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Abstrac t  

Sexual reproduct ion  o f  Eudorina e legans  was inves t -  

iga ted  i n  o r d e r  t o  l e a r n  t o  c o n t r o l  t h e  sexual  cyc le ,  

Gametogenesis i s  induced by a  proper  balance o f  n u t r i e n t s  

i n  a  minimal medium -- namely calcium arid n i t r o g e n  -- - 
while an  added carbon source has  no e f f e c t  on ga.mete 

induct ion ,  For ty-e ight  hours o f  a  s tandard  l igh t /da rk  

cycle  a t  32' i n  Volvox medium i s  necessary f o r  gameto- 

genes is ,  However, "condtitioned" medium does induce 

sperm product ion i n  only 24 hours under t h e  same condi t ions  

sugges t ing  a hormonal induct ion  system. Zygote formation 

i s  a l s o  dependent on n i t rogen  and calcium concen t ra t ions  

and w i l l  n o t  proceed i n  darkness ,  Germination o f  

zygotes remains i n c o n s i s t e n t  even though a  nuinber o f  

germination methods were t r i e d .  

D i f f e r e n t i a t i o n  o f  male and female v e g e t a t i v e  

organisms was at tempted through immunologicab means 

us ing  c e l l u l a r  and f l a g e l l a r  ant igens* Immunological 

s t u d i e s  u t i l i z e d  a g g l u t i n a t i o n  t e s t s ,  immobilization 

t e s t s ,  arid agar d i f f u s i o n  methods, No d i f f e r e n t i a t i o n  

o f  male and female co lon ies  could be de tec ted  i n  Eudorina 

us ing  e i t h e r  f l a g e l l a r  o r  c e l l u l a r  a n t i s e r a ,  

Genetic a n a l y s i s  o f  g. elegans  u t i l i z e d  1 4  va r ious  

- iii - 



mutants t h a t  had been i s o l a t e d  by U V  mutagenesis. 

Upon c ross ing  t h e s e  mutants with t h e  wildtype s t r a i n ,  

a l l  o f  t h e  markers exh ib i t ed  Mendelian inher i t ance  

and were found t o  a s s o r t  independently from t h e  sex  

a l l e l e s .  Data from mutant-mutant c r o s s e s  were used t o  - 
c o n s t r u c t  a l inkage  map. The l i g h t  green mutants 

mapped a t  s e v e r a l  d i f f e r e n t  l o c i ,  while t h e  2 very pa le  

mutants showed c l o s e  l inkage ,  Sexual compa t ib i l i ty  

va r i ed  cons iderably  among the  va r ious  types  o f  mutants 

and proved t o  be a  l i m i t i n g  f a c t o r  i n  ob ta in ing  da ta  

from mutant-mutant c r o s s e s  f o r  t h e  c o n s t r u c t i o n  o f  a 

complete l inkage  map, 
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A S T U D Y  O F  THE S E X U A L I T Y  AND G E N E T I C S  O F  

E U D O R I N A  E L E G A N S  LHRENBERG 

C H A P T E R  I 

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

Eudorina e legans  Ehrenberg appears  t o  have p o t e n t i a l  

a s  a  system f o r  t h e  s tudy o f  s e x u a l i t y ,  g e n e t i c s ,  and 

morphogenesis i n  lower p l a n t s .  Being a green,  c o l o n i a l ,  

h e t e r o t h a l l i c  a lga  belonging t o  t h e  o r d e r  Volvocales, 

t h i s  organism i s  simple i n  form, y e t  it does have a sexual  

cyc le ,  Because o f  i t s  s h o r t  l i f e  cyc le  and growth 

c h a r a c t e r i s t i c s ,  techniques developed f o r  b a c t e r i a l  

s t u d i e s  can be adapted t o  s t u d i e s  of  Eudorina. Consid- 

e r i n g  these  advantages,  a  s e r i e s  o f  experiments were . 
i n i t i a t e d  t o  s tudy t h e  physiology o f  sexual  reproduct ion 

