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ABSTRACT 

Tne t empora l  sequence of DNA s y n t h e s i s ,  k a r y o k i n e s i s ,  and c e l l  

d i v i s i o n  was s t u d i e d  i n  synchronous  c u l t u r e s  of Eudor ina  e legans .  

C e l l  d i v i s i o n  sync'iirony was induced under  c u l t u r e  c o n d i t i o n s  of 

i n t e r m i t t e n t  i l l u m i n a t i o n  and p e r i o d i c  d i l u t i o n s  t o  a c o n s t a n t  c o e n o b i a l  

c o n c e n t r a t i o n ,  IXlrtng each 24 hour  synchronous l i f e  c y c l e  95 p e r c e n t  

of t h e  g o n i d i a  underwent 4 o r  5 s ~ c c e s s i v e  n u c l e a r  d i v i s i o n s  w i t h i n  3 

hours  fo l lowed  by d a u g h t e r  coenob ia  r e l e a s e  over  I-$ t o  2* hour  p e r i c d ,  

E. eleg&s was found t o  be i n e f f i c i e n t  t o  i n c o r p o r a t i n g  t h e  exogenous - 
t r i t i u m  l a b e l l e d  D S A  p r e c u r s o r s ,  thymine,  thymid ine ,  u r a c i l ,  u r d i n e ,  

and aden ine  i n t o  DNA m o i e t i e s .  The up take  of t h e  t r i t i a t e d  p r e c u r s o r s  

a i d  not  r e f l e c t  t h e  t i m i n g  and k i n e t i c s  of n u c l e a r  DNA s y n t h e s i s .  

C o l o u r i m e t r i c  d e t e r m i n a t i o n s  of e x t r a c t e d  DNA r e v e a l e d  t n a t  DNA s y n t h e s i s  

appeared  t o  be conf ined  t o  t h e  p x l o d  of g o n i d i a l  c l eavage .  

b ! i c r o s p e c t r o p h o t ~ e t r i c  q u a n t i t i z a t i o n  of f e u l g e n  - DNA c o n t e n t  per 

nuc leus  s t r o n g l y  sugges ted  t n a t  d u r i n g  c e l l  d i v i s i o n  one round of 

DKA r e p l i c a t i o n  preceded each of t h e  f o u r  t o  

even t s .  Each DNA r e p l i c a t i o n  r e q u i r e d  an a v e r a g e  of 13 minutes  

fo l lowed  by a m l t o s i s  completed i n  about  2 minutes ,  

iii 
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Deoxyribonucle ic  a c i d  (DNA) s y n t h e s i s  i n  .normal, a c t  i v e i y  

d i v i d i n g  e u k a r y o t i c  c e l l s  m c u p i e s  a r e s t r i c t e d  p o r t i o n  of i n t e r p h a s e ,  
C -_ 

d e s i g n a t e d  t h e  S p e r i o d  uhich is t e m p o r a l l y  s e p a r a t e d  from ce l l  d i v i s i o n ,  

M ,  by t h e  p r e  and p o s t  DNA s y n t h e t i c  per iodstknown as Gland G2,  

( ~ o w a r d  and ~ e l c ,  1953).  T h i s  s u M i v $ s i o n  of t h e  c e l l  c y c l e  i n t o  
< 

G I  S t  G2,  and M r e f l e c t s  t h e  importance of t h e  n u c l e a r  e v e n t s  s i n c e  
I 

4 

t h e s e  s u b s e c t i o n s  a re  d e f i n e d  by t h e  s t a t e  of t h e  g e n e t i c  m a t e r i a l  

r a t h e r  t h a n  t h e  o v e r a l l  c o n d i t i o n  of t h e  q e l l .  Moreover, a l l  o t h e r  
4 

growth a c t i v i t i e s  a r e  u l t i m a t e l y  geared  d i r e c t l y  o r  i n d i r e c t l y  t o  t h e  

accomplishment of t h e  r e p r o d u c t i v e  n u c l e a r  p rocesses .  The primary 

aim of t h i s  s t u d y  is t o  de te rmine  t h e  i n t e r r e l  onsh ip  of two of P" 
,' - 

t h e s e  s u b s e c t i o n s ,  S and M, with r e s p e c t  p o  t ime  i n  t h e  c o l o n i a l  
I 
I a l g a ,  Eudor inq  e l e g a n s .  

Eudorina is a c o l o n i a l ,  m o t i l e  g reen  a l g a  belonging t o  t h e  

f m i l y  Volvocaceae, Each colony o r  cclen-obium is composed of 16- o r  32- 

b i f l a g e l l a t e d  c e l l s  a r ranged  p e r i p h e r a l l y  i n  s p h e r o i d a l  double-  
4 - 

l a y e r e d  g e l a t i n o u s  envelope,  The c e l l s ,  equa l  i n  s i z e ,  measure 12 t o  

2011 i n  d i a m e t e r ;  t h e  c o l o n i e s  ranging from 80 t o  1 6 0 ~  i n  d iamete r  

 oldst stein, 1964).  A l l  c e l l s  i n  t h e  colony a r e  r e p r o d u c t i v e ,  each 

mature c e l l  or gonidium trndergotng f o u r  r a p i d  s u c e s s i v e  c e l l  d i v i s r o n w  

resu l t ' i ng  i n  t h e  farmati03 of a 16-ce l l ed  c u r v e d = p l a t e , e r  



~lakee. To c-mjlete daughter colony formation the cup-shaped plakea 
<,  

un=erpes inversion. In this way -each of the 16 cells of the maternal 

co~no'gium Froduces a new 16-celled daughter coenobiun. Therefore, from 

the original 16-celled goni<iurn, Yj6 daughter cells are produced by 64 

successive ni totic divisions,+ f i e  cluster of 16 daughter coenobia 

enclosed by the naternal gelatinous envelope, designated a mulberry, 

sood breaks up releasing the progeny coenobia. 

Crnder less than optimal growth conditions, the four mitotic 

divisions each nature Cell undergoes occupy a total period of one 
, 

hour within a life cell cycle time of five days or 120 h. (~ayns 

i 

an? %dward,196j). ';he 120 h period is divided into a pre-mitotic 

7 e r i ? l  of 72 h 2nd 2 ~itotic'*interval and a post-mitotic period of 48 h 

ilcring vhich cyto?!zs-ic cleev~ge and plakezl inversion occurs. The 

series of four mitases, each requiring 15 min , follow in rapid 

successior. vith 2n insignificant amount of tine spent in interphase. 

3ese calculations (Raps and Godward, 1965) are su?ported by observations 

? f  living cells 9f Zudorina 5 3 .  (Cave and Pocock,l951) indicating 

-L - ,, - + - t5e tine 5etr.:een the disappearance of the nucleolus and 
- 

a~>earar.ce of two laughter nucleoli is ten min. They noted that the 

nucleolus dis?erses at late prohase and reforms at telophase as is 

33servel in higher plants. 

3 e  i?plicatior, of the above observations is that the repLcat5on 

z n l  segrestion of the genetic material in Eudorina are not necessarily 

~ I t s m c e  events i n  t 3 e  cell cycle, The uncoupling of the alternate 

- - , . a  2e:urrence oz J.~-. re?-ication and cell division could be responsible 



f o r  t h e  l i m i t a t i o n  of t h e  number of d i v i s i o n  events ,  and t h u s  t h e  main- 

tenance of t h e  coenobial  na tu re  of Eudorina. Since Inves t iga t ions  of 

t h e  d r i v i n g  f o r c e s  f o r  t h e  cont inua t ion  of t h e  c e l l  cyc l e ,  of t h e  reg-  

u l a t i o n  of c e l l  growth and 'o f  how t h e  asexual  reproduct ion  of c e l l s  is 

con t ro l l ed  hinges primarily on t h e  a n a l y s i s  of t h e  r e g u l a t i o n  of DNA 

r e p l i c a t i o n  and segrega t ioni  any variance from t h e  norm a i d  i n  t h e  

understanding of t h e  chain of cause and e f f e c t  t h a t  c o r r e l a t e s  c e l l  

func t ions  f o r  balanced growth and reproduct ion.  The p o s s i b i l i t y  t h a t  - 

t o t a l  DNA r e p l i c a t i o n  might occur during t h e  long pre-mi to t ic  per iod 

t o  be followed by n u l t l p l e  segrega t ions  reducing t h e  DNA l e v e l s  

7 r m p t e d  t h e  p re sen t  s tudy,  

The progress ive  accumulation of n u c l e i  wi th  h igher  DNA contents  

formed by s tepwise doubling of -DNA without in te rvening  r educ t ion  by 

mi tos i s  has  been noted f o r  Tetrahyaena, a f t e r  hea t  shock induced 

synchrony ( ~ e f f  e r y  e t  a1, ,1970). In  Chlamydomonas r e i n h a r d t  li t h e  
/ 

5 

amount of DNA syntkes ized  was not  propor t iona l  t o  t h e  degree of c e l l  

d i v i s i o n  wi th in  a s i n g l e  synchronous cyc l e  under condi t ions  of l i m i t i n g  

l i g h t  i n t e n s i t y  (Kates et g. ,1968). DNA r e p l i c a t i o n  may occur twice , 

while  only one nuc lear  d i v i s i o n  followed. A s  a r e s u l t  d i p l o i d  

vegeta t ive  c e l l s  were produced, During t h e  subsequent l igh t -dsrk  cyc le  

t h e s e  c e l l s  d iv ided  without DNA syn thes i s  y i e l d i n g  two c e l l s  with t h e  

normal 1 C  DNA compleaent, Four polyploid spec i e s  of Chlamyd'omonas have 

'been r epor t ed  i n  which t h e  product ion of daughter c e l l s  by m i t o s i s  was 

accompanied by a s e q u e n t i a l  reduct ion  i n  chromosome number (Etuffaloe, 

1958). The ex i s t ence  of polyploid forms or of a l t e r n a t i o n s  of d i p l o i d  



and hap lo id  g e n e r a t i o n s - i s  a l s o  suggested f o r  t h e  c o l o n i a l  Volvocaceae 

(cave and ~ o c o c k ,  19-51) T h i s  v a r i a t i o n  i n  t h e  g e n e t i c  c o n s t i t u i o n  sug- 

g e s t e d  f o r  some green  a l g a e  i n d i c a t e s  t h a t  t h e  i n i t i a t i o n  of DNA r e -  

p l i c a t i o n  and t h e  p r o c e s s  of c e l l  d i v i s i o n  may be c o n t r o l l e d  by d i f f e r e n t  

k mecaanisms* 
A survey of t h e  l i t e r a t u r e  of t h e  mode of DNA s y n t h e s i s  i n  t h e  "4 

u n i c e l l u l a r  g reen  a l g a e  r e v e a l e d  t h e  concensus t h a t  a round of DNA 

r e p l i c a t i o n  p recedes  each subsequent  m i t o t i c  e v e n t ,  In  synchronized 

C h l o r e l l a  c u l t u r e s  four DNA r e p l i c a t i o n s  and n u c l e a r  d i v i s i o n s  a l t e r n a t e d  

a t  e q u a l  i n t e r v a l s  d u r i n g  an 8 h  p e r i o d  ( ~ a n k a  and Mulders, 1967). 

0 
Although e a r l i e r  r e p o r t s  sugges ted  t h a t  s u f f i c i e n t  DNA s y n t h e s i s  . 

f o r  s e v e r a l  d i v i s i o n s  is  completed w e l l  before t h e  f i r s t  division i n  

Cnlamydomonas ( B e r n s t e i n  ,1963 r Jacobson and Lee, 1967) ,  more r e c e n t  evidence 

i n d i c a t e s  t h a t  "when v e g e t a t i v e  c e l l s  d i v i d e  i n t o  f o u r  c e l l s  it appears  

l i k e l y  t h a t  a round of DNA r e p l i c a t i o n  precedes  each of t h e  two 

c o n s e c u t i v e  n u c l e a r  d i v i s i o n s "  (Ka tes  -- e t  a l e , 1 9 6 8 ) .  Nuclear DNA 

s y n t h e s i s  I n  synchronized c u l t u r e s  occurs  i n  a d i p h a s i c  manner over a 

f i v e  hour p e r i d ,  wi th  t h e  first doubl ing  of n u c l e i  commencing a f t e r  , 

t h e  f k s t  doubl ing  of DNA and t h e  second n u c l e a r  d i v i s i o n  l agg ing  behind 

tr.e second d o u b l i n g  of DXA. In  t h e  c o l o n i a l  g r e e n  f l a g e l l a t e s ,  Volvox 

c a r t e r i  ( ~ a t e s  ar.d ' ~ c c h e r t  ,1972) and - V; a u r e u s  (Tucker and ~ g r e n , l 9 7 2 ) .  

n u c l e i c  a c i d  synthesis is concomitant wi th  i n c r e a s i n g  c e l l  number 

d u r l n g  g o n i d i a l  c leavage ,  

Althougn it i s  known t h a t  DNA r e p l i c a t i o n  does  n o t  occur  d u r i n g  

t h e  i n t e r d i v i s i o n a l  i n t e r p h a s e  for some u n i c e l l u l a r  and c o l o n i a l  green 



% t h e  p r e c i s e  i n t e r r e l a t i o n s h i p  of mi tos i s ,  nuc lear  d i v i s i o n ,  
Y 

cqftokinesis and DNA r e p l i c a t i o n ,  with r e s p e c t s  t o  t iming ,  kene t i c s ,  

interdependencies ,  and developmental s t ages ,  is not known f o r  Eudorina. 

Eased on t h e  assumpt$ons of Rayns and Godward (1965) t h a t  i n t e r m i t o t i c  

i n t e rphases  a r e  very s h o r t  o r  absent  i n  Eudorina, it was decided t h a t  
9 

t h e  temporal sequence of t h e  c e l l  d i v i s i o n a l  processes  and DNA r e -  

p l i c a t i o n  should be more c l o s e l y  s tudied.  Th i s  s tudy ,  then ,  was in-  
I 

i t i a t e d  with t h e  purpose of ve r i fy ing  t h e  c y t o l o g i c a l  observa t ions  of 

Wyns and Godward and uf discover ing  whether o r  no t  t h e r e  is an  un- 

coupl ing of t h e  a l t e r n a t e  occurrence of DNA s y n t h e s i s  and c e l l  d i v i s i o n  

i n  Eudorina.  Hopefully,  t h i s  s tudy w i l l  lead t h e  way towards t h e  

e luc ida t ion  of t h e  r egu la to ry  processes  governing l i m i t e d  c e l l  d i v i s i o n  

in t h e  c o l o n i a l  f l a g e l l a t e s ,  

The i n f o r n a t i o n  obtained i n  t h i s  s tudy is presented i n  t h e  

fo l lowing  chap te r s  ( 2  t o  5) i n  i nd iv idua l  m u s c r i p t  format, 

Chapters 2 ,  4 and 5 have been submitted f o r  pub l i ca t ion ,  and 

chapter  3 is  presented fn t h e  same f o r ~ l a t  i n  order  t o  maintain 

uniformity. A genera l  bibl iography as wel l  as concluding chapter  

(6)  nave been added. 



Il?I"RoDUCTION - THE INDVCTION OF SYNCHRONOUS CELL DIVISION I N  

EYJDORIHA ELEX;AHS . . 

In Evdorina e legans  Rayns and Godward (1965) r epo r t ed  t h a t  dur ing  

vege ta t ive  growth each c e l l  of a coenobiun (colony) was capable of 

d iv id ing  4 or  5 t imes  wi th in  one hour. They noted a prolonged 

" in te rphase"  pe r iod  of about 5 days sepa ra t ing  t h e  blocks of r a p i d  

d i v i s i o n  sequences. I n  t h i s  same study it was noted t h a t  each d i v i s i o n  

process  took about 10 min with t h e  in te rphase  s e w a t i n g  each d i v i s i o n  

being i n s i g n i f i c a n t .  h i s  e s s e n t i a l  l ack  of in te rphase  i n  some 

Volvocales had been seen previously (cave and ~ o c w k ,  1951). 

These observa t ions  appear t o  r e q u i r e  e i t h e r  extremely r a p i d  DNA 

r e p l i c a t i o n  o r  unique p a t t e r n  of r e p l i c a t i o n  p r i o r  t o  t h e  sequence of 

d iv i s ions .  The l a t t e r  is p l a u s i b l e  s i n c e  a breakdown of t h e  normal 

r e l a t i o n s h i p  between DNA r e p l i c a t i o n  and nuclear  d i v i s i o n  has been shown 

f o r  hea t  synchronized Tetrahyaena ( ~ e f f e r y  &, 1970). In order  t o  

c l a r i f y  t h e  problem i n  Kudorim,  nore d e t a i l e d  a n a l y s i s  of t h e  t iming 

of c e l l u l a r  events  was undertaken. A reasonable f i r s t  s t e p  appeared 

t o  be an at tempt  t o  synchronize t h e  organism I n  order t o  f a c i l i t a t e  

cneiaical and cy to log ica l  examination of t h e  c e l l  cyc l e  paraneters .  

This  r e p o r t  o u t l i n e s  t h e  development of procedures for, and 

eva lua t ion  of ,  synchronous growth i n  h d o r i n a  elegans.  As an i n i t i a l  

r e s u l t ,  e more precise es t ima te  of t h e  t ime i n t e r v a l s  involved during 

the d i v i s i o n  processes  was obtained. 



