  p r i m a r i l y  p r o t e i n s  
- - 

and some polysacchar ides .  

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

i n  ~ n d i a n  A r m  s u r f  ace phytoplankton exposed t o  e i t h e r  s u r f  ace 

o r  a r t i f i c i a l l y  lowered l i g h t  i n t e n s i t i e s ,  was u s u a l l y  low 

compared wi th  t h a t  i n  the  e thanol -so luble  f r a c t i o n  (Table 3.2) . 
However, t h e  two f r a c t i o n s  contained approximately the  same 

14 propor t ion  of  t h e  t o t a l  C i n  the  March and Apr i l  samples 

exposed t o  the  s u r f a c e  b u t  n o t  the  lowered i n t e n s i t i e s .  The 

14 
propor t ion  of  C i n  t h e  inso lub le  f r a c t i o n  was c o n s i s t e n t l y  

h igher  i n  the  12 m samples than i n  s u r f a c e  samples exposed t o  



P 
r e i t h e r  h igh  o r  lowered i n t e n s i t i e s .  conversely,  the  14c 

a c t i v i t y  i n  t h e  e thanol -so luble  f r a c t i o n  was lower i n  1 2  m 

samples than i n  t h e  two su r face  samples. 
I 

D i s t r i b u t i o n  o f  1 4 C  wi th in  the  e thanol-soluble  f r a c t i o n  

from Saanich I n l e t  and ~ n d i a n  A r m  popula t ions  i s  given i n  

14 
Tables 3 . 3  - 3 . 7 .  A t  0 . 5  m C a c t i v i t y  i n  the  carbohydrates  

o f  the  Saanich I n l e t  popu la t ions  was u s u a l l y  g r e a t e r  than 50% 

of  the  t o t a l  e thanol -so luble  a c t i v i t y  (Table 3 . 3 )  . The r e l a -  

t i v e  importance of  carbohydrates  g e n e r a l l y  decreased wi th  depth.  

14 
A t  10 m t h e  percentages  of  c i n  carbohydrates  ranged from 

13.9 - 21.9%. No c o n s i s t e n t  t rend  was e v i d e n t  i n  the  carbo- 

hydra te  f r a c t i o n  a t  5 m. The decrease  i n  r e l a t i v e  d c t i v i t y  i n  

t h e  carbohydrate f r a c t i o n  wi th  depth  i s  more apparent  i n  

Table 3  -4  where t h e  p e r c e n t  a c t i v i t y  i n  each compound a t  each 

depth  is presented  a s  a t o t a l  f o r  the  four  sets o f  experiments.  

14 
The propor t ion  of  C i n  the  carbohydrate f r a c t i o n  of su r face  

Indian A r m  phytoplankton, whether exposed t o  s u r f a c e  o r  

a r t i f i c i a l l y  lowered i n t e n s i t i e s ,  was h igher  than i n  t h e  12 m 

samples (Table 3.5) . In both  t h e  Saanich I n l e t  and Indian A r m  

phytoplankton the  sugar  phosphates and glucose contained the  

g r e a t e s t  propor t ion  o f  t h e  carbohydrate a c t i v i t y .  

14 
The r e l a t i v e  propor t ion  of  c i n  amino a c i d s  increased  

with depth (Tables 3 . 3 ,  3 . 4 ,  3 . 6 )  . A t  0 . 5  m t h e  amino a c i d  

a c t i v i t y  i n  saanich  I n l e t  popula t ions  ranged from 18.6 - 4 3 . 5 %  
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TABLE 3.5 
Distribution of 14C anlong carbohydrates in the ethanol-soluble fraction of Indian Arm phytoplankton 
after 4 hr. incubation 

Percentage of I4C recovered In the ethanol-soluble fraction 

Date Sample sugar-P gluc fruc 14 raff man eryth suc glycerol mannitol unknowns lotals 1969 
0.5 nth 40.3 

Mar 22 

Apr 10 

Apr 25 

May 8 

May 15 

June 2 

June 16 

June 25 

July 5 

0.5 "I' l o s t  61.6 

h phytoplankton e v o s e d  to  ~ncident 11qht ~ n t m s i  t ~ e s  

I phytoplankton e v o s e d  to l~gh t  in tens~ t~es  reduced to approx~nialely the i n t a ~ s l t ~ e s  at 12 m 
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except ion ,  the  r e l a t i v e  a c t i v i t y  a t  5 m was h igher  than a t  

t h e  s u r f a c e  and was c o n s i s t e n t l y  h igher  a t  10 m than i n  the  

I 
upper two sampling depths .  The amino a c i d s ,  a s p a r t a t e  and 

glutamate u s u a l l y  contained the  g r e a t e s t  propor t i o n  of 14C.  