and the  g e n e t i c s  of  such a  p r imi t ive  organism and t o  

specu la te  on t h e  g e n e t i c  r e g u l a t i o n  involved i n  such 

processes ,  
9 

Previous s t u d i e s  of s e x u a l i t y  and g e n e t i c s  o f  

Eudorina have included s p e c i a t i o n  and sexual  compatibil-  

i t y  of Eudorina popula t ions  inc lud ing  d e s c r i p t i o n s  of  



mating behavior and zygote germination of  var ious  

spec ies  (Golds te in ,  1964). Recent i n v e s t i g a t i o n s  

(Szostak,  Sparkuhl and Goldstein,  1973) suggest  t h a t  

a  hormone may r e g u l a t e  sexual  induct ion ,  A fundamental 

gene t i c  i n v e s t i g a t i o n  o f  Eudorina was attempted us ing  

drug r e s i s t a n t  mutants (Mishra and Thre lke ld ,  1968).  

This  studysucceeded i n  e s t a b l i s h i n g  t h a t  g e n e t i c  a n a l y s i s  

was poss ib le  and t h a t  un ipa ren ta l  as we l l  a s  Mendelian 

inher i t ance  occurs  i n  E m  elegans.  

S tud ies  involv ing  zygote formation and germination 

o f  E. e legans have usua l ly  u t i l i z e d  Golds te in ' s  methods 

(Goldstein,  1964)' however, my pre l iminary  experiments 

gave v a r i a b l e  r e s u l t s  wi th ,  almost always, a low percentage 

o f  germination. Therefore,  t h e  n e c e s s i t y  o f  examining 

t h e  phys io log ica l  a s p e c t s  of  sex,  i n  o r d e r  t o  c o n t r o l  

t h e  sexual  c y c l e ,  became apparent .  R e s u l t s  would then  

be p r e d i c t a b l e  and g e n e t i c  a n a l y s i s  would be p r a c t i c a b l e ,  

Chapter I1 d e a l s  wi th  t h e  physiology and parameters 

o f  sexual  reproduct ion  of  E. elegans ,  

Another problem t h a t  a rose  upon pre l iminary  i n v e s t -  

i g a t i o n  s f  Eudorina was t h e  n e c e s s i t y  t o  d i f f e r e n t i a t e  

male and female organisms. The methods involv ing  

growing o f  i s o l a t e s  and t e s t i n g  each f o r  i t s  a b i l i t y  

t o  produce sperm o r  t o  form zygotes wi th  appropr ia t e  



t e s t e r s  a r e  very ted ious .  Attempts were made t o  improve 

and s impl i fy  t h e  d i f f e r e n t i a t i o n  us ing  s e r o l o g i c a l  

techniques,  These s t u d i e s  a r e  presented  i n  'Chapter 111. 

Chapter I V  d e s c r i b e s  the  a c t u a l  g e n e t i c  a n a l y s i s  

o f  E ,  e legans ,  Chlorophyll  d e f i c i e n t  mutants,  a few 

morphologically abnormal coenobial  s t r a i n s ,  and a nico-  

t inamide-requir ing a l g a  have been i s o l a t e d  i n  our  

l abora to ry  (Kemp , unpubl . ) . These mutants have been 

crossed w i t h  t h e  wi ld  type s t r a i n  as w e l l  as crossed 

wi th  each o t h e r  i n  o r d e r  t o  l e a r n  how t h e s e  cha rac te r -  

i s t i c s  a r e  i n h e r i t e d ,  Linkage maps a r e  cons t ruc ted  

where p o s s i b l e  and sexual  compa t ib i l i ty  of mutants i s  

discussed.  

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

evolu t ionary  s ign i f i cance  o f  t h e  r e s u l t s  of  t h i s  

i n v e s t i g a t i o n  of  s e x u a l i t y  and g e n e t i c s  o f  Eudorina 

e legans ,  



CHAPTER I1 

SEXUAL PWYS1QI;BGY Q F  E U D O R I N A  ELEGANS 

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

Eudorina e legans  has  a very simple l i f e  cyc le  a s  

i l l u s t r a t e d  i n  Figure 11-1. The 16- o r  32-cel led 

coenobium grows v e g e t a t i v e l y  u n t i l  gametogenesis occurs .  