Tne Organism - 
An axenic c u l t u r e  of h d o r i n a  elegans s t r a i n  1193 ( o r i g i n a l l y  

I 

i s o l a t e d  by Colds te in  (1964) and designated 56 f )  obtained from t h e  

Cul ture  Col lec t ion  of Algae, Indiana Univers i ty  ( ~ t a r r , 1 9 6 4 )  was used 
be 

i n  t h e  expe r i r en t s  t0,describe-d. Stock c u l t u r e s  of t h e  a l g a  were 

maintained and p e r i o d i c a l l y  cloned as descr ibed  by Ventnorth ( 1 9 7 0 ) ~  

Media 

The l i q u i d  media f o r  growth of t h e  alga were no rna l ly  a modified 
I 

B r i s t o l  s salts medium (BM) (Cain,1965) or  complex enriched medium (BC) 

(Kemp and Yentworth,l971). Other media used dur ing  t h e  course  of t h i s  

Gudy included  old' s % s i c  Medium (BBM) ( ~ a i n ,  1 9 6 5 ) ,  ~ o l v o x  medium 

(VK) ( ~ t a r r ,  1971) and High S a l t  Medium (HSM) ( ~ u e o k a ,  1960). Addit ional  

modi f ica t ions  of t h e  c u l t u r e  condi t ions  w i l l  be introduced i n  t h e  t e x t  

where appl icable .  The l i q u i d  media were s o l i d i f i e d  as d e s i r e d  with 

1.596 or  0.6% Difco %to  Agar f o r  p l a t e s  o r  t o p  agar r e spec t ive ly .  A l l  

media were s t e r i l i z e d  by au toc lav ing  a t  15 psi. 

Standard Growth Conditions 

Small l i q u i d  c u l t u r e s  were grown i n  50 a 1  af medium i n  200-250 nil  

e r l e m e y e r  f l a s k s ,  F a c i l i t a t i o n  of gas exchange and maintenance of t h e  

coenobia i n  suspension were achieved by continuous shaking of t h e  c u l t u r e s  

a t  t h e  r a t e  of e0-90 osc i l la t ions /min  on a shaking platform. Ncmal ly ,  

c u l t u r e s  were g r o m  at 32 + - 1C (occas iona l ly  2% + - I c )  under banks of 

40-watt cool  white f l uo rescen t  l i g h t s .  This  werhead  illumination 

4 -2 -1 
provided an i n t e n s i t y  of about 10 e rgs  cn s e c  and was automatically 

con t ro l l ed  by a time clock t o  g ive  16 h l i g h t  and 8 h dark per 24 h period. 



Large (4 1 )  l i q u i d  c u l t u r e s  were grown i n  g l a s s  cy l inders .  The 

a lgae  were kept i n  suspension by means of a magnetic s p i n  bar and by 

bubbling 3% or 5% C02 a i r  through t h e  cu l tu re .  Samples were removed 

by c los ing  t h e  air escape ven t s  and fo rc ing  t h e  a l g a l  conta in ing  medium 

through a  sampling tube. , 

Viable Organism Counts 

T i t r e s  of v i a b l e  organisms were determined by n ix ing  appropr i a t e ly  

d i l u t e d  a l i q u o t s  with 2.5 m l  of molten (45 C)  t o p  agar and pouriqg t h e  

mixture over BC agar p la t e s .  Af te r  t h e  t o p  agar had s o l i d i f i e d ,  t h e  

p l a t e s  were inve r t ed  and incubated under t h e  s tandard  l i g h t  rdark (1618) 

cyc l e  a t  32 C. The co lonies  on d u p l i c a t e  p l a t e s ,  v i s i b l e  a f t e r  '5 or 6 

days of growth, were averaged and t h e  t i t r e  ca l cu la t ed .  The use of a 

Coul te r  counter ,  haemocytometer, o r  t u r b i d i t y  measurements a t  560 m 

were found t o  be u n s a t i s f a c t o r y  f o r  t h e  present  study. 

Microscopic S tudies  

Aliquots  of c u l t u r e  of Eudorina were concentrated by cen t r i fuga t ion ,  

and resuspended i n  3 : l  (alcoho1:acet ic  a c i d )  o r  3$ glutaxaldehyde as 

f i x a t i v e s  a t  room temperature and l e f t  overnight.  The f i x e d  organisms 

r e r e  washed thoroughly i n  1 . 7 x 1 0 - ~ ~  phosphate b u f f e r ,  and resuspended 

f o r  20 lain i n  3.5 H H C 1  a t  37 C ( ~ a n d , l 9 7 2 ) .  Following hydro lys is ,  

and washing i n  I I! H C 1  and water ,  samples were squashed between a 

microscope s l i d e  and cover g l a s s  i n  order  t o  s epa ra t e  t h e  c e l l s  of t h e  

cclenobiun and spread t n e  c e l l s  of t h e  developing embryos. The cover g l a s s  

was removed a f t e r  f r eez ing  t h e  prepara t ion ,  t h e  ma te r i a l  brought t o  
t 

room temperature,  and s t a ined  i n  Schiff  s reagent  (Dei tch,  1966) . 
Following bleaching in b i s u l p h i t e  so lu t ion ,  t h e  prepara t ion  was 



dehydrated and mounted i n  Permount, 

Living organisms were observed passing through t h e  sequen t i a l  

c e l l  d i v i s i o n s  i n  organisms squashed between a s l i d e  and cover g l a s s .  - 
Considerable p re s su re  was requ i r ed  t o  immobilize and t o  spread an 

organism s u f f i c i e n t l y  f o r  observat ion,  which d i s t o r t e d ,  a t  l e a s t ,  

t h e  t iming of t h e l ' d i v i s i o n  sequences. 

RESULTS 

Previous s t u d i e s  of growth of Eudorina elegans showed t h a t  a 

generat ion time ( i . e .  a r b i t r a r i l y  taken as t h e  time necessary f o r  a 

1 6 ~  increase  i n  organisms) of about 24 h was poss ib l e  ( ~ e n t w o r t h ~ 1 9 7 0 ) .  

Growth was i n  t n e  enriched BC medium at 32 C ,  with a l i gh tada rk  regime 

of 16  h l i g h t  and 8 h dark per  24 h perid. Light i n t e n s i t y  was about 

4  -2s -1 
10 e r g s  cm . Conditions r e s u l t i n g  i n  synchronous growth of a 

v a r i e t y  of photoautotrophic organisms suggested t h a t  synchronous 

growth of Eudorina would probably r e q u i r e  1ight :dark cyc l e s  i n  non- 

enriched minimal media ( s e e  C a r r o l l  e t  a l e  , 1 9 7 0 ) ~  and t h a t  d i v i s i o n s  

would bd r e s t r i c t e d  t o  t h e  dark cycle .  A wide v a r i e t y  of grouth 

, u l t u r e  condi t ions  capable of condi t ions  were employed i n  an  at tempt  tdied 
support ing d a i l y  ( c i r c a d i a n )  cyc l e s  of growth i n  a minimal medium. 

These involved t h e  use of t h e  d i f f e r e n t  minimal media, BM, BBM, HSM 

and VM as we l l  as d i f f e r e n t  1ight :dark regimes per 24 h per iod ,  temp- 

4 
e r a t u r e s  (20 C t o  38 c ) ,  and liyt i n t e n s i t i e s  ( 7 . 5 ~ 1 0 ~  t o  2 . 6 ~ 1 0  e r g s  

-2 -1 
cn s ) Aeration of t h e  c u l t u r e  with air conta in ing  3 o r  5% C02 at 

d i f f e r e n t  flow r a t e s  was another  m i a b l e  t r i e d  i n  order  t o  obta in  

a g r e a t e r  increment of organisms per  24 h cycle.  Aerat ion with gas  

containing added C02 was not used with t h e  inadequately buf fered  Vplvox 



mediun. These a t tempts  f a i l e d  t o  pr%uce condi t ions  which pronoted a 

s i g n i f i c a n t  proport ion of t h e  populat ion t o  d i v i d e  dur ing  a 24 h period. 

The r e s u l t s  ob ta ined  with t h e  BM medium were t y p i c a l .  The 

populat ion grown i n  BM medium ( f i g .  11-1) was capable of pe r iod ic  

r e l e a s e  of organisms dur ing  t h e  l i g h t  period. The observed doubling of 

t h e  number of organisms could be achieved by about 5% of t h e  population 

r e l e a s i n g  daughter  coenobia. An apparent adapta t ion  t o  growth i n  BM 

occured i n  ( f i g .  11-1) s i n c e  t h e  t h i r d  cyc le  had a g r e a t e r  grouth 

increment when compared t o  t h e  f i rst  and second cycles .  However, t h i s  

enhanced product ion of daughter organisms was not  c o n s i s t e n t l y  

maintained nor enhanced when t h e  population was subcul tured i n t o  f r e s h  

BM medium. The adapat ion  was probably due t o  u t i l i z a t i o n  of organic 

compounds r e l e a s e d  by e i t h e r  growing o r  au to lys ing  c e l l s .  

An a d d i t i o n a l  f a c t o r  nas observed during a s e r i e s  of experiments 

designed . t o  determine the, e f f e c t  of d i f f e r e n t  concent ra t ions  of Inorganic 

* 
supplements on t h e  growth of Eudorina. Doubling t h e  amount of C a  , 

from 2 .5 r10 -~  - M t o  5 x 1 0 - ~  - !4 appeared t o  f a c i l i t a t e  r e l e a s e  of t h e  daughter 

coenobia from t h e  parenta l .envelope ,  Consequently, t h e  time requi red  
r( 

f o r  t h i s  r e l e a s e  was reduced. Since no adverse e f f e c t s  were seen,  t h e  

higher  caU l e v e l  w a s  r o u t i n e l y  incorporated i n t o  t h e  medium. 
4 

Some enhancement i n  t h e  nuzaber of coenobia capable of producing 

daughter organisms per  growth cyc le  was observed by t h e  add i t i on  af 

a c e t a t e  t o  t h e  minimal media. HowevBP, a c e t a t e  concent ra t ions  much 

above 0 . 0 3  (6 X I O - ~ ~ )  were l e t h a l .  This  is i n  c o n t r a ~ t  t o  t h e  e f f e c t  

of ace t a fe  on growth of ~ h l $ ~ d 6 a o n a s ,  where 0.2% (2.4~10-~~) sodium 

a c e t a t e  is r o u t i n e l y  employed (~enger  and   is hop, 1969). 
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Figure  11-1. Synchronous growth  o f  E, e l e g a n s  1193 on a 16 h t8  h - 
1 i g h t : d a r k  c y c l e  at 32 C. C u l t u r e s  were grown i n  . . 

complete  medium ( B C )  (0) o r  minimal medium ( B M )  ( 0 ) .  

D i l u t i o n  f r o n  the e a r l y  stationzLry phase c u l t u r e  t o  

f r e s h  SC medium is i n d i c a t e d  by the dashed l i n e .  





During r o u t i n e  growth of Eudorina i n  BC medium a major p o r t i o n  of 

t h e  popula t iono&as iona l ly  r e l e a s e d  daughter  coenobia over a 4 t o  8 h 
/' 

period du r ing  t h e  liet cycle .  Such synchronized r e l e a s e  had a l s o  

been observed when d i f f e r e n t  l i g h t  regimes were tried (c f .  Fig.  11-2). 

and an' appro@iate ly  p r ined  populat ion i n  BC medium could begin d i v i s i o n  

i n  t h e  dark cycle .  Synchronous r e l e a s e ,  as depic ted  i n  F igures  11-1 

and 11-2, uas i n i t i a l l y  n o t  c o n s i s t e n t ,  nor was t h e  p a t t e r n  e a s i l y  

h i n t a i n e d .  Consequently,. s t u d i e s  t o  improve t h e  s u c e s s  rate were 

undertaken wi th  a t t e n t i o n  being focused on t h e  unique c o n d i t i k  of 

growth i n  t h e  enr iched  BC medium and t h e  occurrence of d i v i s i o n s  

du r ing  t h e  l i g h t  peribd. 

A s e r i e s  of observa t ions  led  t o  t h e  development of c o n s i s t e n t  

cond i t i ons  maximizing t h e  number of organisms which would d i v i d e  and 

, r e l e a s e  daughter  organisms dur ing  each growth cycle .  The maximum 

5 populat ion d e n s i t y  uhich could be achieved i n  c u l t u r e  was dbout 10 / m l ,  

and as a r e s u l t  t h e  amount of growth i n  a 24 h per iod  depended on t h e  

i n i t i a l  coenobial  concent ra t ion  ( ~ i g ,  11-3). A high i n i t i a l  concentra-  

t i o n  of organisms not  only reduced t h e  growth increment but  a l s o  reduced 

sync;?rony. A young, d i l u t e ,  we l l  l i g h t e d ,  and we l l  nourished c u l t u r e  

produced a major i ty  of 32-cel led coenobia and r e l a t i v e l y  few 16-cel led 

coenobiar The r a a x i m u m  i nc rease  expected upon d i l u t i o n  of such a c u l t u r e  

would be 32X (Fig.  1 1 4 ) .  Insuff i c i e n t  d i l u t i o n  not  only reduced syn- 

cnrony and t h e  expected i nc rease  i n  daughter  coenobia but a l s o  reduced 

t h e  nuntber of cells  per daughter  cuenobium t o  16. Th i s  r educ t ion  was 

r e f l e c t e d  i n  t h e  next cyc l e  of growth ( ~ i g .  1 1 4 ) .  



F i g u r e  11-2. Growth of &. e i e g a n s  1193 i n  con t inuous  l i g h t  at 32 C. 

C u l t u r e s  were grown i n  e i t h e r  complete medium (BC) ( 0 )  

o r  m i n b a l  medium ( B M )  ( 0 ) .  D i l u t i o n  from t h e  e a r l y  

s t a t i o n a r y  phase c u l t u r e  t o  f r e s h  BC medium Is i n d i c a t e d  

by t h e  dashed l i n e .  



f t M E  (HOURS) 
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SynciLronized growth of a v a r i e t y  of organisms has been ach ieved  by 

i n i t i a t i n g  a c u l t u r e  wi th  a uniform sub-popula t ion ( ~ a m i y a  e t  a1.,1961). 

At tempts  t o  e n r l c h  p o p u l a t i o n s  of Eudorina f o r  uniform sdb-popula t ions  

by d i f f e r e n t i a l  c e n t r i f u g a t i o n  o r  n a t u r a l  sedimentation of t h e  coenobia  

'lnFful , C e n t r i f u g a t i o n  r e s u l t e d  i n  s e d i m e n t a t i o n  of 

e s s e n t i a l l y  a l l  t h e  coenobia ,  r e g a r d l e s s  of t h e  speed o r  d u r a t i o n  of  t h e  

c e n t r i f u g a t i o n ,  A l s o ,  a uniform c o r r e l a t i o n  between t h e  c o e n o b i a l  
, . 

size and t h e  r a t e  of t h e i r  s e t t l i n g  th rough  a column of water was n o t  

observed.  

A l a r g e  p r o p u r t i o n  of a c o e n o b i a l  p o p u l a t i o n  cou ld  be induced t o  

d i v i d e  synchronously  upon regrowth i n  BC f o l l o w i n g  c o l d  shocks  at 

4 C f o r  24 h ,  o r  s t a r v a t i o n  in phosphate  buffer f o r  15-20 h. It is 
. 

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

r e g o w t n  would s y n ~ ; ~ o n i z e  t h e  a a j o r i t y  of t h e  popu la t ion .  However, 

t n e s e  exper iments  were n o t  c a r r i e d  o u t  s i n c e  a more conv:enient and 

presumably less  t r a u r a t i c  ~ e t n o d  t o  o M a i n  synchronously  d i v i d i n g  

p o p ~ l a t i o n s  was developed,  

Vnen an asyrichronous c u l t u r e  was grown t o  s t a t i o n a r y  phase ,  t h e  

~ o p u l a t i o n  becaple q u i t e  ur,iform. Tne c m n o b i a l  s i z e  was small, 

~ n ~ a c t e r i s t i c  of  newly r e l e a s e d  o rgan i sns .  D i l u t i o n  of t h i s  p o p u l a t i o n  

t o  abou t  100 o r g a n i s m  per nl, 8 t o  1 2  h  before t h e  o n s e t  of t h e  dark 

p s r i o d ,  r e s u l t e d  i n  synwzonous  r e l e a s e  of  d a u g h t e r  coenobia  soon after 

t5e  rtext Ilgat period 'beg=, As d e p i c t e d  i n  Fig.  fI'-1, t h e  synchronous 

release was re-peat& d.x4Lng t h e  n e x t  l i g h t  pe r iod .  The inc rements  

u s u a l l y  ojtained from sucn p o p u l a t i o n  ranged from 1 0 ~  t o  25X s u g g e s t i n g  

tce s t a t i o n a r y  popa~1a:ion c o n t a i n e d  e i t n e r  a m a j o r i t y  of 16-ce l l ed  



F i g u r e  11-3. The e f f e c t  of i n i t i a l  popu la t ion  d e n s i t y  on syn- 

chronous growth of E, e l e g a n s  1193. A l i q u o t s  of 

t h e  same washed c u l t u r e  ( 0 )  were t r a n s f e r r e d  t o  

f r e s h  BC medium and grown at 32 C on a 16r8 l i g h t :  

dark c y c l e .  The l i g h t s  were o f f  from hour 8 u n t i l  

nour  16 and from hour 32 u n t i l  hour 4.0. ~ h e ' f l l l e d  

symbols (0 )  r e p r e s e n t  t h e  growth of a c u l t u r e  s t a r t e d  

from a c u l t u r e  t h a t  had completed a p r e v i o u s  syn- 

chronous i n c r e a s e  at a low organism d e n s i t y  ( c f .  F ig ,  4). 
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Figure II&. The e f f e c t  of p o p u l a t i o n  d e n s i t y  on growth i n c r e a s e  

of E .  e l e g a n s  1193 d u r i n g  subsequent  c y c l e s .  A 

synchronous c u l t u r e  mainta ined a t  low d e n s i t y  was 

d i l u t e d  i n t o  f r e s h  3 2  medium and incuba ted  at 32 C 

on a 16:8 1 i g n t : d a r k  c y c l e ,  Da i ly  d i l u t i o n  of t h e  

c u l t u r e  mainta ined synchronous growth. The i n c r e a s e s  
\ 

during eacn c y c l e ,  c o r r e c t e d  by add ing  t h e  i n c r e a s e  / 
l' 

due t o  late d i v i s i o n ,  were 2 4 ~ ,  25X, and 12X r e s p e c t i v e l y .  





organisms o r  va r ious  propor t ions  of 16- and 32-cel led organisms. 