Both increased  i n  r e l a t i v e  importance w i t h  depth (Table 3 . 3 )  . 
Alanine,  p r o l i n e ,  s e r i n e ,  v a l i n e  and asparagine ,  which o c c a s i o n a l l y  

contained s i g n i f i c a n t  propor t ions  o f  t h e  r e l a t i v e  a c t i v i t y ,  

14 showed the  same t r m  d .  S imi la r ly ,  t h e  p ropor t ion  of  c i n  

t h e  amino a c i d  f r a c t i o n  i n  Indian Arm phytoplankton was h igher  

i n  t h e  1 2  m samples than i n  su r face  samples exposed t o  e i t h e r  

i n  s i t u  o r  a r t i f i c a l l y  lowered i n t e n s i t i e s .  The depth-  -- 
dependent inc rease  was apparent  i n  a s p a r t a t e  and g lu  tamate, 

and u s u a l l y  i n  s e r i n e ,  a l a n i n e ,  p r o l i n e  and v a l i n e .  

N o  c l e a r  changes a r e  apparent  i n  the  d i s t r i b u t i o n  of 14c 

among the  organic  a c i d s  i n  e i t h e r  Saanich I n l e t  o r  Indian A r m  

phytoplankton (Tables 3.3, 3.4, 3.7) . However, r e l a t i v e  1 4 C  

a c t i v i t y  i n  the  o rgan ic  a c i d  f r a c t i o n  was g e n e r a l l y  h igher  i n  

t h e  samples from t h e  lower p a r t  o f  t h e  p h o t i c  zone than i n  the  

su r face  samples exposed e i t h e r  t o  t h e  -- i n  s i t u  o r  a r t i f i c i a l l y  

lowered i n t e n s i t i e s .  

14 
The pe rcen t  o f  C excre ted  by the  phytoplankton r e l a t i v e  

14 
t o  t h e  c recovered i n  t h e  c e l l s  was c o n s i s t e n t l y  lower i n  

phytoplankton from the  lower p a r t  of  the  p h o t i c  zone (Tables 3-10 



TABLE 3.7 

Distribution of l4C among organic acids of the ethanol-soluble fradion of phytoplankton after 
4 hr incubation 

Percentage of 14C recove:ed in the ethanol-soluble fraction 

keto 
Date Sample suc furn ma1 c i t  oxal acon glyc glut glyceric unknown total 

0.5 mh l o s t  12.6 
Mar 22 

&r 10 

Apr 25 

May 8 

May 15 

June 2 

June 16 

June 25 

July 5 

2.4 1.7 0.9 1.0 - 1.2 - 1.1 1.2 8.3 
1.9 6.2 1.5 1.5 1.0 4.2 - 2.1 1.7 21.2 

0.9 - 3.2 0.8 - 1.9 1.5 - 1.9 13.1 
- 2.1 1.0 - - 1.9 - 1.1 7.5 - 

3.5 - 1.0 - 1.1 2.8 - - 3.5 15.5 

- 5.8 2.7 3.1 1.1 2.0 - - 1.3 19.2 
2.4 0.9 1.0 2.3 - 12.0 3.4 - 3.0 25.5 

l o s t  27.0 

2.0 2.1 1.4 - - 1.9 - 2.0 3.1 15.5 
2.0 6.3 1.7 2.2 - 2.8 - 2.5 5.3 28.2 
4.1 - - - - 3.1 - - 2.0 11.3 

1.3 1.6 3.3 2.1 5.8 6.3 2.8 - 3.4 28.2 
1.0 0.9 2.5 2.3 4.2 4.4 2.3 2.5 4.1 26.3 
1.5 9.5 3.5 2.1 3.6 3.2 3.5 1.8 6.3 42.4 

1.1 3.8 0.9 1.0 1.7 1.4 - 1.8 2.0 16.1 
1.5 2.6 1.4 - 1.0 0.8 2.0 2.1 3.1 16.5 

0.9 3.1 1.9 2.4 2.5 1.3 2.0 - 1.9 17.1 

3.6 2.7 1.0 - 1.4 3.1 1.0 0.9 3.3 21.2 
2.9 3.2 1.8 1.3 1.1 5.5 - 1.1 2.7 25.7 
0.9 3.4 2.3 - 2.1 3.9 - 1.6 2.1 18.5 

3.9 2.3 1.2 2.1 1.1 4.6 - 0.9 2.9 26.4 
2.7 1.8 - 2.3 2.2 4.0 1.9 1.3 3.5 23.6 
2.8 1.5 1.1 - 0.9 1.3 - 0.9 1.8 12.5 

5.1 2.2 2.1 1.6 0.9 1.3 - 1.9 3.1 21.4 

3.4 2.3 2.6 0.8 - 2.1 - - 2.9 15.3 

2.7 1.7 3.1 1.2 - 0.8 - 1.5 13.1 

h phytoplankton exposed to incident light intensities 

I phytoplankton exposed to lignt ~ntensi t~es reduced to approximately the intensities at 12 m 
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3.2) . Loss o f  l a b e l l e d  organic  compounds by Saanich I n l e t  

14 
a phytoplankton v a r i e d  from 13.5 - 25.8% of  the  C f ixed  a t  
T 

i 0.5 and 5 m.  Surface phytoplankton from ~ n d i a n  A r m  exposed t o  
I 

either -- i n  s i t u  o r  a r t i f i c i a l l y  lowered i n t e n s i t i e s  l o s t  

18.4 - 34.2% of t o t a l  f ixed  a c t i v i t y .  Excret ion i n  t h e  lower 

p a r t  of t h e  p h o t i c  zone was approximately 10%. The propor t ion  

14 
o f  C excre ted  by the  phytoplankton tended t o  inc rease  wi th  an 

inc rease  i n  the  r e l a t i v e  a c t i v i t y  i n  the  e thanol -so luble  f r a c t i o n  

( ~ a b l e s  3.1, 3.2; ~ i g .  3 . 2 ) .  