Then c e l l s  i n  a male coenobium develop i n t o  32-cel led 

sperm packets .  There is no apparent  d i f f e r e n t i a t i o n  

o f  the  female c e l l s .  Free-swimming sperm packets  a r e  

a t t r a c t e d  t o  t h e  female coenobia where t h e s e  packe t s  

break down, Sperm e n t e r  the  female coenobial  ma t r ix  

sepa ra te ly  and even tua l ly  f e r t i l i z e  t h e  female c e l l s ,  

A t h i c k  walled zygote forms which remains dorma.nt u n t i l  

g e m i n a t i o n  occurs  a t  which time a s i n g l e  gone c e l l  i s  

Conditions necessary f o r  gametogenesis, zygote 

formation, and germination a r e  no t  s p e c i f i c a l l y  known 

f o r  Eudorina, e legans ,  however, a  number o f  papers  have 

,been publ ished concerning c o n t r o l  o f  s e x u a l i t y  i n  

Chlamydomonas. N u t r i t i o n a l  c o n t r o l  of  s e x u a l i t y  (Sager 

and Granick, 1954) a s  we l l  a s  t h e  e f f e c t  o f  l i g h t  and 

dark pe r iods  (Lewin, 1956) have been i n v e s t i g a t e d .  

Some comparative s t u d i e s  of  sexual  reproduct ion  w i t h  
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s e v e r a l  Chlamydomonas spec ies  have been done  rainor or , 
1959; Wiese and Jones,  1963).  Phys io log ica l  a s p e c t s  

of reproduct ion of' Platydorina a r e  discussed by H a r r i s  

and S t a r r  (1969).  These papers ,  a s  we l l  a s  those by 

S t a r r ' s  group on hormonal induct ion  of  s e x u a l i t y  i n  

Volvox (Darden, 1966; Kochert, 1968; McCracken and 

S t a r r ,  19701 and Vande Berg and S t a r r ,  1971) ,  show t h a t  

condi t ions  f o r  sexual  reproduct ion a r e  n o t  the  same 

f o r  a l l  green c o l o n i a l  o r  u n i c e l l u l a r  a lgae .  Conditions 

even d i f f e r  among spec ies  of  Chlarnydomonas and spec ies  

of Volvox, Therefore,  one cannot assume t h a t  physio- 

l o g i c a l  condi t ions  a r e  s i m i l a r  f o r  Eudorina and, f o r  

ins t ance ,  Ylatydorina.  

Because of  t h e  v a r i a b i l i t y  obtained i n  t h e  i n i t i a l  

a t tempts  a t  sexual  induct ion ,  zygote formation,  and 

germination of Eudorina us ing  Golds te in ' s  procedure 

( l 9 6 4 ) ,  it w a s  apparent  t h a t  a  d e t a i l e d  s tudy o f  sexual-  

i t y  was necessary before gene t i c  a n a l y s i s  on any s c a l e  

could proceed, 

MATERIALS AND iiEi1HODS 

A ,  Organisms 

The c u l t u r e s  of  E ,  e legans ,  1200 (male) and 1201 

( female) ,  were obtained from t h e  Cul ture  Co l l ec t ion  o f  

Algae a t  Indiana Univers i ty ,  Bloomington, Indiana  



( S t a r r ,  1964). Yhese s t r a i n s ,  which were o r i g i n a l l y  

designated 62m and 62f r e s p e c t i v e l y ,  were i s o l a t e d  

and descr ibed by Golds te in  (1964). 

B ,  Media and Culture  Conditions 

Liquid c u l t u r e s  were grown i n  modified B r i s t o l ' s  

salt  s o l u t i o n  (Gain, 1964),  denoted BM, o r  i n  enriched 

medium ( B C )  made by adding 200 m l  o f  a  modified Euglena 

medium t o  800 m l  of BM (Kemp and Wentworth, 1971).  