Di lu t ion  of t h e  c u l t u r e  after t h e  second cyc le  maintained t h e  synchronous 

p a t t e r n  (F ig .  11-1). Although t h e s e  d i l u t i o n s  were necessary t o  main- 

t a i n  t h e  concen t r a t i on  of organisms wi th in  t h e  range  f o r  exponent ia l  

growth, t h e  l i g h t  cycleswere c r i t i c a l  f o r  t h e  maintenance of t h e  above 

synchrony of t h e  system (~ ig .11-2) .  In  t h i s  ca se ,  t h e  same populat ion 

used t o  i n i t i a t e  t h e  c u l t u r e  grown on t h e  L I D  cyc l e  ( ~ i g .  11-1) was 

d i l u t e d  and grown i n  continuous l i g h t .  The i n i t i a l  lag before  resumption 

of ~ o w t h  was s t i l l  ev ident ,  but t h e  subsequent growth was exponent ia l  

I f o r  about 40 h. When t n i s  c u l t u r e  was d i l u t e d  a f t e r  r each ing  t h e  

e a r l y  s t a t i o n a r y  phase,  t h e  same l a g  followed by an exponent ia l  phase 

groKth p a t t e r n  was repea ted  ( ~ i g .  11-2). I f  d i l u t i o n  occurred dur ing  

the  exponent ia l  phase,  t h e  l a g  phase no longer  occurred and growth 

continued exponent ia l ly .  

Maintenance of synchronous growth usua l ly  involved d a i l y  d i l u t i o n ,  

f'ollouing r e l e a s e  of t n e  daughter  coenobia,  t o  .a s t a r t i n g  d e n s i t y  of 

2 3 from 5x10 t o  10 coenobia per m l .  Th is  u sua l ly  involved about  a 25X 

dilution.When e synchronously growing c u l t u r e  w a s  l o s t ,  a new one could 

be i n i t a t e d  from a s t a t i o n a r y  phase cu l tu re .  Microscopic examination 

of t he '  s ta t ionary-  phase c u l t u r e  ensured t h a t  t h e  populat ion was unif orm, 

and t h a t  it had not  begun senescent  dec l ine .  This  d e c l i n e  was recognized 

by t h e  presence of abnormal coenobia f ragmentat ion.  

Evalust  ion  - of Synchrony 

A s  noted i n  t h e  previous s e c t i o n ,  t h e  i n i t i a l  c r i t e r i o n  f o r  

syncbony  was tne pericxiic r e l e a s e  of daughter coenobia over a br ie f  

per iod every 24 n. A more d e t a i l e d  examination of t h e  n a t u r e  and t iming 



,. 
of nuc lear  and c e l l  d i v i s i o n  was ca r r i edaou t  on popuLations syn- 

chronized by d i l u t i o n  and groKth  in%^ medium on a 1 ight :dark  (16t8)  

cycle .  The number of n u c l e i  per  developing daughter  colony was 

counted as a func t ion  of t ime i n  a l i q u o t s  taken a t  i n t e r v a l s  from a 

synchronous populat ion.  The frequency d i s t r i b u t i o n  is presented i n  

Fig,  11-5. In  t h i s  populat ion,  about 8% of t h e  c e l l s  d iv ided  t o  

form 32-celled daughter  coenobia,  t h e  remainder forming 16-cel led coenobia. 

The c u l t u r e  could be d iv ided  i n t o  two p r i n c i p a l  c e l l  popula t ions ;  about 

25% s t a r t e d  d i v i s i o n s  dur ing  t h e  f i r s t  hour ( ~ i g ,  11-31, while  65% 

s t a r t e d  dur ing  t h e  second hour. Less than  5% began t h e  sequence 

t h i r d  hour. Very few c e l l s  d iv ided  before t h e  major segments of t h e  

populat ions,  and about 2% of t h e  population remained undivided a f t e r  

t h e  t h i r d  hour. 

The overlapping of t h e  d i s t r i b u t i o n s  of t h e  va r ious  nuc lear  c l a s s e s  

r e f l e c t e d  t h e  asynchrony of t h e  populat ion,  as wel l  as t h e  inherent  

~ a d i e n t  of development e x i s t i n g  wi th in  each organism involved i n  

vege ta t ive  r e p l i c a t i o n ,  The pragression of t h e  d i v i s i o n  numbers where 

t h e  2-nucleate daughter coenobium became 4-nucleate ,  then  8-nucleate,  

and s o  on, suggested t h a t  t h e  frequency d a t a  could be r e p l o t t e d  as a 

progression of s e q u e n t i a l  events ,  To do t h i s  t h e  number of 32-nucleate 

d a g h t e r  coenobia present  at eacn t ime was ad jus t ed  by adding t h e  

number of 16-nucleate embryos present  i n  t h e  sane sample. The 16-nucleate 

embryos were s l a i l a r l y  "cor rec tedn  by adding t h e  8-nucleate  eabryos 

seen i n  t h e  appropia te  sanple  t o  t h e  "corrected" 32-nucleate coenobia. 

This  procedure was repea ted  u n t i l  f i n a l l y  t h e  co r r ec t ed  2-nucleate s t a g e  

was obtained, These transformed data a r e  presented as Figure 11-6. 



Figure  11-5. Frequency d i s t r i b u t i o n  of n u c l e a r  numbers i n  d e v e l -  

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

of - E, elegans 1193, The n u c l e a r  numbers a r e :  

a o n o n u c l e a t e  p r e m i t o t i c  (o  ),  2 n u c l e a t e  ( o ) ,  4 

n u c l e a t e  (o) ,  8 n u c l e a t e  ( A ) ,  16 n u c l e a t e  ( v ) ,  

and 32 n u c l e a t e  (*). 
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The regress ion  l i n e s  were c a l c u l a t d  f o r  t h e  l i n e a r  po r t ions  of t h e  

curves,  and from t h e  s lopes  of t h e s e  l i n e s  t h e  X-intercepts were 

determined. In t h i s  populat ion of m d o r i n a  t h e  t rea tment  of t h e  d a t a  
a. 

introduced a s l i g h t  e r r o r  because not a l l  t h e  16-ce l led  daughter coenobia 

became 32-celled. Since it appeared t o  be a cons tan t  e r r o r  f o r  a l l  

values no c o r r e c t i o n  was at tempted,  
- 

Division I n t e r v a l s  

An es t imate  of t n e  du ra t ion  of each nuc lear  d i v i s i o n  ( i . e ,  i n t e r -  

phase t o  i n t e rphase )  was made by t h e  fol lowing methods. FFrs t ,  t h e  

i n t e r v a l  can be obtained d i r e c t l y  from t h e  d i f fe rences  i n  t h e  values of 

t h e  X-intercepts  of t h e  r eg re s s ion  l i n e s  ca l cu la t ed  from t h e  progression 

of t h e  nuclear  number c l a s s e s   a able 11-1). Second, t h e  a r e a s  under 

t h e  frequency distribution carves  r ep re sen t  t h e  r e l a t i v e  du ra t ion  of each 

s t age ,  Therefore,  each a r e a  a s . a  f r a c t i o n  of t h e  t o t a l  of t h e  a r e a s  was 

=C 
determined by weighing t h e  curves of each nuc lear  number c l a s s .  Each 

a r e a  d iv ided  i n t o  t h e  t o t a l  average t ime f o r  t h e  d i v i s i o n  sequence 

gave an es t imate  of t h e  t ime r equ i r ed  f o r  each d iv i s ion .  The t ime 

from t h e  disappearance of 50$ of t h e  mononucleated c e l l s  t o  t h e  appear- 

ance of % of t h e  32-nucleated daughter coenobia gave a value f o r  t h e  

i n t e r v a l  from t h e  end of t h e  first mi tos i s  t o  t h e  end of t h e  f i f t h  

mi tos i s .  Inspec t ion  of F$gure 11-5 showed t h i s  t ime t o  be 62 s i n .  

The dura t ion  of t h e  c a l c u l a t e d  i n t e r v a l s  between succes s ive 'd iv i s ions  

is  given i n  Table 11-2. A t h i r d  measure of t h e  i n t e r v a l s  was obtained 

by d i r e c t  observa t ion  of t h e  t ime between cy tok ine t i c  events occurr ing 

i n  t h e  development of t h e  ind iv idua l  daughter coenobia. This  assumed 

t h a t  karyokines is  and cy tok ines i s  were coupled i n  t h i s  r a p i d l y  d iv id ing  
", 



F i g u r e  11-6. P r o g r e s s i o n  of m i t o t i c  e v e n t s  r e p l o t t e d  from Figure  

5 as d e s c r i b e d  i n  t h e  t e x t .  The n u c l e a r  numbers 

a r e !  2 n u c l e a t e  ( o ) ,  4 n u c l e a t e  (n), 8 n u c l e a t e  ( A ) ,  

16 n u c l e a t e  ( v  ), and 32 nuc lea te (* ) .  The dashed 

l i n e s  r e p r e s e n t  t h e  r e g r e s s i o n  l i n e s  determined 

from t h e  i n c r e a s i n g  p o r t i o n s  of each curve.  





TABLE 11-1 The i n t e r v a l  between successive nuc lear  and c e l l  

- d i v i s i o n s  i n  Eudorina ca lcu la ted  from t h e  d a t a  i n  

Figs.  11-6 and 11-8. 

- 
I n t e r v a l  Duration  in) * 

Nuclear ( c e l l )  Nuclear C e l l  
Number 

16 - 32 
T o t a l  

The valves were obtained from Figs. 6 and 8 as t h e  

t ime sepa ra t ing  t h e  ex t r apo la t ion  of t h e  r eg re s s ion  ' , 

l i n e  f o r  each s t a g e  t o  t h e  X a x i s  (frequency = 0).  

The valves are given t o  t h e  nea re s t  minute. 



TABLE 11-2 The i n t e r v a l  between s u c c e s s i v e  n u c l e a r  d i v i s i p n s  i n  
p' 

Ehdorina  c a l c u l a t e d  fkw t h e  f requency  d i s t r i b u t i o n  

c u r v e s  In f igs .  11-5 and 11-7. 

I n t e r v a l  H e l a t  i v e  Time 
l ~ u c 1 e a . r  Nmbers) Area (min) 

The v a l u e s  

1.381 18 
T o t a l  EF 

-~ . 
were ob ta ined  by weighing t h e  f requency 

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

(62  min) r e q u i r e d  f o r  t h e  d i sappearance  of 50% of 

t n e  mononucleate c e l l s  and t h e  appearance of 50% I 

of  t h e  32 n u c l e a t e  daughte r  coenobia. 
I 



s y s t e n .  In  o r d e r  t o  keep a g i v e n  c e l l  and its d e r i v a t i v e s  under  

o b s e r v a t i o n  t h e  p a r e n t  coenobium had t o  be compressed between a cover  
2 

g l a s s  and t h e  s l i d e ,  D i v i s i o n  d i d  c o n t i n u e  under  t h e s e  conditions, but  

'was slowed down and r e q u i r e d  abou t  t w i c e  as l o n g  t o  complete  t h e  

p r o c e s s e s  as t h e  t i m e  ob ta ined  by t h o  p rev ious  methods  a able 11-3). 

Assuming a uniform I n t e r v a l  s e p a r a t i n g  d i v i s i o n s ,  a n  a v e r a g e  i n t e r v a l  

was ob ta ined  by d i v i d i n g  t h e  observed i n t e r v a l  of 62 min by t h e  number 

of d i v i s i o n s ,  i , e ,  k , ,  o c c u r r i n g  i n  t h e  i n t e r v a l ,  An a v e r a g e  t ime  of 

1 j. 5 min s e p a r a t e d  d i v i s i o n s .  

L i g h t  mic roscop ic  examina t ion  of Feulgen s t a i n e d  c e l l s  sugges ted  

t?.at c y t o k i n e s i s  d o e s  f o l l o w  a l m o s t  immediately a f t e r  each n u c l e a r  

d i v i s i o n ,  The i n f o r m t i o n  concern ing  t h e  number of c e l l s  p e r  deve lop ing  

coenobium, d e r i v e d  from t n e  same p o p u l a t i o n  used  t o  examine n u c l e a r  

n m b e r s ,  is p r e s e n t e d  i n  ' i gu res  11-7 and 11-8, A s  expec ted  t h e s e  c u r v e s  

a e p i c t 5 n g  c e l l  numkers were ve ry  slmilar t o  t h o s e  f o r  n u c l e a r  number 

s e r  deve lop ing  coenobiua ,  The t i m e  between c y t o k i n e t i c  e v e n t s  was 

. ~ s u a l l y  3 t o  5 a i n  l o n g e r  than t h e  i n t e r v a l  f o r  co r respond ing  n u c l e a r  

e v e n t s ,  Tne d i s c r e p a n c y  of t i m e s  at t h e  8 t o  1 6 - c e l l e d  s t a g e  m y  be due 

t o  a r e d u c t i o n  i c  1 6 - c e l l e d  o r g a n i s m  caused by t h e i r  r e l e a s e  as mature 

Y i t o t i c  index 

.-_ >.e nunber of n u c l e i  engaged i n  d i v i s i o n  a t  each s t a g e  i n  t h e  deve- 

io? ing  coe505ia nss ~ i z e  uniform and averaged 12.4%  a able 11-4). 

Al tnougz t n e  n l c l e a r  " ,visions w i t h i n  each deve lop ing  embryo were 

spc:corious t r ,e deve lop ing  embryos w i t h i n  a s i n g l e  coenobium were no t  

s:rr.cmo?.ous d ~ e  t o  a s t a g g e r i n g  of t n e  e n t r y  of t h e  c e l l s  i n t o  d i v i s i o n ,  

t 



-. 

TABLE 11-3 The tlme required f o r  successlve c e l l  d i v i s i o n s  
r 

obtained from d i r e c t  observat ion of g o n i d i a l  cleavage. 

/ 
Stage No. 6 embryos, ~ i m e ( ~ i n ) i  - S, E. 

observed ' 



Figure 11-7. Frequency d i s t r i b u t i o n  of cell number i n  developing 

daughter  co lon ie s  of a synchronous popula t ion  of 

E a  elegans 1193. SyBibols are  t h e  same as  i n  I - 
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Figure 11-8. pogresaion of cell division events  r e p l o t t e d  from, 

Figure 7 as described in t h e  t e x t .  Symbols a r e  

t h e  same as i n  Figure 6. 
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TABLE 1 1 4  The percentage of c e l l s  enga@;ed In m i t o t l a  of t h e  

2 ,  4 ,  8 and 16 celled s t a g e s  of development. 

C e l l  Stage % Mito t i c  F igures  

2 13.6 

Average 

An aliquot of a synckironous c u l t u r e  uas f i x e d ,  

nydrolysed and stained by t h e  Feulgen procedure. 

About 100 developing daughter coenobia: at each 

stage w e r e  scored. 



Release of t h e  daughter coenobia from t h e  pa ren ta l  envelope usua l ly  

d i d  not  occur u n t i l  development of a l l  t h e  coenobia wi th in  t h e  

envelope was complete. 
4 

DISCUSS ION 

~ o ~ u l a t i o n s  of Eudorina elegans 1193, grown a t  32 C carr be 4s 
synchronized by l i g h t d a r k  cyc l e s  (16:8) provided an enriched medium 

suppor ts  g r o ~ t h  and t h e  p re -d iv i s ion  populat ion dens i ty  is main- 
/ 

3 t a ined  below about 10 organisms per  m l .  Under t h e s e  cond i t i ons  c e l l  

d i v i s i o n  usua l ly  occu r s .du r ing  t h e  l i g h t  phaae. 

,The establ ishment  of procedures t o  synchrpnize Eudorina is 

viewed as a technique p e m l t t i n g  s t u d i e t  of t h e  r e l a t i o n s h i p  between 
v 

DNA syn thes i s  and c e l l  d iv is ion .  Therefore,  a s y s t e  c- s tudy i n t o  
T 7 

t h e  enviromental f a c t o r s  uhich may r e g u l a t e  t h e  induct ion of c e l l  

d i v i s i o n  w a s  not undertaken. However, s eve ra l  observa t ions ,  both 

casual and s y s t e m t i c ,  g ive  some in s igh t  i n t o  f a c t o r s  which inf luence  

t h e  degree of synchrony as we l l  as t h e  time dur ing  t h e  l i g h t t d a r k  

cyc le  where d i v i s i o n s  occ l s .  These w i l l  be d iscussed  b r i e f l y  

because of t h e i r  p o t e n t i a l  usefu lness  i n  any subsequent s t u d i e s  on 

syncnrony and development i n  Ehdorina. 