DISCUSSION 

The d a t a  i n  Tables 3.1 and 3.2 i n d i c a t e  a depth-dependent 

s h i f t  i n  the d i s t r i b u t i o n  of 14C between t h e  e thanol -so luble  and 

inso lub le  f r a c t i o n s  i n  Saanich I n l e t  and Indian . - A r m  phytoplankton. 

14 
The observed changes i n  d i s t r i b u t i o n  o f  c between t h e  two 

f r a c t i o n s  were a s s o c i a t e d  with a decrease  i n  l i g h t  i n t e n s i t y  and 

change i n  q u a l i t y .  The s p e c t r a l  d i s t r i b u t i o n  of r a d i a t i o n  i n  

t h e  two a r e a s  s h i f t e d  from white l i g h t  a t  the  su r face  t o  p re -  

dominately blue-green l i g h t  i n  the  lower p a r t  of  the  p h o t i c  

zones.  

14 
These d i f f e r e n c e s  i n  d i s t r i b u t i o n  o f  C between the  two 

f r a c t i o n s  a r e  i n  genera l  agreement wi th  t h e  l abora to ry  r e s u l t s  

on the  na tu re  of  t h e  photosynthate  i n  plankton a lgae  exposed t o  



Figure 3 . 2  The r e l a t i o n s h i p  between t h e  propor t ion  of r e l eased  

14 organic  carbon and the  propor t ion  of  C i n  the  

e thanol -so luble  f r a c t i o n  of phytoplankton from 

var ious  depths  i n  Saanich I n l e t  and Indian A r m .  





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

(Chapter 1). In c u l t u r e s  grown i n  white  l i g h t  ( a s  a t  the  

14 s u r f a c e )  the  g r e a t e s t  propor t ion  o f  C was incorpora ted  i n t o  

t h e  e thanol -so luble  f r a c t i o n  whereas i n  c u l t u r e s  grown i n  b lue  

o r  green l i g h t  (comparable t o  the  lower p a r t  of  t h e  p h o t i c  zone) 

14 most of  the c occurred i n  t h e  i n s o l u b l e  compounds, p r i m a r i l y  

p r o t e i n s .  Comparable changes occurred  a t  h igh  and low i n t e n s i -  

t ies ,  

Since t h e  changes i n  Saanich I n l e t  phytoplankton popula- 

t i o n s  were s i m i l a r  t o  those observed i n  c u l t u r e s  i t  appears  t h a t  

t h e  depth-dependent s h i f t  i n  the  chemical n a t u r e  o f  the  photo- 

syn tha te  was a response t o  t h e  s p e c t r a l  q u a l i t y  of  r a d i a t i o n  

al though t h e  e f f e c t s  of changes i n  i n t e n s i t y  were n o t  e n t i r e l y  

e l imina ted .  The depth-dependen t changes i n  pigment concen t ra t ions  
--- 

and photosynthe t ic  r a t e s  i n  phytoplankton r e p o r t e d  by o t h e r  

i n v e s t i g a t o r s  a r e  u s u a l l y  a t t r i b u t e d  t o  changes i n  l i g h t  i n t e n s i t y  

(Steemann Nielsen and Jorgensen 1968, Steemann Nie lsen  and Hansen 

1961, Ryther and Menzel 1959) al though no p a r t i c u l a r  a t t e n t i o n  

h a s  been given t o  l i g h t  q u a l i t y .  

To e s t i m a t e  t h e  e f f e c t  of  d i f f e r e n c e s  i n  l i g h t  i n t e n s i t i e s  

on the d i s t r i b u t i o n  o f  carbon, a second i n v e s t i g a t i o n  was con- 

ducted i n  Indian A r m  i n  1969. Phytoplankton from t h e  su r face  

- and 1 2  m were exposed t o  -- i n  s i t u  i n t e n s i t i e s .  In  a d d i t i o n ,  

su r face  phytoplankton were exposed t o  i n t e n s i t i e s  comparable t o  



those a t  1 2  m by use of  n e u t r a l  d e n s i t y  f i l t e r s .  

14 
The d i s t r i b u t i o n  of c between the  e thanol -so luble  and 

inso lub le  f r a c t i o n s  i n  Indian A r m  s u r f  ace phytoplankton exposed 
I 

t o  -- i n  s i t u  i n t e n s i t i e s  o r  a r t i f i c i a l l y  lowered i n t e n s i t i e s  was 

s i m i l a r  t o  t h a t  i n  s u r f  ace phytoplankton from Saanich I n l e t  

and i n  a l g a l  c u l t u r e s  grown i n  white l i g h t .  The metabol ic  

response o f  phytoplankton i n  the  lower p a r t  of  the  p h o t i c  zone 

i n  Indian A r m  was s i m i l a r  t o  t h a t  i n  Saanich I n l e t  and c u l t u r e s  

grown i n  b lue  o r  green l i g h t .  These r e s u l t s  a r e  evidence t h a t  

t h e  depth-dependent changes i n  t h e  e thanol -so luble  and inso lub le  

compounds r e f l e c t  the  responses of  phytoplankton t o  d i f f e r e n c e s  

i n  t h e  wavelength o f  t h e  l i g h t .  