Gamete formation was i n i t i a l l y  induced i n  s o i l  e x t r a c t  

(SE) medium ( ~ i s h r a ,  1967).  Volvox medium (vM) ( ~ a r d e n ,  

1966) ,  from which b i o t i n  and vi tamin B12 were omi t ted ,  

was even tua l ly  used i n s t e a d  o f  SE because o f  i t s  known 

composition and a b i l i t y  t o  induce s e x u a l i t y ,  The 

composition o f  a l l  media a r e  presented i n  Appendix I ,  

So l id  medium appropr ia t e  f o r  s tock  maintenance 

o r  f o r  p l a t i n g  germinating zygospores was obta ined  by 

adding 1.0 t o  1.5% w/v Difco agar  t o  BC medium, Top 

agar f o r  t h e  pour-p la t ing  technique was made by adding 

0.075 t o  0.6% Difco agar  t o  BC medium, A l l  media were 

s t e r i l i z e d  by autoc laving  a t  15 p . s . i ,  f o r  15 minutes,  

Conditioned medium, CM, was obta ined  by growing a 

c u l t u r e  o f  Eudorina i n  VM f o r  var ious  pe r iods  o f  time 

under s tandard cond i t ions  a t  32O~.  The c u l t u r e  was 

first cent r i fuged and then  the  supernatant  w a s  f i l t e r e d  



through a Mil l ipore  f i l t e r  t o  e l imina te  any c e l l u l a r  

debr i s .  

Stock c u l t u r e s  were maintained a x e n i c a l l y  i n  f l a s k s  

of  BM and on BC a g a r  s l a n t s ,  Liquid c u l t u r e s  were 

grown on a  shaking platform a t  22 2 1'~ o r  32 2 1•‹c 

w i t h  a  s tandard 1 6 : s  l i g h t ;  dark cycle .  I l lumina t ion  

o f  1000 f t - c  was provided by s tandard cool  white 

f luorescen t  l i g h t s .  The l i q u i d  c u l t u r e s  were t r a n s f e r r e d  

weekly, Cul tures  on s l a n t s  were t r a n s f e r r e d  every 4 

t o  6 weeks, 

C. Procedure 

The b a s i c  method f o r  sexual  reproduct ion ,  as 

descr ibed by Golds te in  (1964),  was f i rs t  employed. 

The male and female s t r a i n s  were grown s e p a r a t e l y  i n  

SE a t  2 0 ' ~  f o r  3-4d. Two-3 m l  o f  each mating type 

were mixed i n  watch g l a s s e s  supported on g l a s s  t r i a n g l e s  

i n  p e t r i  d i s h e s  and a n  equal  amount o f  f r e s h  SE was 

added, A 5% s o l u t i o n  of  NaHCO was added t o  t h e  bottom 
3 

of the  p e t r i  d i sh .  The watch g l a s s e s  were i l luminated  

a t  250-350 f t - c ,  Zygotes formed wi th in  1-4 d, 

Goldstein employed 2 methods f o r  zygote germination. 

Method I; t h e  r e s u l t i n g  zygotes i n  t h e  watch g l a s s e s  

remained i n  t h e  l i g h t  f o r  5-7 d and changed c o l o r  from 



dark green t o  orangish-brown; the  zygotes were removed 

from the  watch g l a s s e s  wi th  a p i p e t t e  and spread over  

t h e  sur face  o f  1% SE agar  p l a t e s ;  each p l a t e  was inver t ed  

over  a p e t r i  d i s h  o f  chloroform f o r  30 sec t o  k i l l  

vege ta t ive  c e l l s ;  t h e  p l a t e s  were incubated a t  3 7 ' ~  f o r  

2-3 d ,  then  re turned  t o  250-350 f t - c  i l l u m i n a t i o n  a t  

20 '~.  Method 11: t h e  r e s u l t i n g  zygotes matured under 

i l l u m i n a t i o n  of 250-350 f t - c  f o r  7-10 d ;  t h e  d i s h e s  o f  

zygotes were then  placed i n  t h e  dark a t  room temperature 

f o r  1 week and allowed t o  dry ;  t h e  zygotes were rewet 

with SE and placed i n  t h e  l i g h t  a t  room temperature;  

a f t e r  2-3 d t h e  i n i t i a l  supernatant  was replaced  wi th  

f r e s h  medium. Germination genera l ly  occurred w i t h i n  

24 hours. 