Synchronization of many photoautrotrophic organisms is bel ieved 

t o  occur by l i m i t i n g  t n e  growth i n  t h e  l i g h t  t o  a degree coslpatible 

with maintenance of eowth and p red iv i s ion  development only  ernst stein, 

1960~Schmidt,1961).  The organisms that reach t h i i  l e v e l  of develop- 

ment t hen  d i v i d e  dur ing  t h e  ensuing dark period. Grouth dur ing  t h e  

dark pericd i s  discouraged by culturing t h e  organisms on a minimal 

medium. Repet i t ion  of t h e  photoautotrophic growth per iods  and t h e  



dark ,  nongrouth (but  d i v i d i n g )  per iods  eventua l ly  e n t r a i n s  t h e  

populat ion t o  a r e l a t i v e l y  high degree of synchrony. 

However, Eudorina must be grown mixotrophical ly  i n  order  t o  

ob ta in  a s i g n i f i c a n t  propor t ion  of t h e  populat ion capable of under- 

going d i v i s i o n  dur ing  a s i n g l e  24 h growth cyc le*  In a d d i t i o n ,  c e l l  

d i v i s i o n  usua l ly  occurs  dur ing  t h e  l i g h t  period. Synchronization of 

~ h l c k e l l a  us ing  mixotrophic condi t ions  has been r epo r t ed  ( ~ e n g e r  and 

 ish hop, 1969). Although t h e  add i t i on  of 0* 5% glucose allowed c e l l  

ma te r i a l  product ion t o  cont inue dur ing  t h e  d@c per iod ,  c e l l  

d i v i s i o n  s t i l l  occurred i n  t h e  dark. This  suggested t h a t  Ch lo re l l a  

is dependent on l i g h t  f o r  s u f f i c i e n t  g r o e h  t o  support  c e l l  dbvision. 

The n e c e s s i t y  of a r e g u l a r  photoperiod f o r  t h e  maintenance of 

syncirrony i n  Eudorina is evident ,  but t h e  exact  r o l e  of t h e  l i g h t t  

dark cyc le  i n  sync'hrony induct ion  is unclear.  Perhaps t h e  l i g h t  per iod 

is  r equ i r ed  t o  supplement t h e  energy requirements of t h e  c e l l s  and 
t 

t o  reduce t h e  organism s genera t ion  time t o  wi th in  a c i r c a d i a n  

period. The f a c t  t h a t  synchronized c e l l  d i v i s i o n s  can be i n i t i a t e d  

us ing  e i t n e r  continuous l i g h t  o r  1ight :dark regimes sugges ts  t h a t  

t iming  of events  i n  Eudorina may not  be t r i gge red  by t h e  l i g h t r d a r k  

s h i f t s .  A cons tan t  time period between c e l l  d i v i s i o n s  and t h e  onset  

of t h e  l i g h t  per iod  was repor t ed  f o r  Ch lo re l l a  ( ~ a m i y a  & Q.. ,1961). 

Its absence i n  Eudorina suggests  t h a t  Eudarina l acks  a s p e c i f i c  pace- 

atafcer ( ~ e i t g e b e f ) .  Consequently, Eudofina may respond more r e a d i l y  

t o  r e l a t i v e l y  minor changes i n  t h e  c u l t u r e  environent.  The a b i l i t y  

of an organism n o t  t o  d iv ide  or  of an ind iv idua l  c e l l  wi th in  a 

coenobium t o  adjust t h e  number of nuclear  d i v i s i o n s  t o  4 under 
c;< 



cond i t i ons  of s l i g h t  crowding o r  t o  5 when populat ion d e n s i t i e s  a r e  

low is  perhaps one such response,  These adjustments  may enhance 

synchrony s i n c e  t h e  m i t o t i c  g a d i e n t s  which e x i s t  wi th in  each coenobium 

may be dampened by t h i s  capac i ty  of each c e l l  t o  independently complete 

e i t h e r  4 o r  5 a i t o t i c  d i v i s i o n s .  I t  is a l s o  p o s s i b l e  t h a t  a l l  t h e  

c e l l s  of organisms s t a r t i n g  d i v i s i o n  later than  t h e  major i ty  of t h e  

populat ion may be s t imu la t ed  t o  complete only 4 d iv i s ions .  For t h e s e  

organisms, daughter  c o e n o b i a b r e l e a s e  would co inc ide  more c l o s e l y  

with t h e  bulk of t h e  populat ion.  S p e c i f i c  information r ega rd ing  t h i s  
- 

latter p o s s i b i l i t y  was not  sought and it remains specu la t i on .  

EVALUATION Or" SYNCHRONY 

Since t h i s  work r e p o r t s  t h e  first sys t ema t i c  a t tempt  t o  synchronize 

Eudorina, a n  eva lua t ion  of t h e  success  w i l l  be compared t o  an  

" idea l ly"  synchronized c u l t u r e ,  The criteria used a r e  t hose  of ( ~ e n g e r  
9 

and   is hop, 1969). (1) A l l  c e l l s  i n  t h e  populat ion should d i v i d e  wi th in  

one genera t ion  t ime ,  ( 2 )  t h e  number of m i t o t i c  products  should be 

cons tan t  f o r  each c e l l  i n  t h e  populat ion,  (3)  opt lmal  gr&h cond%tions 

r e s u l t i n g  i n  t n e  s h o r t e s t  genera t ion  time shodld be achi'eved and main- 

t a i n e d ,  (4) t h e  synchronizing procedure should cause a minimum amount 

of change i n  t h e  phys io log ica l  s t a t e  of t h e  cells, -andL (5) t h e  du ra t i on  

of t n e - b u r s t  of c e l l  d i v i s i o n  should be as s h o r t  as poss ib le .  , 

I n  Eudorina u s u a l l y  l e s s  t nan  396 of t h e  c e l l s  do no t  d i v i d e  wi th in  

one gxowth cycle .  Houever, t h e  number of m i t o t i c  products  v a r i e s ,  

belng e i t h e r  16 o r  32, The growth condi t ions  appear t o  be near optimal  

s i n c e  a t tempts  t o  l u r t h e r  en'nance t h e  growth r a t e  were unsuccessful .  

In a d d i t i o n ,  a comparison of t h e  ~ o w t h  r a t e  of - E. e legans  1193 w i t h  



t hose  t abu la t ed  f o r  o the r  green a lgae  (~oogenhau t  and Amesz,l965) 

r e v e a l s  t h a t  very few a lgae  achieve t h e  growth r a t e  found i n  t h e  

present  study. The major a l i g n i n g  f o r c e  f o r  synchrony i n  f i d o r i n a  

appears t o  be a l t e r n a t i n g  l i g h t r d a r k  cycles .  The phys io logica l  changeswere 

considered t o  be minimal because t h e  growth medium is enriched,  

and the re fo re  t h e  metabolic dep r iva t ion  encountered upon s h i f t  t o  t h e  

dark is reduced, The synchronized populat ion r e q u i r e s  about 2.5 h 

t o  complete c e l l  d iv i s ion .  Therefore it is considered t h a t  Eudorina 

elegans 1193 approaches t h e  i d e a l  f o r  a synchronized s y s t e ~ .  

The synchronizat ion index ( SI) f orwulated by ~cherbaum-'  (1962; 1964) 

is a means of comparing t h e  degre$ of synchrony achieved i n  d i f f e r en t  

systems , 

where: n = f r a c t i o n  pf c e l l s  d iv id ing  synchronously 
m 

+ 1, t = dura t ion  of t h e  spread of d i v i s i o n  even t s ,  and C = gt = 

genera t ion  t ime dur ing  normal logar i thmic  growth. 

In Eudorina t h e  per iod  over h i c h  nuc lear  d i v i s i o n  occurred f o r  

about 9% of t h e  populat ion is 2.5 hours. A value f o r  n = 1,97 
& 

(0.97 + 1) i s  " typi  1 and C = 24 h is  r e g u l a r l y  achieved. The c a l -  YY 
cu la t ion  S I  value = 0.88. The mitotkc g rad ien t s  found i n  Eudorina 

can con t r ibu te  as much as 0.75 h t o  t h e  spread of d i v i s i o n  events ,  a 

f e a t u r e  which reduces t n e  S I  values from 0.91 t o  0.88. However, t h e  

SI value of O.@8 compares favourably with t abu la t ed  values rang  i n g  from 

0.20 t o  0.80 ( ~ c h e r b a u a , l 9 6 2 ) ,  while  a S I  va lue  of 0.83 r epor t ed  f o r  

was considered "perhaps t h e  h ighes t  of any 

spec ies  t o  da$eM ( B e r n s t e i n , l % ~ ) ,  A S I  value of 0.63 has been obtained 



f o r  g. e leaans  ( ~ a y n s  and Godnard ,l965), but t h e  c r e d i b i l i t y  of t h e  
a *--? 

value may be questioned s i n c e  they  r e p o r t  a genera t ion  t ime of 5 days 

and maximum values f o r  c e l l  cdvis ion  of 10% per  day. 

On t h e  b a s i s  of t h e  r e s u l t s  r epo r t ed  and d iscussed  here  t h e  present  

system probably r e p r e s e n t s  one of t h e  bes t  examples of induced synchrony 

exhib i ted  by any organism, 

Mi to t ic  Time - 
The m i t o t i c  t h e  is t h e  time requi red  by one nucleus t o  complete 

t h e  k i n e t i c  processes  of d fv i s ion  (prophase t o  te lophase) .  s i n c e  Em 

e legans  undergoes a t y p i c a l  mi tos i s  (cave and Pocockj ~ o l d s t e i n , l 9 6 4 ) ,  

a m i t o t i c  t ime can be c a l c u l a t e d  from t h e  proport ion of n u c l e i  i n  

d i v i s i o n  compared t o  the7+poportion i n  in te rphase ,  given t h a t  the t i m e  

i n t e r v a l  between d i v i s i o n s  is known. The 'proport ion of n u c l e i  i n  

d i v i s i o n  i n  a synchronous populat ion of Eudorina is 12,4$, anl an average 

tizee i n t e r v a l  between d i v i s i o n s  is 15.5 mine The ca l cu la t ed  time f o r  

a 
mi tos i s  is r a p i d  2 min with an in te rphase  period of about 13 win. This  

value d i f f e r s  apprec iab ly  from t h e  m i t o t i c  t ime of 10 min obtained 

by Rayns and Gdward (1965).  They rnade t h e  assumption t h a t  "the s e r i e s  

of n i t o s e s  fo l low i n  r a p i d  succession,  any t ime spent  i n  in te rphase  

being i n s i g n i f i c a n t  compared with t h e  mi to t i c  time". The s t u d i e s  

repor ted  here  show t h a t  about 2W of t h e  t ime u t i l i z e d  by Eudorina f o r  

t h e  d i v i s i o n  sequence involves t h e  k i n e t i c  a spec t s  of t h e  c e l l  cycle ,  

t h e  r e m i n d e r  is t h e  in te rphase  period. These d a t a  do  not  provide 

evidence on t h e  temporal r e l a t i o n s h i p  of DNA r e p l i c a t i o n  and t h e  €T&h 

cycle .  However ,, su-ff i c i e n t  time appears  t o  e x i s t  for r e p l i c a t i o n  of DNA 

t o  immediately precede each nuclear  d iv i s ion ,  



INTROWCTION - ISOTOPIC LABELLING OF NUCLEIC ACIDS I N  - E. ELEGANS 

The problems involved i n  s p e c i f i c a l l y  l a b e l l i n g  t h e  DM of t h e  

a lgae  a r e  wel l  knom ( ~ a n k a  et a l e  ,1964; S h e ~ i d a n  and ~ t e f f e n s e n , l 9 6 5 ) .  

The DM precursors  thynine  or thymidice are incorporat&d i n t o  nuc lear  
r- 

DNA a t  very low e f f i c i e n c i e s ,  This  low l e v e l  incorpora t ion  i n t o  nuclear  

DNA appears  t o  r e s u l t  from t h e  f a i l u r e  of t h e  ex%enously suppl ied  

compounds t o  be phosphorylated -- In vivo, The sa lvage  phosphorylating 

enzyme, thymidine k inase ,  was not  de t ec t ed  when it was s p e c i f i c a l l y  

looked f o r  i n  Ch lo re l l a  ( ~ a n k a  e t  al.  , 1964). However, thymidine 

l a b e l l i n g  of ch lo rop la s t  DNA has been demonstrated i n  some marine a lgae  

( sher idan  and Stef fensen , l965)  and i n  Chlamydomonas  winto ton and 

Hanawalt,l972). In  Eudorina an uncnaracter ized minor f r a c t i o n  was 

l a b e l l e d  with thymidine whicn y ie lded  thymine d inersupon , u l t r a v i o l e t  

i r r a d i a t i o n  ( ~ e m p  -- e t  a1. ,1972). They suggested t h e  f r a c t i o n  might be 

ch lo rop la s t  DNA, a l though no evidence is given. Label l ing of t h e  n u c l e i ~  

a c i d s  of Ch lo re l l a  by exogenously suppl ied  u r a c i l  o r  u r id ine  has been 

achieved ( ~ a n k a  e t  a l e  ,1970). Adenine was e f f e c t i v e  i n  l a b e l l i n g  t h e  

n u c l e l c  a c i d s  of Chhydornonas ( ~ h i a n g ,  1968). 4 

6 
h e  present  s tudy examined t h e  a b i l i t y  of Eudorina t o  incorpora te  

exogenous nuc le i c  a c i d  precursors  i n t o  DNA and RKA. Although low l e v e l s  

of incorpora t ion  were de t ec t ed ,  no c o r r e l a t i o n  e x i s t e d  between t h e  

per iod  of nuc lear  DKA and t h e  uptake of r a d i o a c t i v i t y .  

Eudorina e l e z a s  1193 ( ~ n d i a n a  Universi ty  Cul ture  Co l l ec t ion  of ~ l g a e )  



L 
was used f o r  t hese  s t u d i e s  and w a s  usua l ly  grown as l i q u i d  suspension 

c u l t u r e s  i n  e i t h e r  enriched (BC) medium o r  minimal (BM) medium (Kemp and 

~ e n t n o r t h , 1 9 7 1 )  at 32 C r  The s tandard  l i g h t  i n t e n s i t y  of 100 e rgs  

min-2~-1 uas used dur lng  t h e  1 6  h l i g h t  p  s e  which a l t e r n a t e d  with an 9 
8 h dark phase, Synchronous c u l t u r e s  could be obtained under t hese  

condi t ions  (Chapter 

2 

Radioisotopes : 

Amersham-Searle and 

a c t i v i t y  and p u r i t y  

Tri t ium l a b e l l e d  compounds were obtained from 

t&e'manufacturers s p e c i f i c a t i o n s  of s p e c i f i c  
4 .  

3 were used.. The compounds werer thymine ( H-T), 

23.6 ci/mM; thymidine ( 3 r i - ~ d ~ ) ,  27.8 ~ i / m  f i n i n e  ( 3 H-A), 15 ci/mMt 

3 u r a c i l  ( H-u), 25.8 ~ i / m H ,  

Incorporat ion s t u d i e s !  Cul tures  of E. e legans  were usually_grown - 
for 2 days i n  0.1 t o  2.0 uei/rnl added t o  t h e  BC or  BM media; Uptake 

of t h e  i s o t o p i c a l l y  label ly  compounds was examined by r e ~ o v i n g  a l i q u o t s  
d 

of t he  c u l t u r e  at i n t e r v a l s  fol lowing t h e  a d d i t i o n  of t h e  compound, 

Ext rac t ion  of l a b e l l e d  ma te r i a l  from Eudorina. Labelled c u l t u r e s  

were harvested by c e n t r i f u g a t i o n ,  washed 3 times with Na-phosphate ' -. 
buffer (1.7 X 10-'??, pX7) before e x t r a c t i n g  t h e  c e l l s  by a modified 

/ 
Smi l l i e  and Krotkov (1960) procedure. The fo l lowing  s t e p s  were c a r r i e d  

Z .. 
out a t  h C. The c u l t u r e  was washed 2 t imes with abso lu t e  methanol, 

7 -. 
o x e  with 5% TCA, and once with 95% ethanol .  The r e s i d u e  was ,extfhcted 

f o r  2-3 min w i t h  b o i l i n g  etnano1:ether  (2 : l ) .  Radioac t iv i ty  de t ec t ed  
t -  

i n  a second e t r t m a l r e t n e r  e x t r a c t f o n  was usua l ly  a t  a 

M A  was reaoved by 4 hydrolyses  in 0.2 H KOH at  70 C for 20 min. The , - i - 
a a t e r i a l  k-as eooled,  a c i d i f i e d ,  q w a s n e  with cold 9% e thano l  a f t e r  

\> '- 
h___ 

eacn KCE ex t r ac t ion .  Tne r a d i o a c t i v i t y  was a t  b a c k ~ o u n d  l e v e l s  i n  



t n e  f o u r t n  e x t r a c t .  
# 

DYA was e x t r a c t e d  from t n e  p e l l e t  by h y d r o l y s i s  wi th  5 o r  10$ TCA 

o r  5% PCA f o r  15 min a t  90 C. Th i s  e x t r a c t i o n  was r e p e a t e d  3 t i m e s  r e -  

duc5r.g t h e  r a d i y t i v l t y  i n  t h e  f i n a l  e x t r a c t  t o  bdckground l e v e l s .  The 

r e s i d u e  remain i3g  was cons idered  t o  be t h e  p r o t e i n  f r a c t i o n .  