I n  f i e l d  s t u d i e s  extending from March through August, Olive 

and Morrison (1967) and Olive e t  -- a l .  (1969) have demonstrated 

an inc rease  i n  t h e  inso lub le  compounds wi th  depth i n  freshwater  

phytoplankton. They suggested t h a t  these  d i f f e r e n c e s  were due 

t o  success iona l  changes i n  t h e  s t and ing  crop  and t o  v a r i a t i o n s  

i n  environmental  cond i t ions  al though they d i d  n o t  cons ider  

l i g h t  q u a l i t y .  Their  r e s u l t s  and those repor ted  he re  a r e  

q u i t e  s i m i l a r  which s t r o n g l y  sugges t  t h a t  t h e  main f a c t o r  

14 
producing v a r i a t i o n s  i n  c d i s t r i b u t i o n  wi th in  t h e  c e l l s  was 

t h e  s p e c t r a l  q u a l i t y  o f  l i g h t .  

14 
The v a r i a t i o n s  i n  c among compounds o f  t h e  e thanol -so luble  

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



cond i t ions .  For example, the  r e l a t i v e  a c t i v i t y  i n  some amino 

a c i d s ,  i n  p a r t i c u l a r  a s p a r t a t e  and glutamate increased wi th  

depth.  g his occurred i n  both Saanich I n l e t  (Tables 3.3, 3.4) 

and Indian A r m  (Table 3 . 6 ) .  The r e l a t i v e  concent ra t ion  o f  

carbohydra tes ,  p r i n c i p a l l y  glucose and sugar  phosphates ,  was 

h igher  a t  t h e  s u r f a c e  than i n  deep water phytoplankton (Tables 

3 . 3 ,  3.4, 3 . 6 ) .  These depth-dependent changes, a s soc ia ted  wi th  

s h i f t s  from white  t o  blue-green l i g h t ,  were comparable t o  those 

observed i n  c u l t u r e  s t u d i e s  (Chapter 1) i n  t h a t  t h e  propor t ion  

14 of C i n  amino a c i d s  was lower and i n  carbohydrates  was h igher  

i n  white  than i n  b lue  o r  green l i g h t .  

In  t h e  c u l t u r e  s t u d i e s  some organic  a c i d s  were h igher  under 
. . 

b lue  and green l i g h t .  The t o t a l  a c t i v i t y  i n  t h e  organic  a c i d  

f r a c t i o n  was u s u a l l y  h igher  i n  deep than i n  su r face  phytoplankton 

popula t ions  (Tables 3.3, 3.4, 3 - 7 )  al though t h e r e  was no con- 

s i s t e n t  t r end  i n  i n d i v i d u a l  organic  a c i d s .  The organic  a c i d s  

i n  l a b o r a t o r y  c u l t u r e s  were u s u a l l y  h igher  i n  b lue  and green 

than i n  white  l i g h t  of  t h e  same i n t e n s i t y .  

Olive and  orriso on (1967) and Olive -- e t  a l .  (1969) have 

14 
a t t r i b u t e d  some o f  these  depth-dependent changes i n  C d i s t r i -  

bu t ion  t o  v a r i a t i o n s  i n  t h e  r a t e s  o f  photosynthes is .  In  vascu la r  

p l a n t s  carbohydrates  u s u a l l y  inc rease  and p r o t e i n s  decrease  wi th  

inc reas ing  r a t e s  of  photosynthes is  (Krotkov 1960) . However, the  

work on s u r f a c e  a l g a e  from Indian A r m  showed s i m i l a r  p a t t e r n s  i n  



14 c d i s t r i b u t i o n  i n  c e l l s  exposed t o  h igh  o r  a r t i f i c i a l l y  

lowered i n t e n s i t i e s  (Tables 3.2,  3.5 - 3 . 7 ) .  Fur the r ,  r a t e s  

of photosynthes is  i n  the  a l g a l  c u l t u r e s  d i d  n o t  a f f e c t  t h e  

n a t u r e  o f  the  photosynthate  (Chapter 1) . This sugges ts  t h a t  

the d i f f e r e n c e s  i n  photosynthe t ic  r a t e s  o r  l i g h t  i n t e n s i t i e s  

have l i t t l e  e f f e c t  of  the  na tu re  of  photosynthe t ic  products  

14 i n  n a t u r a l  phytoplankton communities. The s h i f t  i n  C d i s t r i -  

bu t ion  with depth i s  a response t o  t h e  q u a l i t y  of  r a d i a t i o n  t o  

which the  c e l l s  a r e  exposed. 

I t  is known t h a t  s a l i n i t y  a f f e c t s  primary product ion i n  

n a t u r a l  waters  (Steemann Nielsen 1964, Nakanishi and Monsi 1965) 

and i n  a l g a l  c u l t u r e s  (Vosjan and Siezen 1968, Cra ig ie  1969).  