Ckzomat o g a p h  i c  p rocedures .  Paper chromat ograpny was used t o  

examine t h e  f i d e l i t y  of t h e  i s o t o p i c  i n c o r p o r a t i o n .  The 8NA and DNA 

- - 
samples were f i r s t  l y o p n i l i z e d  t n e n  r e d i s s o l v e d  i n  80% formic  a c i d  and 
a 

~ ~ & - o l ~ z e d  a t - 1 7 5  C f a r  30 w i r .  i n  s e a l e d  g l a s s  tubes .  The p r o t e i n  f r a c t i o n  
- 

was d i s s o l v e d  d i r e c t l y  i n  t h e  fo rmic  a c i d  and hydrolyzed.  The hydrolyzed 

n a t e r i a l  was t a k e n  t o  & m e s s  under a s t ream of n i t r o g e n ,  resuspended i n  

a minimal volune of 0.1:; X21 and s p o t t e d  on Whatmar! 3MF chromatography 

=per.  l k s c e n d i n g  c . x o a a t  warns were developed i n  b u t a n o l  : a c e t i c  a c i d  r 
I 

water  ( ~ O ~ I ~ : ; W / V )  (smitn,l~6?) f o r  18-22 h  at room tempera tu re .  

3ad ioac~iv i :y  a e t e m 2 n a t i o n s .  The d r i e d  ckromatograms were c u t  
B 

i n t o  0.5 cx s e g r e n t s  a ~ 5  e l u t e d  i n  0.5 m l  of  0.1K - EC1 b e f o r e  add ing  10 ml 

of 3ioxane based s c i n t i l l a t i o n  i l ~ i d ,  The samples were counted u s i n g  

a Pac .Wa T r i C a r b  l l s u i d  scintillation c o u n t e r ,  

3 a d i o a c t i v i t y  pleas-enents of l i q u i d  e x t r a c t s  of l a b e l l e d  m a t e r i a l  

were per f  o raea  ty a d d i r 4  a l i q v o t s  d i r e c t l y  t o  t h e  s c i n t i l l a t i o n  f h i d .  

T7.e pro'eir. r e s i d ~ e  >ias f i r s t  s o l u b i l i z e d  with Soluene 100. 

I 89.eriical e s t l ~ t i o z  of n u c l e i c  a c i d s  and p r o t e i n .  DNA was e s t i m a t e d  



I s o t o p i c a l l y  

incorporated t o  a 

111-1). Attempts 

RESULTS 

l a b e l l e d  adenine, thymine,thym d i ne ,  and u r a c i l  were 

l i m i t e d  ex ten t  i n t o  t h e  nuc le ic  a c i d s  of Ehdorina  a able 

were. made t o  increace  t h e  e f f i c i e n c y  of incorporat ion.  - 
These included n u t r i e n t  reduct ion  o r  s t a r v a t i o n  p r i o r  t o  a d d i t i o n  of t h e  

l a b e l l e d  precursor ,  i nc reas ing  t h e  concent ra t ion  of t h e  l a b e l l e d  ma te r i a l ,  

S 
i nc lus ion  of adenosine i n  t h e  incubat ion medium (Lark ,1960 Klenow, 1962), 

and attempted i s o l a t i o n  of a thymine-requiring mutant u s ing  t h e  f o l l c  

a c i d  an t agon i s t ,  amethopterin,  as t h e  s e l e c t i n g  agent  (~achman e t  a1. ,1962). 

Hone of t hese  procedures were successful .  

Despite t h e  low l e v e l s  of l a b e l l i n g  found i n  Eudorina ( i , e .  l e s s  

tnan 1% of t h e  amount expected if incorpora t ion  proceeded t o  equi l ibr ium)  
a * 

t n e  measurement- of. t h e  uptake of adenine and thymidine dur ing  synchronous 

growth was attempted ( ~ i g .  111-1). The i so tope  was present  throughout 

t ne  synchronous c y c l e  and samples were removed a t  i n t e r v a l s  for a n a l y s i s  

of t h e  r a d i o a c t i v i t y  incorporatecHQh t h e  DNA and RNA f r a c t i o n s .  Adenine 

incorpora t ion  was aaximal i n  both RNA and DNA wi th in  8 h o r  l e s s  from 

t h e  time of i so tope  add i t i on ,  The low l e v e l  of thymidine uptake occurred 

m b l y  during 2-5 n per iod immediately fol lowing t h e  add i t i on  of t h e  

i so tope  ( ~ i g .  111-2). The add i t i on  of t h e  i so tope  dur ing  e i t h e r  t h e  

l i m t  o r  dark p e r i d s  of t h e  d a i l y  cyc le  d id  not  in f luence  t h e  p a t t e r d  

of uptake ( x i g o  111-2). Tnerefore,  t h e  period of precursor  uptake 'd id  

got correspond 35th t h e  period of synchronous s y n t h e s i s  of DNA. 

 fro^ t n e s e  r e s u l t s  t h e  quest ion of incorporat ion s non-specific 

binding b e w e  important,  Previous s t u d i e s  had shown t h a t  thymine was 

extens ive ly  metabolized i n  Eudorina m i l e  thymidine could be recovered 



TmLE 111-1 The extent of incorporation of labelled nucleic acid 

precursors into acid precipitable matefiala 

PRECURSOR 

THYMINE 

THYMIDINE 

ADENINE 

URACIL 



Figure 111-1. Tne uptake of labelled adenine intq, RNA (v) and 

into D M  ( t )  and of labelled thymidine into DNA 

( @ )  during synchronous growth, The increase in 

CFU (0) and relative increase of DNA ( x )  are also 

shorn. The shaded bar indicates the dark period 

of tne 16:8 light rdark cycle. Y 
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Figure, 111-2. The uptake of l a b e l l e d  thymidine i n t o  DNA fol lowing 
L - 
t h e  a d d i t i o n  of t h e  precursor  during t h e  l i g h t  per iod 

(e ) and dur ing  t h e  dark period ( 0 ) .  'I'he corresponding 

inc rease  i n  CPJ (0) of t h e  synchronized c u l t u r e  is 

shown. 
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( a s  thymine) i n  f o r n i c  a c i d  d i g e s t s  of t h e  KOH inso luble  ma te r i a l  ( ~ e m p  

e t  a 1  1972). Urac i l  and adenine were shown t o  be u s e f u l  f o r  nuc le i c  - -* , 
a c i d  l a b e l l i n g  i n  Ch lo re l l a  (wade e t  a1. ,1970) and Chlaraydomonas- 

( ~ h i a n g ,  1968) r e spec t ive ly .  Theref o r e  it was decided t o  examine t h e  

f i d e l i t y  of t h e  l a b e l l i n g  obtained us ing  u r a c i l  and adenine i n  Eudorina. 

3 Eudorina was g o w n  f o r  s e v e r a l  days in  t h e  presence of H-uracil  

3 ~ - a d e n i n e  before  being c o l l e c t e d ,  washed, and ex t r ac t ed  as descr ibed  

Mater ia l s  and Methads. Chromatography of formic a c i d  hydro lysa tes  

t h e  RNA, DNA, and p r o t e i n  f r a c t i o n s  gave t h e  r a d i o a c t i v e  p r o f i l e s  

presented i n  Figs.  111-3 and IIIlc. For both compounds t h e  p r i n c i p a l  

peak of r a d i o a c t i v i t y  in t h e  RNA sample corresponded t o  t h e  r e l a t i v e  

mobi l i ty  of t h e  compou~d used $0 l a b e l  t h e  algae.  

In  t h e  u r a c i l  l a b e l l e d  ma te r i a l  t h e  RNA sample ( ~ i g ,  111-3) a l s o  - 

had s i g n i f i c a n t  a c t i v i t y  a s soc i a t ed  with Rf values h igher  t han  u r a c i l ,  

Tne DNA sample not  only had a c t i v i t y  i n  t h e  reg ion  corresponding t o  

u r a c i l ,  but  a l s o  had peaks with lower (0.17) and h igher  (0.6) Rf values,  

The p ro t e in  f r a c t i o n  was contaminated by u r a c i l  and had a d d i t i o n a l  

a c t i v i t y  running as a broad smear ahead of t h e  u r a c i l  peak, 

A major peak corresponding t o  adeHine was removed $n chromato@mns 

of hydro lysa tes  of t n e  RNA arxi DM f r a c t i o n s  from 'H-adenine l a b e l l e d  

Eudorina ( ~ i g .  1114). A second peak . ( ~ f  0.14) was a l s o  present  i n  
% 

t he se  chromatograms. ~ h r o r r a t o ~ h s  of t h e  p r o t e i n  f r a c t  Ion werg c h a r a c t e r i s -  

t i c a l l y  a m e a r  of r a d i o a c t i v i t y  extending from R f  0.1 t o  0.9. 

A s e r i e s  of experiments involving exaninat ion of thymidine uptake 

i n t o  DNA f r a c t i o n s  by heat  k i l l e d ,  a c i d  k i l l e d ,  and hydroxyurea i n h i b i t e d  

organisms was c a r r i e d  out ,  Tne r e s u l t s  were inconclusive but  t h e  recovery 



Figure 111-3. Chromatographic a n a l y s i s  of formic a c i d  hydro lysa tes  

of RNA (o), DNA (@),  and p ro t e in  ( A )  f r a c t i o n s  from * 

a c a l t u r e  grown i n  t h e  presence of l a b e l l e d  u r a c i l .  
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Figure 111-4. Cnromatographic a n a l y s i s  of formic a c i d  hydro lysa tes  
I 

of RNA ( o ) ,  DNA ( e ) ,  and p r o t e i n  ( A )  f r a c t i o n s  from ';r 
a culture grown i n  t h e  presence of labelled adenine. 
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3 of l a b e l  ( H - T ~ R )  suggested t h a t  non-specific t r app ing  could occur, 

Radioautographic examination of s e c t i o n s  of h d o r i n a  fo l lowing  

3 l a b e l i l n g  with e i t h e r  3 ~ - ~ d ~ ,  3 ~ - ~ ,  or H-A showed a r s rdan ,  low d l s t r i -  

but  ion 

of t h e  

graphs 

colony 

of exposed s i l v e r  g r a i n s  over t h e  c e l l s ,  If non-specific t r app ing  - 

l a b e l  could account f -or  some of t h e  uptake observed, t h e  rad ioauto-  

revealed t h a t  t h e  ge l a t inous  shea th  2urrounding t h e  c e l l s  .and t h e  

was not involved. 

DISCUSSION 

2' v&ious a t t empt s  t o  i nc rease  t h e  amount of incorpora t ion  of nuc le ic  
e 

a c i d  bases and nucleos ides  i n t o  macromolecular components of Eudorina 

were unsuccessful.  Perhaps t h e  s imples t  e ~ p l a n a t i o n  is t h a t  gene ra l ,  - 
e f f i c i e n t  sa lvage  pathways nay n a  e x i s t  i n  Eudorina, ; \his w a s  previously 

suggested t o  be t n e  case  i n  some marine a l g a l  nuc lear  systems ( ~ t e f f e n s e n  

and ~ h e r i d a n , l 9 6 5 ) .  'The f a i l u r e  t o  d e t e c t  t h e  sa lvage  enzyme thymidine I 

kinase  i n  C h l o r e l l a  (~anka et  a1. ,1964) suppor ts  t h i s  suggest ion.  

Many of t h e  experiments repor ted  i n  t h i s  chap te r  are Incomplete. 

However, t h e  low l e v e l  of uptake i n t o  t h e  m a c r o m o l e c u l ~  f r a c t l o n  and 

t n e  unce r t a in ty  regard ing  t h e  p u r i t y  of t h e  f r a c t i o n s  Shows t h i s  approach 

t o  be imprac t ica l ,  Speculat ion regard ing  metabolic DNA i n  a lgae  

(1wamura,l965), o r  non-specif ic  binding of t h e  l a b e l l e d  compounds t o  , 

carbohydrates  (counts  and ~lanua ,  1566) o r  p r o t e i n     or ley and Kingdom, 

1972), a r e  a l s o  unwarr3nted i n  t h e  present  case,  Ins tead ,  i n  subsequent 
k 

chap te r s ,  colour  irnetrlc a!nd microspectrophotometric es t imat ions  of D M  

r e p l i c a t i o n  w i l l  be presented,  



Tne d e v ~ l o w e n t  of methods t o  o b t a i n  synchronous growth of Eudorina 

e l e g a n s  (Cha?ter 11) a f f o r d s  t h e  o p p o r t u n i t y  t o  examine t h e  t i m e  

c o u r s e  of DNA s y n t h e s i s  accompanying t h e  of c e l l  d i v i s i o n s  

i n  t h i s  organism, Each c e l l  of a 16- o r  d i v i d e s  

4 o r  5 t i m e s  w i t h i n  a t o t a l  time of 1 h. The p l a k e a l  ( f l a t - p l a t e )  s t a g e s  

formed i n v e r t ,  and a r e  r e l e a s e d  as daughte r  (16- o r  3 2 - c e l l e d )  coenobia.  8 * 

T h i s  p r o c e s s  r e q u i r e s  2 t o  4 hours  i n  a synchronous p o p u l a t i o n  and 

is  fo l lowed  by a n  " i n t e r p h a s e "  of about  20-22 h. The t i m i n g  of e v e n t s  

'L s u g g e s t s  t h e  p o s s i b i l i t y  t h a t  t o t a l  DNA r e p l i c a t i o A  cou ld  occur  d u r i n g  
I 

t n e  "interpk?asen t d  be f o l l b d  by t h e  d i v i s i o  p r o c e s s e s ,  r e d u c i n g  6 
t e e  DNA l e v e l s .  ,The  l a c k  of p r e c i s e ,  t empora l  a l t e r a t i o n  of DNA 

r e p l i c a t i o n  and c e l l  d i v i s i o n  has  been noted 'for Tetrahymena, a f t e r  h e a t  

mock  induced syncrrrony ( ~ e f  f e r y  e t  a1,1970).  Po lyp lo id  c e l l s  have been 

r e p o r t e d  i n  s e v e r a l '  s p e c i e s  of Chlamydomonas and t h e  p roduc t ton  of 

daugqte r  c e l l s  was accompanied by a r e d u c t i o n  i n  cnromosome number 

-+I 
b ( 3 u f f a l o e ,  19%).  - 3owever, s e q u e n t i a l  a l t e r n a t i o n s  _*<DNA s y n t h e s i s  

and n u c l e a r  d l v l s i o n s  were found i n  C h l o r e l l a  ( ~ o h n  e t  al. ,1972) and -- 
have been sugges ted  t o  occur  i n  Cklmydomonas r e i n h a r d i i ' ( ~ a t e s  -- e t  al. ,  

6 %at t n e  i r ' t e r d i v i s i o n a l  i n t e r p h a s e  is n o t  t h e  p e r i o d  of DNA 

r e p l i c a t i o n  has  beer  f w n d  f o r  Volvox c a r t e r i  . ( ~ a t e s  and ~ o c n e r t  ,1972) 

and V, zllreus (Tucker znd ~ a r d e n , l 9 7 2 ) ,  DRA r e p l i c a t i o n  is r e s t r i c t e d  - . . 
T 

t o  t h e  p e r i c d  of g o r , i d i a l  c leavage  i n  t h e s e  c o l o n i z l  organisms, - 
I 



3 e  p r e s e n t  s t &  r e v e a l s  t-at DSA r e p l i c a t i o n  is concomitant  

wl tx  t h e  z i t c t i c  sequezces ,  In  a d d i t i o n ,  s t a n d a r d  n u c l e i c  a c i d  

extract:on prrmed:xes  ! ? n i l l i e  and ?xotkov,1960) fo l lowed  by t h e  i>;;.\ 

e s t i m t i o n  by c i p r . e r , y l & ~ i n e  u e  n c t  s u i t a b l e  f o r  s t u d i e s  w i t h  Eudori-na. 
i 

I r i s t eab ,  t h e  t n e o l e  y-clcedure ( ~ u b i a r d  e t  a1 1972) f o r  DfiA estimation - -* I 

a5 w e l l  a s  mi lcer  e x t r a c t i o n  p r x e d u r e s  axe  necessuy.  
a 

C u l t u r e s  3f 3 i d o r l n ~  e l e g a n s  1143 ( c u l t u r e  C o l l e c t i o n s  of Algae ,  

Indima Y n i v e r s i t y ,  were g o w n  i n  an  enr icned  meciilm c o n s i s t i n g  of a 

. z l x t l u e  of B1=+ .- - 31 ' s sal: s o l u t i o n  (~ain,1?65) and a modif ied  Euglena 

ze<;,Ll~r ( E  : 2 st/-{ <erp  erd ientwort r . ,1971) .  Zamples of t s e  algae 

v e r e  ?=vested z; i r t e r v a l s   fro^ 4 l i t r e  c u l t u r e s  Q-0wir.g sync.nzonously 

2- a 15?.i3z l?<r.::c2.rk r e g i a e  z t  32 2 and c o n c e n t r a t e d  by c e n t r i f u g a t i o n  

I '. - . ~ d c , e i c  a"ds were e x t r a c t e d  f'rm tk.e m a t e r i a l  m i n e  a n c d i f i c a t i o n  

ci tr.e p roced lze  sf 5 i l l i e  arid ;'zo?kov ( 1 9 6 0 ) ~  T-e co ld  (4 C )  metbanol 

- .. e x r a c t l c n  was re;ea:ed : I . ,  fo l lowed oy a c o l a  5% p e r c ~ l o r i c  a c i d  (PCA) 

e x t r a c t i c n .  Tr,e r e s i e - e  uas uaskLed with  co ld  95% e t n a n o l  and e x t r a c t e d  

- .. 
;.I. ir, jailing ~t::=,ioBet%er i 2 : l : .  A f t e r  washing t k e  r e s i d u e  i n  c o l d  5% 

- ,- 
- a  5 0 = .  s ?.is e x t r a c t i o n  s t e p  was r e p e a t e d  and t h e  



r e a c t  ion   arkha ham, 1955) u s i n g  adenoglne a t  t h e  s t andard .  DNA was 

determined by eiti-.er t h e  diphenylamine r e a c t i o n  ( ~ u r t o n , 1 9 5 6 )  o r  t h e  

i n d o l e  t e s t  ( ~ u b ~ a r d  -- e t  a1. ,1972). Polymerized c a l f  thymus DNA was 

tr,e s t a n d a r d  f o r  t h e  DNA d e t e r m i n a t i o n s .  S tandard  e r r o r s  c a l c u l a t e d  f o r  

r e p l i c a t e  samples of t h e  chemical  t e s t s  *,were l e s s  t h a n  574. 

Nuclei  were observed i n  samples f i x e d  i n  3 t l  ( a l c o h o 1 : a c e t i c  a c i d ) ,  

squasned,  hydro lyzed  i n  3.5 g A C l  a t  37 C ( ~ a n d , 1 9 7 0 ) ,  and s t a i n e d  i n  
, 

S c n i f f ' s  r e a g e r t  (%itc. ;W466).  The n u c l e i  i n  about  1 ,000 organisms 

were counted f o r  eact sample t i n e .  

REST!LTS 

Synchronously growing c u l t u r e s  of - E. e l e g a n s  were examined f o r  

cnanges i n  DNA c o n t e n t  u s i n g  t h e  s t a n d a r d  method of S m i l l i e  and Krotkov 

(1960) where t n e  mucleic  a c i d  e x t r a c t i o n  s t e p  used 5% PCA at 90 C f o r  

15 r i n  ( ~ i g . 1 V - 1 )  and DKA e s t i m a t i o n  was 6$ t h e  diphenylamine r e a c t i o n .  

m i n g  t h e  f i r s t  sync'nror.ous p e r i o d  of d i v i s i o n  DHA r e p l i c a t i o n  

fo l lowed  ' tne c e l l  d i v i s i o n s .  I n  additiowDNA r e p l i c a t i o n  as determined 

by t n i s  p-ocedure  was b i p n a s i c ,  The second p e r i o d  of r e p l i c a t i o n  
b 

cvce & t e r  t n e  r e l e a s e  of t n e  daugnte r  organisms. A 30 f o l d  i n c r e a s e  

ir, t n e  conte-nt of both RliA am3' p r o t e i n  a l s o  occured a t  t h i s  t ime  ('see 

-Z+~.IY*), W i n g  t h e  second sync'monous c y c l e  of c e l l  d i v i s i o n s  t h e  

degree  of syncbxony was n o t  as good as i n  t h e  f i rst  c y c l e ,  due  t o  

i n s u f f i c i e n t  d i l u t i o ~  of t n e  c u l t l s e  ( ~ e a p  and ~ e e , 1 ? 7 5 ) .  dowever, DNA 

r e p l i c a t i o n  i q g e d  benlnd c e l l  d i ~ i ~ s i o n s  i c  t n i s  c a s e  as w e l l *  
. _ 

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

s i t u a t i o n ,  t n e . y e l e a s e  of t n e  c h - o m g e n i c  s u b s t a n c e s  d u r i n g  d i s t i n c t  
-1; 

p.-.ases of t n e  c y c i e  was e x a i n e d ,  E x t r a c t i o n  o f ' n u c l e i c  a c i d s  from a 



non-dlviding populat ior .  was c a r r i e d  o u t  & ' ' e i t h e r  70 C o r  90 C f o r  

d i f f e r e n t  t i m e s  and t h e  chromogens r e l e a s e d  a n a l y s e d  by both t h e  

d iphenylan ine  and i n d o l e  t e s t s  (Fig .  IV-2). I n  t h e  two p o p u l a t i o n s  ,.- 

,'- r e p r e s e n t e d  i n  Fig.  IV-2, maximum r e l e a s e  of t h e  chromogenic s u b s t a n c e s  

a t  70 C was reached  a f t e r  a 10 min h y d r o l y s i s  pe r iod .  The DNA v a l u e s  

e s t i m a t e d  by t h e  i n d o l e  procedure  were c o n s i s t a n t l y  h i g h e r  -&an t h e  

e s t i m a t e s  found u s i n g  t h e  diphenylamine t e s t ,  Also,  t h e  chromogen 

r e a c t i n g  i n  t h e  i n d o l e  t e s t  was unc'hanged at 70 C f o r  at l e a s t  150 min, 

wnereas t h e  m a t e r i a l  r e a c t i n g  i n  t h e  diphenylamine t e s t  was p r o g r e s s i v e l y  

masked o r  d e s t r o y e d  a f t e r  20 min at 70 C i n  596 X A .  Hydro lys i s  a t  90 C 

gave maximal v a l u e s  a t  5 min fol lowed by an  immediate d e c l i n e  of t h e  
'9 

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

cnroaogenic  s u b s t a n c e s  a t  h y d r o l y s i s  t empera tu res  above e 0  C as 

r e p o r t e d  f o r  model sys tems ( ~ u b b a r d , l 9 7 2 )  a l s o  occured i n  c e l l  

.- 
h y d r o l y s a t e s  of Eudori ra .  T h i s  w a s  s e e n  as a r e d u c t i o n  i n  t h e  maximum 

DSA v a l u e s  ob ta ined  and t h e  p r o g r e s s i v e  l o s s  of m a t e r i a l  d e t e c t e d  by t h e  

i n d o l e  t e s t  wnen h y d r o l y s i s  was a t  90 C ( ~ i g ,  IV-2). 
I 

Tne same p a t t e r n  was found when d i v i d i n g  p o p u l a t i o n s  were examined 
- 

( F i g .  IV-3), excep t  t n a t  h y d r o l y s i s  t i m e s  t o  o b t a i n  maximal e x t r a c t i o n  

were g e n e r a l l y  longer .  Tne minimum t ime  f o r  maximal e x t r a c t i o n  of 

 orno no genic m a t e r i a l  was a l s o  v a r i a b l e  when d i f f e r e n t  p o p u l a t i o n s  of 

'1 
organisms i n , d i v i s i o z  u e r e  hydrolyzed a t  70 C. Continued h y d r o l y s i s  

beyond t n i s  minimum caused a g r a d u a l  r e d u c t i o n  i n  tk.e diphenylamine 
-. 

r e a c t i o r , ,  bu t  tEe i n d o l e  r e s p o n s e  reached  a m a x l m u n  and. remained c o n s t a n t  

for a t  l e a s t  150 min. 

These d a t a  i n d i c a t e d  t n a t  t h e  c'momogens r e a c t i v e  i n  t h e  diphenylamine 



Figure  I V - 1 .  R e l a t i v e  i n c r e a s e  i n  n u c l e a r  number ( o ) ,  colony forming 

u n i t s  ( v i a b l e  daughte r  coenobia)  ( A ) ,  and DNA ( e )  i n  
.-" 

synchronous popul$t i o n s  of Eudorina  e legans .  DNA was 
I 

B e s t i m a t e d  by tne .d iphenylamine  r e a c t i o n  f o l l o w i n g  

h y d r o l y s i s  of sample i n  5% PCA a t  qO C f o r  15 mln. 





Figure  IV-2. Diphenylamine ( 0 )  and i n d o l e  ( 0 )  e s t i m a t e s  of DNA 

- c o n t e n t  i n  a nondiv id ing  p o p u l a t i o n  of Eudorina  

f o l l o w i n g , d i f f e r e n t  h y d r o l y s i s  t i m e s  i n  5% PCA.  The 

main f i g u r e  snows extended h y d r o l y s i s  times at 70 C. 

Shor t  h y d r o l y s i s  t imes  a r e  shown i n  i n s e r t s  a (70 C )  - 
and - b ( 9 0  C )  f o r  a d i f f e r e n t  popu la t ion .  
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and i n d o l e  r e a c t i o n s  were t o o  u n s t a b i e ,  o r  were i n t e r f e r e d  u f i h ,  when 

h y d r o l y s i s  i n  5% PCA was c a r r i e d  o u t  a t  90 C. Although more i t a b l e  at 

70 C t h e  diphenylamine r e a c t i o n  s t i l l  i n d i c a t e d  l o s s e s  and subsequent  

r e d u c t i o n s  i n  t h e  s p e c i f i c  chromogens. On t h e  o t h e r  hand, as i n  t h e  

non-d iv id ing  p o p u l a t i o n s ,  t h e  chromogens involved i n  t h e  i n d o l e  r e a c t i o n  

from d i v i d i n g  organisms were s t a b l e  a t  70 C f o r  extended per iods .  

Synchronous p o p u l a t i o n s  of Eudorina were re-examined u t i l i z i n g  t h e  

i n d o l e  procedure  t o  a n a y l z e  t h e  DNA c:wornogens e x t r a c t e d  a t  70 C f o r  

60 min ( ~ i g ,  IV-4), Cnanges i n  RNA, p r o t e i n ,  and n u c l e a r  number were 

a l s o  determined a t  i n t e r v a l s  d u r i n g  synchronous growth. 

The major i n c r e a s e  i n  DNA and t h e  i n c r e a s e  i n  d a u g h t e r  c e l l s  occur red  

a lmost  c o i n c i d e n t a l l y  over  a 3 h p e r i o d ,  These i n c r e a s e s  s t a r t e d  a t  t h e  

beginning of t n e  l i g h t  p e r i c d  and both  had t o t a l  inc rements  of abou t  

29 t imes .  The 4 f o l d  i n c r e a s e  which occurred i n  t h e  i n t e r v a l  between 

z e r o  t ime  and t n e  beg inn ing  of t n e  next  l i g h t  phase  may r e f l e c t  

& ~ c h r o n y  i n  t h e  sys tem,  o r  may correspond t o  o r g a n e l l a r  DNA s y n t h e s i s ,  

P r o t e i n s  and RSk showed a g r a d u a l  i n c r e a s e  i n  amounts pe r  c e l l  from 

t h e  t i n e  of i n o c u l a t i o n  u n 5 i l  t h e  r e l e a s e  of t h e  daughte r  coenobia.  A 

more r a p i d  r a t e  of s y n t h e s i s  t h e n  occurred d u r i n g  t n e  n ~ x t  f o u r  hours  

r e s u l t i n g  i n  a doubl ing  of t h e  amounts of RNA and p r o t e i n  p r e s e n t  a t  

t n e  t ime  of daugLter c o e n o b i a l  r e l e a s e ,  The t o t a l  increment of RNA was - 
3 

2 j  t i m e s  and of p r o t e i n s ,  27 t i m e s ,  Th is  is r e a s o n a b l e  agreement wi th  

t n e  i n c r e a s e  i n  cei? number, The i n c r e a s e  i n  t n e  number of v i a b l e  

organisms !-n t ~ i s  c l l l t u r e  was 14~, 



Figure  IV-3. ~ i ~ n e n y f a m i n e  ( 0 )  and i n d o l e  ( 0 )  e s t i m a t e s  of DNA 

c o n t e n t  i n  d i v i d i n g  popula t ion  of Eudoriha f o l l o w i  g P\ 
d i f f e r e n t  h y d r o l y s i s  t i m e s  i n  5% PCA. Main f i& 

shows es tended  h y d r o l y s i s  t lmes  at  70 C. Shor t  

h y d r o l y s i s  times, carried ou t  u s i n g  a d i f f e r e n t  

F 
g o p u l a t i o n ,  are shown in t h e  i n s e r t ,  Dlpnenylamine 

e s t i m a t e s  f o l l o w i n g  50 C h y d r o l y s i s  a r e  r e p r e s e n t e d  

by the d o t t e d  l i n e .  
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F i g u r e  IV-4. R e l a t i v e  i n c r e a s e  i n  DNA ( 0 )  and n u c l e a r  nurabers ( 0 )  

i n  a synchronous p o p u l a t i o n  of Eudorina. H y d r o l y s i s  

* was i n  5% PCA at  70 C f o r  60 min and DNA e s t i m a t e s  by 

t h e  i n d o l e  procedure .  R e l a t i v e  RNA ( v )  and p r o t e i n  T 

(;) increase are also shown f o r  a synchronous  Eudorina 

popu la t ion .  





DISCUSSION 

The increment observed i n  v i a b l e  organisms d u r i n g  a synchronous ' 

c y c l e  of Eudorina e l e g a n s  is dependent upon t h e  average  number of c e l l s  

p e r  organism produced i n  t h e  p r e v i o u s  cycle .  A synchronous p%pulation J 
is  u s u a l l y  o b t a i n e d  by d i l u t i o n s  of a ~ t a t i o n a r y  c u l t u r e  i n  which most ' 

4 I 

organisms a r e  16 c e l l e d .  S i n c e  each c e l l  g i v e s  r i s e  by d i v i s i o n  t o  a 

daughte r  organism, t h e  i n c r e a s e  i n  v i a b l e  organisms is about .  id. However, 

t h e  f r e s h  medium and  t h e  d i l u t e d  c o n d i t i o n  induc ing  synchronous growth 

a l l o w s  a s i g n i f i c a n t  p r o p o r t i o n  of t h e  daughte r  organisms t o  have 32 c e l l s ,  

i, e. $0 have undergone 5 d i v i s i o n s ,  The am&nt of DNA i n c r e a s e ,  expected 
" ,r- 

i n  t h e s e  c a s e s  w i l l  approach 32 times. I n  p r a c t i c e ,  t h e  i n c r e a s e  is  

about  25 t o  30 times s i n c e  n d a l l  c e l l s  d i v i d e  5 t i m e s ,  but  s t o p  a f t e r  

4 d i v i s i o n s  ( Chapter  2 ) .  

The problem i n  t n e  p r e s e n t  s t u d y  has  been t o  o b t a i n  e s t i m a t e s  of 
J " 

t h e  amount and t i m i n g  of t h e  DNA i n c r e a s e s ,  It is c l e a r  t h a t  t h e  

s u b s t r a t e s  r e a c t i n g  wi th  diphenylamine ( p u r i n e  deoxyr ibose)  and i n d o l e  

(5 '  deoxyr ibose  monophosphate) a r e  des t royed  by a n o t  (90 C )  a c i d  

ex t rac t i .on '  ( s e e  Yebb and Lundstrom, 1965; Subbard e t  a1 1972). - -* 1 

Altnougn h y d r o l s i s  in 5% PCA a t  70 C a p p k x s  t o  l i b e r a t e - a n  a p p o r i a t e  
J 

y r  - i 
, -- a@.ount of indole '  re%& i v e  m a t e r i a l ,  t h e  measurable diphenylamine 

r e a c t i v e  m a t e r i a l  i s  low. The r e a s o n  f o r  t h i s  is u n c l e a r ,  bu t  t h e  

d i sc repancy  a p p e a r s  t o  be s t a g e  dependent. I n  noc-d iv id ing  p o p u l a t i o n s  1 

the-  iaaxinal cdn t  

of t h a t  neasured 

, --- 
e n t  geasuzed by t n e  diphenylamine r e a c t i o n  is  about  83% A~ 

by tr.e i n d o l e  r e a c t i o n .  When d i v i d i n g  p o p u l a t i  
, 
, .na' , 

examined, t k e  d i p h e n y l m i n e  r e a c t i o n  g i v e s  a m a x i m 1  DKA e s t i m a t e  which 

is  only  about  one-Falf of t h e  v a l u e  ob ta ined  by t h e  i n d o l e  procedure .  



T n e r e f o r e ,  any DhX increment  i n  Eudorina a s s o c i a t e d  w i t n ,  aRd measured 
-.. 

durlng, c e l l  d i v i s i o n s  w i l l  be i n d e r s s t i m a t e d  by t n e  d i p h e n y l a m d e  
2- 

r e z c t i o n ,  T r i s  r e d u c t i o n  i n  DNA e s t l m a t e s  d l ~ i n g  t h e  growth cycle r e s u l t s  , 
% 

ir.  t he  heasured ' i n c r e r e n t  l a g g i n g  behind t h e  r e a l  increment  i n  DNA 

amounts. d i h L d  ' presumably more a p c u r a t e  e s t i m a t e s  of DNA v a l u e s  

i 
w i t k .  a i p h e n y l a n i n e  a f t e r  complet ion of t h e  d i v i s i o n  

sequences  and r e l e a s e  of t h e  daugh te r  organisms (rig, 1V-1 j ,  /-' 
Another problem i s  t h a t  t h e  op t ima l  e x t r a c t i o n  c o n d i t i o n s  o b t a i n e d  

non-d iv id ing  g o p u l a t i o n  a r e  n o t  op t ima l  f o r  d i v i d i n g  p o p u l a t i o n s .  
1 

C i r c a d i a n  fluctuations i n  t h e  diphenylamine- and "ulgen- DNA v a l u e s  

found f o r  p e r i p n e r a l  l e d c o c y t e i  ( ~ m t a i n e  and ~ w a r t z  ,1972) were 

c o n s i d e r e d  t o  be due t o  conformat iona l  changes i n  t h e  l e u k o c y t e  

cnrornatin. Growti.-'cycle dependent  changes  i n  chromat in  s t r u c t u r e  

nay a l s o  accoun t  f o r  t r e  cnanges  i n  DNA e x t r a c t a b i l i t y  i n  Z u d x i n a .  In 

any  c a s e ,  t h e  stability of t 3 e  7 . a t e r i a l  r e a c t i n g  w i t n  t h e  if idole t e s t  

x t e n  z y d r o l y s i e  is c v r l e d  o u t  a t  70 C seems t o  a l l o w  maximal e x s r a c t i o n  

=% a t  a l l  s t a g e s .  Tfie n i n o r  f l u c t u e t i o n s  i n  e x t r a c t a b i l i t y  d u r i n g  t h e  
i 

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

t h e  l o n g e r  h y d r o l y s i s  t h e  a t  70 C ,  

Y t i i i z i z g  t h e  i n d o l e  r e a c t i o n  t o  e s t i m t e  m a t e r i a l  e x t r a c t e d  from 

s a n p l e s  take?,  fro^ s y ~ c r z o ~ o u s  p o p u l a t i o n  of E, e l e a a n s  1193 t h e  

-12 m.oxnt of D.U ~ r i o r  t3 r e ; l i c z t i o z  is  abou t  0.5 x 10 g p e r  nucleus .  