There was l i t t l e  v e r t i c a l  change i n  s a l i n i t y  i n  Saanich I n l e t  

dur ing  the  course of  t h e  s tudy and cons iderable  v a r i a t i o n  i n  

Indian A r m .  The s i m i l a r i t y  of  t h e  d a t a  obta ined  i n  these  f i e l d  

s t u d i e s  sugges ts  t h a t  s a l i n i t y  had no obvious e f f e c t  on t h e  

n a t u r e  of  t h e  pho tosyn tha  t e  . 
These s t u d i e s  wi th  n a t u r a l l y  occur r ing  phytoplankton popula- 

t i o n s  i n d i c a t e  t h a t  t h e r e  is  a depth-dependent change i n  the  

percentage o f  e x t r a c e l l u l a r  organic  carbon r e l e a s e d  by the  

c e l l s ,  The percentage re l eased  near  t h e  bottom of  the  p h o t i c  

zone was l e s s  than h a l f  t h a t  a t  t h e  s u r f a c e .    his was observed 

a t  both  Saanich ~ n l e t  and ~ n d i a n  A r m  where s u r f a c e  phytoplankton 

were exposed t o  i n  s i t u  a s  we l l  a s  a r t i f i c i a l l y  lowered l i g h t  -- 



i n t e n s i t i e s .  There was no s i g n i f i c a n t  d i f f e r e n c e s  i n  the  pro-  

p o r t i o n  o f  organic  carbon excre ted  by the  phytoplankton under 

high o r  low i n t e n s i t i e s  of  l i g h t  o f  t h e  same wavelength. This 

I 
sugges ts  t h a t  a l t e r a t i o n s  i n  the  propor t ion  of  organic  carbon 

r e l e a s e d  a t  the  d i f f e r e n t  depths a r e  a s soc ia ted  wi th  d i f f e r e n c e s  

i n  l i g h t  q u a l i t y .  

These depth-dependent d i f f e r e n c e s  i n  r e l e a s e  may be a r e s u l t  

of the  s h i f t s  i n  metabolism assoc ia ted  wi th  d i f f e r e n c e s  i n  l i g h t  

q u a l i t y .  The percentage r e l e a s e  o f  e x t r a c e l l u l a r  products  was 

14 
p ropor t iona l  t o  t h e  p e r c e n t  C the  phytoplankton incorporated 

i n t o  the  e thanol -so luble  f r a c t i o n  (Fig.  3 - 2 )  . The majo r i ty  o f  

t h e  compounds i n  t h e  e thanol -so luble  f r a c t i o n  a r e  low molecular 

weight.  The q u a n t i t y  of organic  carbon r e l e a s e d  may depend on 

an equ i l ib r ium be tween the  i n t r a -  and e x t r a c e l l u l a r  concentra-  

t i o n s  o f  these  compounds (Nalewajko -- e t  a l .  1963) .  P r i t cha rd  

e t  a l .  (1963) suggested d i f f u s i o n  governs t h e  r e l e a s e  o f  -- 
g l y c o l a t e  from C h l o r e l l a  v u l q a r i s .  

Changes i n  t h e  percentage o f  e x t r a c e l l u l a r  r e l e a s e  i n  

a s s o c i a t i o n  wi th  l i g h t  of d i f f e r e n t  wavelength have n o t  

p rev ious ly  been repor ted  from f i e l d  s t u d i e s .  Fur the r ,  t h e r e  

a r e  no s t u d i e s  c o r r e l a t i n g  r e l e a s e  wi th  t h e  n a t u r e  o f  the  photo- 

syn tha te .  However, Beeker -- e t  a l .  (1969) showed an i n h i b i t i o n  

of  g l y c o l a t e  r e l e a s e  from Chlore l l a  v u l g a r i s  and - C. pyrenoidosa 

i n  b lue  l i g h t .  The r e s u l t s  i n  Chapter 1 show a decrease  i n  
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product ion of  e  than01 -soluble  compounds (of which g l y c o l a t e  is  

r e p r e s e n t a t i v e )  i n  b l u e  l i g h t .  g his would sugges t  a  decrease  

i n  exc re t ion  a s  a  func t ion  of  the  percentage of  low molecular 

weight compounds i n  the  pho tosyn t h a t e  . 
The f i e l d  i n v e s t i g a t i o n s  have shown t h a t  the  na tu re  o f  

photosynthe t ic  products  changes wi th  depth i n  n a t u r a l  popula- 

t i o n s .  This sugges ts  t h a t  the  observed d i f f e r e n c e s  can be 

i n t e r p r e t e d  a s  a  response by the  a lgae  t o  the  wavelength of 

l i g h t  t o  which they a r e  exposed. 