In a d d i t i m ,  t n e  r e ? l ? c a t i o 6  perid is  c o i n c i d e n t  v i t n  t h e  i n t e r v a l  of 

mc iez r  and ccii 5ivlstorr.  The 5n te rPeS , separa t fng  t n e  i n c r e a s e  ir! DNA 
\ -- 

ar,d t n e  i r c rmase  l r  w c l e a r  nun-xr is  i n  t n e  o r d e r  of 2-3 min.. These 

da:a w e  a l l  ccnsis:zr.r w i t k  t n e  in :erpre ta t ion t h a t  eacn n u c l e w  d i v i s i o n  - 



is prece.',ed 'cy z ro2r .a  ;!;A. r e p l i c a t i o r , .  However, ?UP t o  tne over lapp ing  

~f 5r.e 5 i v i s i m  ?recesses wit-in i,t p q u l a t l o n ,  c y c l e s  of DSA r e p l i c a t i o n  

cc; se-=ate6 by cell bivisio~s c&?not be r u l e d  o u t  e n t 4 k e l y  by- t h i s  



In Eudorina e l e x a n s  t h e  v e g e t a t i v e  c y c l e  i n v o l v e s  a r a p i d  

sequence of 4 o r  j n i t 3 t i c  d i v i s i o n s  i n  each c e l l  of t h e  p a r e n t  coenobium. 
UI 

- 1.1is seouence,  t 7 h i ~ : ~  occurs  e v e r y  24 h ,  r e q u i r e s  abou t  1 n (2ayns and 

Co&-rard,l?65), :*it% e e t h  L! or 3  in d i v i s i o n  sepa I t e d  by a n  i n t e r p h a s e  

of about 10 m i r .  (C:lster I I j .  iJe havt r c c p t l y  e s t a b l i s h e d  t h a t  D l 3  

re?lica:ion o c c u r s  c o i n c i ? e n t a l l y  i - i t h  t h e  ' c l eavage  ?recesses (Chapter  I V ) ,  - 

a s i t u a t i o n  a n a l ~ ~ o n s  t o  t h a t  r e p o r t e d  f o r  Volvox c a r t e r i  (Yates  and -- 

: 'kc ier t ,1?72)  end 2. aureus (Tucker and Darden,1972). 

However, a - i z  :I- z r r d i e n t  x i t h i n  each organism, coupled w i t h  

t ? e m l t i p l e ,  r a ? i t  sequence of d i v i s i o n s  d i d  n o t  a l l o w  a p r e c i s e  
4 

r e l a t i o n s h i ;  5etk-eer, 3:> r e ? l i c a t i o ~  2nd c e l l  d i v i s i o n  t o  b e  determined 

. . -.. 
i.nc L T ?  -. . '3~?.te;lc_ 3er r.ccleus -resente:! d i f f i c u l t i e s .  2 e c e n t  i r p r o v e -  -. 



n u c l e a r  d i v i s i o n .  The e n t i r e  10 min i n t e r p h a s e  a p p e a r s  t o  be devo ted  

t o  l n i s  r e p l i c a t i o n  process. 

U T E R I A I S  and M m O E  

Squash p r e p a r a t i o n s  of l i v e  c e l l s  from synchrocoas  c u l t u r e s  of 

5. - e l e g a n s  were f i x e d  i n  3: 1 ( a l c o h o l ;  a c e t i c  a c i d )  f o r  30 min f o l l o w i n g  

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

c e l l s  were h y d r a t e d ,  h)drolysed i n  3.5 N aC1 a t  37 C ( ~ a n d , ? ? 7 0 ) ,  and 

s t a i n e d  i n  S c h i f f ' s  r e a g e n t  ( ~ e i t c h ~ 1 9 6 6 ) .  A f t e r  b l e a c h i n g  i n  s u l p h i t e  

s o l u t i o n ,  they were dehydra ted  and mounted i n  g l y c e r i n e  ( R I = ~ .  515). 

Absorpt ion by t h e  Sound dye was measured a t  57 nm us>ng a Carl' ?' 
Zeiss '  Scanning !!icropr.otometer (SUP) equipped w i t s  a p r e c i s i o n  s c a n n i n g  

/" 

s t a g e  ( ~ i m m e r , l 9 7 ~ ) .  T?e SFP nad a n  Y l t r a f l u o r  l O O X  o i l  immersion . 

o b j e c t i v e  (hX=1.25), a n  a p e r t u r e  of 1fi m d  used a scann ing  s t e p  s i z e  of 

J 
I n s t r u c t i o n  t o  t h e  microphotometer and d i g i t a l  a n a l y s i s  of t h e  

~ i c r o s c o p e  image H a s  performed by a PDP-12A d i g i t a l  computer u s i n g  a 

prlgramne d-ignated APAEOS ( ~ u t o m a t  i c  pho'tornetric a n a l y s i s  of mic rdscop ic  

~ b j e c t s  by s c a n r i n g )  which i s  similar t o  t h e  o r i g i n a l  programne TICAS 

(~axonorn ic  i n t r a c e i l u l a r  a n a l y t i c a l  sys tem) ( ~ i e d  e t  -- a1. ,1970). V i s u a l  

~ n e c k s  and e l i m i n a t i m  of e x t r a n e o u s  i t ems  i n  t n e  scanned a r e a  could  

s. 
/' 

3e nade d u r l n g  t n e  d i s p l a y  of t h e  measured p o i n t s  on as accompan$ing 

C?? d i s ? l a y  u n i t .  

i n t e r p h a s e  n u c i e i  were scanned from a l l  s t a g e s  of d a u g h t e r  * 
c3en3-s ia l  deve lo?zez t ,  5 e v e r a l  groups  of n u c l e i ,  eacn d e r i v e d  from a Y 

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

c roceed ing  t k 9 ; g . .  :ne d i v i s i o n  sequences  In synchrony. Once t h i s  was 



found t o  be t h e  c a s e ,  subsequent  measurements were done on s i n g l e  

n u c l e i  a s  r e p r e s e n t a t i v e  of t h e  s t a ~ e  of development of t h e  p a r t i c u l a r  

embryo, A l t n o ~ g n  c y t o k i n e s i s  f o l l o n s  each n u c l e a r  d i v i s i o n  ( Chap- 

t e r  1x1 t h e  s t a g e s  were c a l l e d ,  f o r  convenience ~u(PM), 2N, 4 ~ ,  RN, 

32h, an  1 t J ,  t o  d e s i g n a t e  l a t e  p r e m i t o t i c ,  t h e  p r o d u c t s  of 1, 2 ,  3,  4 

o r  5 s u c c e s s i v e  n u c l e a r  divisions, qnd t h e  n u c l e i  of newly r e l e a s e d  

orgacisrns,  r e s p e c t i v e l y .  Chemical a n a l y s i s  had' shown t n a t  t n e  32N and 

L:' p o y l a t i o n s  snox ld  r e p r e s e n t  t 5 e  1 C  ( n o n - r e p l i c a t e d )  c l a s s  f o r  

DNA v a l u e s  ( C h z - t e r  IT!), 

RFSJLTS 
1 

I n  o r d e r  t o  opslrn'ze t h e  amount of dye bound by t n e  n u c l e i  of 

E. e l e a a n s ,  t n e  t i ~ e  of n y d r o l y s i s  i n  3.5 H H C 1  a t  37 C and t n e  amount - -  

of t ime  t n e  hydrolyzed ~aterlal was incubated i n  t h e  S c n i f f ' s  r e a g e n t  

% was v&ied.  Tne o p t i m u ~ .  t i n e  f o r  h y d r o l y s i s  was 20 min and f o r  s t a i n i n g  

a ~ i n i m u m  of 60 m i ? ?  was r e q u i r e d  (Fig, V-1). -Unhydrolyzed,  s t a i n e d  

mter ia l  a s  w e l l  a s  nydro lyzed ,  m s t a i n e d d m a t e r i a l  d o  r,ot have s u f f i c i e n t  

a S s o r p t i o n  a t  570 nn t o  i n f l l ~ e n c e  k t h e  d e t e c t i o n  system. Examples of 

s n a t r i x  of e x t i n c t i o n  v a l u e s  ob ta ined  as a p r i n t - o u t  of t h e  CRT d i s p l a y  

d' a i c r o s p e c t r o p n o t o a e t r i c  s c a m  of i 7 d i v i d u a l  c e l l s  o r  deve lop ing  embryos 

=e p r e s e n t e a  as f i g s e s  V-2a, 'i-2b, V-Zc, V-Zd, V-2e, V-2f, V-2g. The 
c, 

nuclear o r i e z t a t i o n  w i t n i r ,  t n e  squasned p r e p a r a t i o n s  of deve iop ing  

ozbryos  a s  u e l l  a 5  t r :e  inaividua1;y measured a b s o r p t i o n  v a l c e s  (~100) 

- of tne  ~ e u l g e r  sta l r i& i ??e rpnase  n u c l e i  a r e  e v i d e n t .  S i n c e  t n e  s t e p  

s i z e  3f zne indiv ' ,d. lai  s c a r , , p o i n t s  was 1 t n e  r e l a t i v e  n a c l e a r  s i z e s  r * 
( s t a i r e d  a r e a s ,  c o - ~ l ?  je qbta ined  6 i r e c t l y  from t n e  scar: -pat terns .  

!Tote t h a t  t ? ~  scaq t  c e  of a  s i n g l e  c e l l  o r  t 5 e  p r o d u c t s  of a s i n g l e  

c e l l ,  ?eve lop ing  a s  932 91- t-e 1 6  o r  32 c e l l e d  d a ~ g n t e r  organisms.  



F i g u r e  V - 1 .  Tne e f f e c t  o f  n y d r o l y s i s  and s t a i n i n g  times on t n e  

anolmt  of measu rab le  d y e  by n u c l e i  i n  non-d iv id ing  

p o p u l s t i o r ? s  of Eudor ina .  

a ,  S t a i n i n g  tine i n  S c n i f f ' s  r e a g e n t  w i t n  a 

? y & o l y s i s  time of 2 5  min. 

- b .  s y d r o l y s i s  t i m e  i n  3.5 tic1 a t  57 C u s i n g  a 

s t a i n i n g  t i m e  o f  2 h, 

) 

Tne b w n d  dye was measured a t  570 rim and is  p r e s e n t e d  

ar, a v e r a g e  a b s o r b a n c e  l l n i t s  ( A ~ J )  + - 3 E  p e r  n u c l e u s .  
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F i g u r e  V-2a. A m a t r i x  of. e x t i n c t i o n  v a l u e s  (x100) of a s c a n  Feulgen 

s t a i n e d  p r e r n i t o t i c  nuc leus  ( INPM) of Zuaor ina .  The 

u n s t a i n e d  ( .  i . e ,  u n d e t e c t e d )  a r e a  w i t n i n  t h e  nuc leus  is  

t h e  w c l e o l u s .  





Figure V-2b, A matrix of e x t e n c t i o n  v a l u e s  ( ~ 1 0 0 )  of a scan of a 

Feulgen s t a i n e d  2 -nuc lea te  ( 2 ~ )  deve lop ing  coenobium of. 





F i g u r e  V-2c. A matrix of e x t i n c t i o n  v a l u e s  (x100) of a s c a n  of a 

Feulgen stained 4 - n ~ c l e a t e  ( 4 ~ )  d e v e l o p i n g  coenobium 

of Eudorina.  



fa* 







' F i g u r e  V-2e. A matrix of e x t i n c t i o n  v a l u e s  ( ~ 1 0 0 )  of a s c a n  of a 

?eulgen s t a i n e d  16-nuc lea te  ( 1 6 ~ )  d e v e l o p i n g  coenobium 





F i g u r e  V-2f. A matrix .of e x t i n c t i o n  v a l u e s  (x100) of a s c a n  of a 

Feulgen s t a i n e d  32-nucleate  ( 3 2 ~ )  f i n a l  m i t o t i c  

embryo. 









I n t e r n a l  c o n s i s t e n c y  of t h e  s c a n s  was checked by r e p e a t e d  scann ing  of - 
t h e  same group of n u c l e i ,  The mean v a l u e s  of t h e s e  r e p e a t  s c a n s  were- 

no t  s t a t i s t i c a l l y  s i g n i f i c a n t l y  d i f f e r e n t .  

A s  a r e s u l t  of the.developmenta1 g r a d i e n t  found i n  Eudorina,  
+ 

s e v e r a l  stages c o e x i s t  f o r  a t ime  w i t h i n  t h e  

n u c l e a r  s c a n s  of embryos f o l l o w i n g  d i f f e r e n t  

' 
were ob ta ined  fto n w i t h i n  t h e  same organism. 

same organism. Theref o r e ,  
ry 

numbers of d i v i s i o n s  

D i f f e r e n c e s  introduc'ed 

by p r e p a r a t i v e  p rocedures  were minimized i n  t h e s e  c i rcumstances .  A 

maximum l a g  t ime  of 45 min between t h e  d i v i s i o n  of t h e  penu l t imate  
,' 

. 
c e l l  and t h e  e n t r y  of t h e  u l t i m a t e  c e l I  of a coenobium i n t o  d i v i s i o n  

* 

was observed,  

The c e l l s  of t h e  mature coenobium (INPM) have l a r g e ,  d i f f u s e ,  and 

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

s t a t n e d  by t h e  S c h i f f ' s  r e a g e n t ,  presumably t h e  n u c l e o l u s ,  was o f t e n  - - 

seen  ( ~ i g  V-2a). When t h e  c e l l  d i v i d e d ,  t h e  r e s u l t i n g  2 -ce l l ed  stage 

a l s o  possessed a d e f i n i t e  n u c l e a r  a r e a  but  t h e  n u c l e o l a r  r e g i o n  was 

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

at subsequent  i n t e r p h a s e  s t a g e s  and showed up c l e a r l y  i n  m a t e r i a l  

s t a i n e d  wi th  Azure b l u e  ( s e e  a l s o  Cave and ~ o c o c k , l 9 5 1 ) .  A s  t h e  

number of d i v i d o n s  ' inc reased  t h e  n u c l e a r  r e g i o n  remained d i s t i n c t  i n  

each , d i v i s i o n  product  but  t h e  a r e a  of each n u c l e u s  decreased  ( ~ i g  V-3),  
\ 

The s t a i n e d  n u c l e a r  a r e a  after t h e  5 t h  n u c l e a r  d i v i s i o n  was about  one- 

t h i r d  of t h e  a r e a  of t h e  p r e m i t o t i c  n u c l e i ,  It was assumed t h a t  t h e  

absorb ing  a r e a  of t h e  c e l l  at 570 nm was eqt l ivalent  t o  t h e  n u c l e a r  a r e a  

of t h e  c e l l  ( c f .  Gott l ieb-Roserikrantz and 0 'Br ien, l971) ,  and  t h e r e f o r e  

' t h e  t o t a l  e s t i n c t i o n  v a l u e s  cou ld  be d i r e c t l y  compared. 



Newly r e l e a s e d  organisms have been shown previously ( Chapter IV) 

not  t o  e n t e r  DNA s y n t h e s i s  f o r  about 20 hours. Thus, t h e  e x t i n c t i o n  va lue  

of 3.77 t 0.03 obtained from 107 ind iv idua l  n u c l e i  at  t h i s  s t a g e  was 
a 

considered t o  be t h e  1 C  value  able V-1,' Figo ~ - 4 ) ~ -  When developing - 
embryos were examined a t  var ious  s t a g e s ,  a range from 1C t o  2C values  

was obtained. Values approaching 3C o r  4C o r  beyond were never 

encountered ( ~ a b i e  V-I  , Fig  v A ) .  The frequency d i s t r i b u t i o n  

p a t t e r n s  of t h e  t o t a l  e x t i n c t i o n  va lues  were reasonably symmetrical. 

An except ion was t h e  16 N c l a s s ,  where a minor peak near  t h e  1 C  value 
3 

was evident ,  S t a t i s t i c a l  a n a l y s i s  (F - t e s t )  comparing t h e  mean values'  

of t h e  seven c l a s s e s  of measurements ( r ep re sen t ing  immediate pre-  d 

, d i v i s i o n ,  t h e  products  &' 1, 2 ,  3, 4, and 5 d f v i s i o n s ,  and fienly r e l ea sed  

organisms) showed s i g n i f i c a n t  d i f fe rences .  However, t h e s e  d a t a  analysed 

by t h e  Student-Newman-Keul ange t e s t  ( ~ o k a l  and ~ o h l f , 1 9 6 9 ) ,  , 

revea led  t h a t  stat I s t i c a l l y  similar groups were presen t  ( c f .  Ffg, ~ - 4 ) .  

s occur r ing  wi th in  a s i n g l e  embryo were synchronous 

Lee and yelap, unpbl. ) and followed each synchronous 

sequence of DNA syn thes i s ,  as observed i n  2N, 4N, 8 N ,  and 1 6 ~  nuclei .  

DISCUSSION * . . 

~ i c r o s ~ e c t r o ~ h o t o m e t r l c  examination of Feulgen-DNA conten t  a t  
v - 

var ious  s t a g e s  du r ing  vege t a t i ve  development of Eudorina e l e ~ a n s  

e s t a b l i s h e d  t h a t  DNA synthes i s '  precedes each nuc lear  d iv i s ion .  . 

Therefore ,  schemes -involving t o t a l  DNA s y n t h e s i s  p r i o r  t o  a l l  o r  some 

of t h e  d i v i s i o n s  are excluded, s i n c e  such schemes would r e q u i r e  

t o t a l  e x t i n c t i o n  va lues  i n  excess  of t h e  2C values  observed. The skened 

na ture  of t h e  frequency d i s t r i b u t i o n  p a t t e r n s  of t o t a l  e x t i n c t i o n  



Figure  V-3. Decrease of t h e  n u c l e a r  area + SE as t h e  n u c l e a r  number - . . 
i n c r e a s e s  i n  t h e  deve lop ing .coenob1a  of Eudorina. The 

n u c l e a r  a r e a  cor respands  t o  t h e  s t a i n e d  r e g i o n  by 

t h e  SPM. 



S T A G E  



* 

Table V-I 

3 

Area and t o t a l  ext inct ion-of  Feulgen stained nuclei' of 

developing Eudarina elegans. 

3 . 
," 

STAGE Number Area (nm ) Log ME 
+ SE (ME) + + SE 



Figure v&. F ' r e q u e n c y d t t r i b u t  ion histograms of t h e  r e l a t i v e  DNA 
B' C .  

content ,  as l o g  t o t a l  aljsorbahce, of developing coenobia 2 

of Eudorina elegans. The do t t ed  l i n e s  r ep re sen t  t h e  1C 
---a 

and 2C'values,  The nuclear  c l a s s e s  designated by t h e  

same symbol r ep re sen t  s a t i s t i c a l l y  i nd i s t i ngu i shab le  

c l a s se s .  , . ' 

Q* ' *  . * 
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va lues  towards t h e  2C va lue  i n d i c a t e s  t h a t - a  G 1  per iod between t h e  

d i v i s i o n s  wi th in  a sequence is in s ign i f  i c an t .  In a d d i t  ion,  t h e *  l ack  of 

- c 

q a d e f i n i t e  subpbpul@t ion  e x h l b i t  ing 2C values  sugges ts  t h a t  divis ' ion 

occurs  immediately fol lowing a round of DNA r e p l i c a t i o n .  Thus a G 2  period 

is a l s o  absent.  The presence of two populat ions of n u c l e i  i n  t h e  16 M 

class does not mean t h a t  a G I  e x l s t s  uniquely f o r  t h i s  s t a g e ,  but r a t h e r  

t h a t  a f r a c t i o n  of t h e  organisms cease d iv id ing  while  many proceed t o  

t h e  32 N class. Th i s  i n t e r p r e t a t i o n  is supported by a c t u a l  counts  of 

t h e  progeny ~ u d o r i n a ,  where both 16-'and 32-cel led organisbs  are seen. 

The genera l  conclusion is t h a t  DNA r e p l i c a t i o n  occupies e s s e n t i a l l y  a l l  

of t h e  i .n te rd iv is ipa  per iod  f o r  d i v i s i o n s  $wo through f o u r  o r  f i v e .  
# 

The d i f f u s e  k t u r e  of t h e  ~S(PM) nucleus makesi e s t ima te s  of 
I 

DNA l e v e l s  Inaccura te  because of t h e  low s t a i n  dens i ty .  However, scans\ 

of I~(PM) n u c l e i ' i n  cbenobia conta in ing  c e l l s  a l r eady  i n  d l v i s i o n  

suggest  DNA r e p l i c a t i o n  is i n  progress.  Chemical e s t ima te s  of DNA 

amounts a l s o  i n d i c a t e s  t h a t  t h i s  r e p l i c a t i o n  must occur j u s t  p r i o r  t o  

t h e  d i v i s i o n  i t s e l f  (Chapter I V ) ,  We conclude t h a t  t h e  first 

of DNA r e p l i c a t i o n  probably has similar parameters a s , the  subsequent 

sequences. 

The statist ica erences  de t ec t ed  between t h e  nuc lear  and 

number c l a s s e s  conf e 32-celled pre- o r  Jmmediate pos t - re lease  

coenobia as unique esumably, as t h e  1C class. The f l u c t u a t i o n s  

i n  t h e  amount of Feulge -DNA measured f o r  t h g  nominally homogeneous 1 C  
F 

(IN w m o n s t r a t e s  t h e  small measurement e r r o r s  r e s u l t i n g  

epa ra t i ve  and ins t rumenta l  va r i a t i ons .  Such minor e r r o r s  a r e  
/ 

magnified i n  Eudorina as a r e s u l t  of t h e  small nuc lear  s i z e  and, low 



DNA content .  

~ " e r a ~ e  va lues  approaching t h e  2C c l a s s ,  obtained i n  t h e  developing 
, -  P 

embryos, emphasize t h e  r a p i d i t y  of t h e  i n i t i a t i o n  of DNA s y n t h e s i s  
-- 

fo l l on ing  mi to s i s ,  The d i f f e r e n c e s  wi th in  t h e  groups of developing 7 

embryos a r e - n o t  unexpected and a r e  bel ieved t o  i n d i c a t e  d i f f e r e n t  

e x t e n t s  of DNA synthesis. Some f l u c t u a t i o n s  due t o  measurements e r r o r  

may be superimposgd on t h e  real v a l u e s  due t o  t h e  low amounts of bound 

dye, On t h e  o the r  hand, t h e  d i f f e r e n c e s  between t h e  groups of 

developing embryos could r e f l e c +  s l i g h t  d i f f e r ences  i n  t h e  rates of DNA 

synt,hesis An t h e  organisms of d i f f e r e n t  nuc lear  number. 
d 

Rela t ive  nuc l ea r  s i z e  decreased i n  a l i n e a r  manner with each nuc lear -  
0 

d iv i s ion .  The f i n a l  nuc lear  area is about one-third of t h e  i n i t i a l  valye,  

suggest ing t h a t  nuc lear  growth occurs  during t h e  development of a 

new organism. I n  Chlarnydomonas r e i n h a r d i i ,  t h e  nuc lear  envelope remained 

i n t a c t  dur ing  d i v i s i o n ,  expanding and info ld ing  over t h e  daughter  nuc l e i  

(,Johnson and ~ o r t e r , 1 9 6 8 ) .  This  process  was not  f u l l y  examined i n  

Eudorina, but t h e  i nc rease  i n  t o t a l  nuclear  s i z e  per  embryo is 

c o n s i s t e n t  with a similar expansion of t h e  nuc lear  eqvelope occurr ing 

i n  Eudorina. 

The amount of DNA which must be r e p l i c a t e d  per  nucleus i n  t h e  10-15 

min i n t e r v a l  a v a i l a b l e  is est imated by t h e  lndole  procedure t o  be about 

. ~ X I O - ' ~ ~  ( Chapter IV) . Assuming t h a t  Eudorina r e p l i c a t e s  DNA a t  

a 
r a t e s  sirnil& t o  those  r epo r t ed  f o r  eukaryotes  ( c f ,  ~ a ~ l o r , l 9 6 8 ) ,  

i.e.r 21(m per  min, then about 8000 i n i t i a t i o n  s i t e s  could be present .  

However, no information of DNA r e p l i c a t i o n  rates is a v a i l a b l e  fop a lgae ,  

and it i d  p o s s i b l e  t h a t  t h e  unique c e l l  cyc l e s  encountered a r e  coupled 

with unique p a t t e r n a  and/or rates of DNA r e p l i c a t i o n .  



1 CHAPTER 

DISCUSSION - GEN 

The primary aim of. t h e  present  inve.&igation was t h e  e luc ida t ion  

of t h e  temporal sequence of DNA syn thes i s ,  nucleag. d i v i s i o n  and 

cy tok ines i s  i n  t h e  l i f e  s t a g e s  of t h e  co lon ia l  green a lga ,  Eudorina = legam,  

During t h e  growth cyc le  of 5 days, each c e l l  undergoes 4 o r  5 karyo- 

k i n e t i c  events  i n  a period of 1 h t o  produce 16 o r  32 daughter c e l l s ,  , 

r e spec t ive ly  ( ~ a y n s  and Godwards, 1956). This unique observat ion 

suggested t h e  p o s s i b i l i t y  of unusual sequencing of DNA r e p l i c a t i o n  

and se$regation. These could involve multiple rounds of DNA r e p l i c a t i o n  

p r i o r  t o  rnultlple rounds of c e l l  d i v i s i o n  in s t ead  of t h e  normal a l t e r n a t i o n  

I 
of r e p l i c a t i o n  and segregat ion.  

This  s tudy has revea led  t h a t  i n  vege ta t ive  c e l l s  of Eudorina, l i k e  ."-- - - 
other  organisms, a round of DNA dup l i ca t ion  preceded each nuc lear  

d iv i s ion .  However, un l ike  o the r  p l an t  and animal c e l l s ,  DNA r e p l i c a t i o n ,  

nuc lear  and somatic d i v i s i i ~ . q  a l t e r n a t e  consecut ively 4 t imes  in  t h e  

course oi 1 h followed by an in te rvening  growth period of 23 h 

Further  i nves t Jga t ions  t o  provide evidence t o  explain'  t h e  grouping 

of .  4 or  5 d i v i s i o n s  r a t h e r  than  t h e  normal r e g u l a r  a l t e r n a t i o n s  of growth 
- 

and d i v i s i o n "  over t h e  e n t i r e  l i f e  cyc le  would be of i n t e r e s t .  A 

reduct ion  of t h e  expenditure  of t ime and energy by t h e  c e l l s  during 

d i v i s i o n  and a b e t t e r  u t i l $ z a t i o n  of t h e  photo-synthetic per iod could 

be taken . i n to  cons idera t ion ,  

This  s tudy does support t h e  f i n d i n g  of Rayns and Godward (1965) i n  

'2 
5 

t h a t  a mature vege ta t ive  c e l l  can d i v i d e - i n t o  16 or  32 daughter e l l s  i n  
1 



about 1 h , However, t h e  mi to t i c  t ime of 3 min determined i n  t h i s  study 

d i f f e r s  from t h e  m i t o t i c  t ime of 10 t o  15 min ca l cu la t ed  by Rayns and 

Godward 8nd the  10 min i n t e r v a l  between t h e  disappearance and appearance - 
of t h e  nucleolus of m i t o t l c  c e l l s  observed by Cave and Pocock (1963). 

These d i f f e r e n c e s  m y  be a t t r i b u t e d  t o  t h e  use of d i f f e r e n t  s t r a i n s  of 

Eudorina and/or t h e  enhanced growth r a t e s  used in  t h e  present  study. 

Moreover, while Ryans and Godward assumed t h a t  l i t t l e  o r  no t ime was 

spent  i n  i n t e r p h b e ,  it has been shown t h a t  a s i g n i f i c a n t  amount of 

time (10 min) is spent  i n  in te rphase  as compared t o  mi tos i s ,  One must 

specula te  t h a t  Eudorina does possess  a very e f f i c i e n t  mechanism f o r  DNA 

dupl ica t ion .  Sased on t h e  estimated r a t e  of DNA he l fx  r e p l i c a t i o n  f o r  

eukaryot ic  organisms, on t h e  length  of t h e  s y n t h e t i c  per iod,  and on t h e  

amount of DNA, about  8000 sepe ra t e  lntrachromosomal i n i t i a t i o n  s i tes -  must 9 
e x i s t  for DNA synthes is .  This  specula t ion  assumes t h a t  4ihe estimated 

r a t e  of DNA r e p l i c a t i o n ,  t h e  cu r r en t  concepts of chromosome s t r u c t u r e  . 

and replication, and simultaneous r e p l i c a t i o n  of a l l  i n i t i a t i o n  po in t s  

are app l i cab le  f u r  Eudorina. 
i 

The growth period of 23 h can be considered an extended G1 period. 
A 

M t e r  t h e  f i r s t  douEling of DNA a G2 period was not  d e t e c t a b l e  nor was 

t h e r e  any d e t e c t a b l e  G1 and G per lods  between each of t h e  fol lowing 3 
2 

or 4 S periods. Th i s  observat ion would suggest t h a t  under condi t ions  

c e l l  d i v i s i o n  G and G2 a r e  expendable, However, even i n  t h e i r  ; .  1 

t h e  events  a s soc i a t ed  w i t h  G1 and G p  &still be present ,  only 
- 

y d isp laced  i n  t h e  c e l I  cycle.  

The r ap id  progressic$n of t h e  mature gonidia  through c e l l  d i v i s l o n  

4 i n d i c a t e s  t h a t  t h e r e  is i t t l e  t ime t o  co r r ec t  any e r r o r s .  madeby t h e  



c e l l  du r ing  r e p l i c a t i o n  and d iv i s ion .  Thus Eudorina is capable  of 

i n t e r r e l a t i n g  and coord ina t ing  a v a r i e t y  of ' func t iona l  c a p a c i t i e s  and 

is a b l e  t o  a s c e r t a i n  s p e c i f i c  information concerning t h e  amount of 

s t r u c t u r a l  elements e x i s t i n g  t o  ensure  t h e  f i d e l i t y  of mu l t i p l e  rounds of 

c e l l  d i v i s i o n ,  The I n t e g r i t y  of such a complex system may be examined 
I r 

I > 

by t h e  s e l e c t i v e  a p p l i c a t i o n  of t h a t  a l ter  those  

c r i t i c a l  f unc t ions  necessary f o r  t h e  i n i t i a t i o n , ,  con t inua t ion ,  and/or 

completion of ce l l  d iv i s ion .  Any pe r tu rba t ions  t o  t h e  system would be 

manifested by abnormal c e l l u l a r  events ,  This  approach, a l though only 

s u p e r f i c i a l l y  d i scussed ,  may provide f u r t h e r  i n s i g h t  i n t o  t hose  components 

of the cyc l e  r e g u l a t i n g  c e l l  reproduct ion.  

The a t ta inment  of c e l l  d i v i s i o n  synchrony dur ing  t h i s  s tudy has 

provided t h e  opportuni ty  t o  i n v e s t i g a t e  of nuc l e i c  

a c i d  syn thes i s  i n  t h e  l i f e  cyc l e  of t o  be very 

u s e f u l  i n  f u t u r e  invest igat ion$.  The un i f i ed  progression of c e l l s  

through t h e i r  l i f e  cyc l e  a m p l i f i e s  t h e  c e l l u l a r  processes  of a s i n g l e  

ce l l  a t  any given time. Thus t h e  sequence and r e g u l a t i o n  of gene a c t i o n  

i n  development and d i f f e r e n t i a t i o n  can be determined with 

Not only w i l l  synchronized c u l t u r e s  provide t h e  t o o l  f o r  t h e  a n a l y s i s  of 

any c e l l  parameter but t h e  s tudy of t h e  causa l  f a c t o r s  r e spons ib l e  f o r  - 

t h e  aligment of i nd iv idua l  c e l l  cyc l e s  may g ive  an i n d i c a t i o n  of 

condi t ions  necessary f o r  c e l l  reproduct ion,  Th i s  s tudy  has  provided 
i 

I 
one of t h e  bes t  synchronized systems ava i l ab l e r  (1) t h e  degree of c e l l  

- 1 

c yc l e  aligment is e x c e l l e n t ;  (2 )  c u l t u r e s  a r e  e a s i l y .  e s t ab l i shed  

and maintained over an i n d e f i n i t e  numb3r of cyc l e s  1 (3) phys io logica l  
I s- 

shocks which would impose unna tura l  p a t t e r n s  of c e l l u l a r  cons i tuent  



accumlations a r e  not employed; and (4) t h e  organism is not  u n i c e l l u l a r  but 

m u l t i c e l l u l a r ,  A s  far as I am aware t h i s  is t h e  

synchronous growth of a c o l o n i a l  organism. 

In Eudorina synchronous c e l l u l a r  events  are 

lhels. F i r s t l y ,  a l l  t h e  c e l l s  of a c u l t u r e  can 

d i v i d e  t oge the r .  Secondly, each of t h e  16 o r  32 

first report .  of 

exh ib i t ed  at t h r e e  

be induced t o  

c e l l s  of'coenobium 
- 

4- 

d iv ides  almost i n  unison wi th in  t h e  same coenobium, showing only a 

very shallow m i t o t i c  and cleavage grad ien t .  Thi rd ly ,  a very t i g h t  

synchrony e x i s t s  f o r  each . s tage  of nuclear  and"cytoplasmic d i v i s i o n  
6 

with in  each developing embryo. Although it remains' t o  be shown, it 

is  expected t h a t  t h e s e  c e l l s  undergoing synchronous reproduct ion  are 

morphologically and psys io log i ca l ly  similar at  any given time. Also 

cons ider ing  t h e  m ~ l t i c e l l u l a r  na tu re  of Eudorina, t h e  p re sen t  system 

is r e a d i l y  a v a i l a b l e  f o r  t h e  s tudy of i n t e r c e l l u l a r  i n t e r a c t i o n s .  

Since t h i s  coenobial  organism r e p r e s e n t s  an evolu t ionary  at tempt  at 
v .  

m u l t i c e l l u l a r  o rganiza t ion  f u t u r e  research  i n  t h i s s  d i r e c t i o n  could 

prove pr.omising. - 
- 

The aim of most c u r r e n t  work on c e l l  reproduct ion  is  t h e  

determinat ion of t h e  molecular events  t h a t  u n d e r l i e  each cyc l e  of d i v i s i o n  

( G ~ ;  S,  G p ,  M )  w i t h  t h e  hope of f i n d i n g  t h e  cause  and e f f e c t  r e l a t i o n s h i p s  

t h a t  c o o r d i n a t e  t h e  e n t i r e  cycle.  It is hoped t h a t  t h i s  s tudy  
I 

has  l a i d  a s o l i d  foundat ion earch ,  u s ing  Eudorina as an 

experimental system f o r  such s tud i e s .  
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