In  t h e  c u l t u r e  s t u d i e s  d i f f e r e n c e s  i n  concen t ra t ions  of  

photosynthe t ic  pigments,  growth r a t e s  and I va lues  were 
k 

observed under d i f f e r e n t  l i g h t  q u a l i t y .  Although these  f e a t u r e s  

were n o t  examined dur ing  the  f i e l d  s t u d i e s ,  depth -dependent 

changes ( i . e .  l i g h t  q u a l i t y )  comparable t o  those o u t l i n e d  i n  

the  previous  chap te r s  would be expected s i n c e  a l t e r a t i o n s  i n  

t h e  pho tosyn the t i c  products  were s i m i l a r  t o  those observed i n  

c u l t u r e  s t u d i e s  . The numerous i n v e s t i g a t o r s  ( ~ y t h e r  and 

Menzel 1959, Steemann Nielsen and Hansen 1961, a s  examples) 

who observed changes i n  pigment concen t ra t ions  and I va lues  
k 

with  depth have u s u a l l y  a t t r i b u t e d  the  changes t o  d i f f e r e n c e s  

i n  l i g h t  i n t e n s i t y .  

The f i e l d  s t u d i e s  sugges t  t h a t  the  s h i f t  i n  metabolism 

may be f a i r l y  r a p i d  when t h e  c e l l s  a r e  exposed t o  l i g h t  of  a  

d i f f e r e n t  wavelensth.  The water column was weaklv s t r a t i f i e d  



i n  Saanich ~ n l e t  and s t r o n g l y  s t r a t i f i e d  i n  1ndian A r m .  Con- 

s i d e r a b l e  mixing occurred i n  Saanich I n l e t .  There was, 

however, a s i m i l a r i t y  i n  t h e  n a t u r e  o f  the  r e c e n t l y  formed 

metabo l i t e s  a t  comparable depths i n  t h e  two l o c a l i t i e s  i n  s p i t e  

o f  a h igh  p r o b a b i l i t y  t h a t  phytoplankton c e l l s  i n  ~ a a n i c h  I n l e t  

would not e x i s t  under s t r a t i f i e d  cond i t ions  f o r  any extended 

pe r iod  of t i m e .   his sugges ts  t h a t  a r e l a t i v e l y  s h o r t  time 

span, perhaps of  t h e  o rde r  of a few days o r  l e s s ,  i s  requ i red  

f o r  t h e  e f f e c t  o f  changed l i g h t  q u a l i t y  t o  be expressed i n  t h e  

n a t u r e  o f  the  photosynthate .  

Dif ferences  i n  t h e  chemical composition o f  a lgae  which can 

be expected t o  va ry  v e r t i c a l l y  may in f luence  the  composition 

of breakdown products  i n  d i f f e r e n t  p a r t s  of  the  water column. 

The observed decrease  i n  percentage r e l e a s e  o f  e x t r a c e l l u l a r  
. - 

compounds may a l s o  c o n t r i b u t e  t o  d i f f e r e n c e s  i n  d i s so lved  o rgan ic  

compounds wi th  depth.  This could produce v e r t i c a l  d i f f e r e n c e s  

i n  t h e  c a p a c i t y  o f  t h e  p h o t i c  zone t o  suppor t  the  h e t e r o t r o p h i c  

growth of va r ious  b a c t e r i a ,  a lgae  o r  marine i n v e r t e b r a t e s .  The 

chemical n a t u r e  of  t h e  e x t r a c e l l u l a r  compounds r e l e a s e d  by a l g a l  

breakdown products  may a l s o  in f luence  t h e  forma t i o n  of  organic  

aggregates .  R i l ey  (1963) has  shown t h a t  d i s so lved  organic  

compounds may be converted t o  p a r t i c u l a t e  form under n a t u r a l  

cond i t ions .  This p a r t i c u l a t e  m a t e r i a l  can se rve  a s  a food 

source f o r  zooplankton (Baylor and S u t c l i f f e  1963).  



The s h i f t s  i n  a l g a l  metabolism assoc ia ted  wi th  d i f f e r e n c e s  

i n  l i g h t  q u a l i t y  may a f f e c t  the  n u t r i t i o n a l  va lue  o f  phyto- 

plankton a s  a food source .  For example, b lue  l i g h t  such a s  
I 

occurs  a t  the  bottom of t h e  p h o t i c  zone, may enhance p r o t e i n  

syn thes i s .  There i s  l i t t l e  information on which t o  base i n t e r -  

p r e t a t i o n  of t h e  n u t r i t i o n a l  s i g n i f i c a n c e  of  an inc rease  i n  

p r o t e i n .  However, ~ o n o c h r y s i s  l u t h e r  ii, which h a s  a h igh  p r o t e i n  

con ten t ,  was t h e  only  organism of a number t e s t e d  t h a t  would 

suppor t  i n d e f i n i t e  growth of  the  crus tacean  Tiqriopus japonicus 

( S h i r a i s h i  and Provasol i  1959) and was t h e  b e s t  food source 

t e s t e d  f o r  o y s t e r  l a r v a e  (Davis and Gui l l a rd  1958) . 
It is probable t h a t  t h e  s h i f t s  i n  r e l a t i v e  concen t ra t ions  

o f  t h e  pho tosyn the t i c  pigments t h a t  occur i n  response t o  changes 

in l i g h t  q u a l i t y  o r  q u a n t i t y  have a s e l e c t i v e  advantage. The 

observed changes a r e  u s u a l l y  of  a type t h a t  w i l l  i n c r e a s e  t h e  

e f f i c i e n c y  of  u t i l i z a t i o n  of l i g h t  energy a t  a given depth and 

thereby enhance t h e  p r o b a b i l i t y  of s u r v i v a l  of  t h e  popula t ion .  

The changes i n  t h e  n a t u r e  of  t h e  photosynthate  t h a t  a r e  

a s soc ia ted  wi th  s h i f t s  i n  t h e  r e l a t i v e  importance of  the  va r ious  

photosynthe t ic  pigments may simply be a consequence of  pigment 

composition and have no d i r e c t  s e l e c t i v e  advantage. However, 

it may be t h e r e  a r e  advantages,  a s  y e t  u n i d e n t i f i e d  i n  the  

observed v a r i a t i o n s  i n  chemical composition of  n a t u r a l  phyto- 

plankton popula t ions .  
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APPENDIX A 

Algal ~ e d i u m  

I 
Taken from Jones -- e t  a l .  (1963) and modified t o  s a t i s f y  diatom 

requirements .  

NaCl 270 g / l  

MgS04. 7H20 6.6 g / l  

MgC12.6~20 5.6 g / l  

CaC12.2H20 1 .5  g / l  

KN03 
1 .0  g/1 

KH2P04 0.07 g / l  

NaHC03 0 .04 g / l  

NaSi03.9H20 * 0.15 g / l  

1 M T r i s - H C 1  b u f f e r ,  pH 7.6 20 m l / l  

1 m l / l  of  t r a c e  metal  s o l u t i o n  con ta in ing  the  fol lowing d i s so lved  

i n  100 m l  d i s t i l l e d  water 

znc12 4.0 mg CuC12.2H20 4.0 mg 

H3 B03 
60.0 mg MnC1 .4H20 

2  
40.0 mg 

Coc12. 6 ~ ~ 0  1 .5  mg ( M H )  M O O  .4H20 37.0mg 
4 6  7 2 4  

1 m l / l  of  che la ted  i r o n  s o l u t i o n  240 mg FeCl .4H20 per  100 m l  
3  

0.05 M Na EDTA, pH 6. 
2 

1 m L / 1  of  vi tamin s o l u t i o n  con ta in ing  

thiamine. HC1 500, cLg/ml 

vitamin B 
1 2  



b i o t i n  1 w ~ / m l  

* The same volume o f  0.01 N HC1 a s  t h a t  of s i l i c a t e  was added 

t o  each l i t e r  o f  medium. The two s o l u t i o n s  were added 

s imultaneously t o  avoid p r e c i p i t a t i o n .  



APPENDIX B 

Contamination Checks 

The t e chn ique  o f  s e l e c t i v e  enr ichment  o f  p o s s i b l e  m i c r o b i a l  

con taminan ts  (bacteria and molds) by h e t e r o t r o p h i c  growth i n  a 

seawater medium e n r i c h e d  w i t h  o r g a n i c  m a t e r i a l  was used f o r  

check ing  a l g a l  c u l t u r e s  f o r  such  con t amina t i on  (Ant ia  and 

~ a l m a k o f f  1965 ) .  The STP medium o f  ~ r o v a s o l i  e t  a l .  (1957) -- 

was used f o r  such  s t e r i l i t y  checks .  From 2 - 4 d rops  o f  a l g a l  

c u l t u r e  w e r e  added t o  a  t ube  and i ncuba t ed  a b o u t  3 weeks a t  room 

t empera tu r e  (20 - 25 C )  f o r  a  s t e r i l i t y  check.  The appearance  

o f  c l o u d i n e s s  and t u r b i d i t y  t y p i c a l  o f  b a c t e r i a l  growth o r  

d i s c o l o u r a t i o n  and t u f t - fo rma t ion  t y p i c a l  o f  mold growth was 

t aken  a s  ev idence  o f  p o s s i b l e  con t amina t i on  s u b j e c t  t o  conf i rma-  

t i o n  by r e p e a t  checks .  I n  t h e  absence  o f  any v i s i b l e  changes 

i n  the s t e r i l i t y  check t u b e ,  the a l g a l  c u l t u r e  t e s t e d  was con- 

s i d e r e d  t o  be  free from con tamina t ion .  P e r i o d i c  s t e r i l i t y  

checks  w e r e  r o u t i n e l y  main ta ined  on a l l  a l g a l  s t o c k  c u l t u r e s .  

Every s t o c k  c u l t u r e  used t o  p r o v i d e  inoculum f o r  an  expe r imen ta l  

c u l t u r e  was s u b j e c t e d  t o  such  a  check i n  d u p l i c a t e  t u b e s .  Each 

expe r imen ta l  c u l t u r e  was submi t ted  t o  such a check ( i n  q u a d r u p l i -  

cate t u b e s )  j u s t  b e f o r e  u s e  i n  an  exper iment .  A l l  such checks  

have i n d i c a t e d  absence  o f  con t amina t i on .  
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Medium f o r  b a c t e r i a l  contamination check. 

To 800 m l  H A - ~ i l l i p o r e  f i l t e r e d  s e a  wa te r ,  i n  a  1500 m l  

Erlenmeyer f l a s k ,  add the  fo l lowing  i n  t h e  o r d e r  i n d i c a t e d :  

I 

d i s t i l l e d  H 2 0  150 m l  

NaN03 200 mg 

K2HP04 10 mg 

L-glu tama te  435 mg (= 50 mg Na-H-glutamate) 

g l y c i n e  100 mg 

Tryp t i case  200 mg 

Yeast  a u t o l y s a t e  200 mg 

Sucrose 1 g  

Shake w e l l  t o  o b t a i n  a c l e a r  a  s o l u t i o n  a s  p o s s i b l e .  

add s o l 1  e x t r a c t  50 m l  
. . 

vi tamin  mix 1 m l  

S t i r  (magnetic)  t o  o b t a i n  c l e a r  s o l u t i o n .  If c l e a r  s o l u t i o n  i s  

n o t  ob ta ined ,  f i l t e r  ( ~ i l l i p o r e ) .  

Measure pH of  c l e a r  f i l t r a t e ,  ad j u s t  pH w i t h  1 N NaOH t o  7 - 4  

Place 2.5 m l  a l i q u o t s  i n t o  16 x 100 mm screw cap  c u l t u r e  v i a l s .  

~ u t o c l a v e  20 min a t  100 C and 15  p s i .  

Cool and s t o r e  c u l t u r e  f l a s k s  and s t o c k  s o l u t i o n  i n  s t o r e  room. 
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composition of vi tamin mix s o l u t i o n .  

~ d d  the  fol lowing t o  100 m l  d i s t i l l e d  H - 0  i n  150 m l  

Erlenmeyer f l a s k  . 

thymidine 

n i c o t i n i c  a c i d  

p u t r e s c i n e  .2HC1 

C a  pan t o  thena t e  

r i b o f l a v i n  

pyridoxine.  2HC1 

pyr  idoxamine .2HC1 

p-aminobenzoic ac id  

b i o t i n  

cho l ine  H c i t r a t e  
2 

i n o s i t o l  

thymid ine  

o r o t i c  ac id  

B1 2 

f o l i c  ac id  

f o l i n i c  ac id  

In  o rde r  t o  avoid weighing and t o  overcome problem of  

weighing q u a n t i t i e s  l e s s  than 2 mg, 1) prepare  a concen t ra te  of  

- p-aminobenzoic a c i d ,  r i b o f l a b i n ,  f o l i c  a c i d  and f o l i n i c  a c i d ,  

2 )  make up s t o c k  concen t ra te s  of B 
12' 

thiomine , b i o t i n  f o r  use.  



1) Concentrate of  r i b o f l a v i n ,  p-aminobenzoic a c i d ,  f o l i c  a c i d ,  

f o l i n i c  a c i d .  

The fol lowing amounts of  the  vi tamins were d i s so lved  i n  500 m l  

d i s t i l l e d  H 0 i n  a  1-1 Erlenmeyer f l a s k  by prolonged warming 
2 

on a steam ba th .  

r i b o f l a v i n  50 mg 

p-aminobenzoic a c i d  100 mg 

f o l i c  a c i d  25 mg 

f o l i n i c  a c i d  2  mg 

Note: A c l e a r  s o l u t i o n  was n o t  obta ined  on coo l ing ,  however, the  

f i n e  suspension was used f o r  tak ing  5 m l  a l i q u o t s  f o r  t h e  vi tamin 

mix. 

2 )  Thiamine concen t ra te  : concent ra t ion  10 mg/ml 

Dissolve 500 mg thiamine . H C l  i n  50 m l  d i s t i l l e d  H 0 .  
. - 2  

Store  i n  polye thylene  b o t t l e  a t  -20 t o  -30 C ,  a l low t o  warm t o  

room temperature be fo re  t ak ing  a l i q u o t s  . 
Use 5  m l  a l i q u o t s  f o r  every PO0 m l  of  t o t a l  vi tamin mix. 

3)  Bio t ine  concen t ra te  

weigh o u t  2.0 mg b i o t i n  i n  100 m l  volumetr ic  f l a s k  and make 

up t o  volume wi th  d i s t i l l e d  H 0 .  
2 

Shake and d i s s o l v e  t o  g ive  a  c l e a r  s o l u t i o n  by h e a t i n g  f l a s k  

i n  h o t  water (60 - 80 c ) .  

Cool and s t o r e  i n  polyethylene b o t t l e  a t  -20 t o  -30 C ,  a l low 

t o  warm t o  room temperature be fo re  t ak ing  a l i q u o t s .  



Use 50 m l  a l i q u o t s  f o r  every 100 m l  o f  t o t a l  vi tamin mix. 

4 )  Vitamin B concen t ra te  
12  

 iss solve 20 mg c r y s t a l l i n e  vitamin B i n  50 m l  d i s t i l l e d  H 2 0  
12 1 

s t o r e  i n  polyethylene b o t t l e s  a t  -20 t o  -30 C,  a l low t o  warm 

t o  room temperature before  t ak ing  a l i q u o t s  . 
Use 5 m l  a l i q u o t s  f o r  every 100 m l  o f  t o t a l  vi tamin mix. 
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