I n  examining sperm formation and zygote product ion,  

p r a c t i c a l l y  a l l  cond i t ions  were v a r i e d  i n  an  e f f o r t  t o  

achieve optimum condi t ions .  The parameters i n v e s t i g a t e d  

include temperature ( 2 2 ' ~  vs 3 2 ' ~ ) ,  l i g h t  (0-1000 f t - c ) ,  

a d d i t i o n  o f  a carbon source (0.9-3.6 mM of  sodium a c e t a t e )  

t o  minimal s a l t s  medium, t h e  u t i l i z a t i o n  o f  va r ious  

media (SE,  BM, BC,  VM) , n i t r o g e n  l e v e l s  (0-1.16 x M) , 
calcium l e v e l s  (1.3 x M t o  1.0 x 10-3 M )  , and t h e  

use of CM t o  examine the  p o s s i b i l i t y  o f  a hormonal 

e f f e c t  on sexual  induct ion.  
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I n  a d d i t i o n  t o  t h e  above parameters,  t h e  necess i ty  

f o r  the  a d d i t i o n  o f  f r e s h  medium t o  t h e  mating mixture 

and t h e  presence of t h e  NaHCO s o l u t i o n  was examined 3 
wi th  regards t o  zygote product ion,  The in f luence  o f  

t h e  age of growing c u l t u r e s  p r i o r  t o  and dur ing  sexual  

induct ion  was examined t o  see i f  any phys io log ica l  

induct ion  o f  t h e  female s t r a i n  was necessary and how 

long t h e  male c u l t u r e  would remain sexua l ly  induced, 

Fac to r s  in f luenc ing  germination were a l s o  t e s t e d ,  

Light  maturat ion p e r i o d s  were v a r i e d  from 0-10 d ,  

Light  i n t e n s i t y  dur ing  t h i s  per iod was a l s o  va r i ed  from 

50-1000 f t - c .  The n e c e s s i t y  and e x t e n t  o f  t h e  3 7 ' ~  

temperature shock was examined as we l l  a s  t h e  use fu lness  

of d i f f e r e n t  "shocking" methods t o  induce germination, 

These methods involved prolonged exposure t o  h0C, - l 5 O C ,  

and u l t r a v i o l e t  l i g h t  a s  we l l  a s  a n  inc rease  i n  incubat ion  

temperature t o  60•‹c p r i o r  t o  rehydra t ion .  The percent  

o f  aga r  (,075 t o  l,j%) and t h e  type of  media (sE, BM, 

BC, VM) used f o r  g e m i n a t i o n  were a l s o  v a r i e d ,  The 

importance of  washing t h e  zygotes o r  r e p l a c i n g  t h e  

medium. a f t e r  24 hours i n  o r d e r  t o  induce germination wa.s 

a l s o  examined, 

Sperm product ion and zygote formation were scored 

a s  p r e s e n t  o r  absent  us ing  microscopic examination o f  



t h e  c u l t u r e s ,  Sperm clump and coenobial  counts  were 

made on a Fuchs-Rosenthal Haemocytometer, An es t ima te  

o f  the  germination e f f i c i e n c y  was obtained from t h e  

f r a c t i o n  of  empty (germinated) zygospores on t h e  bottom 

of  the  watch g l a s s e s .  

If zygotes were kept  f o r  any l eng th  of t ime, they  were 

d r i e d  i n  the  mating d i s h  o r  t e s t  tube and s t o r e d  i n  t h e  

dark a t  room temperature.  

RESULTS 

A ,  Gametogenesis 

Severa l  f a c t o r s  were found t o  in f luence  o r  improve 

gametogenesis, Sperm induct ion  was q u i t e  v a r i a b l e  a t  

2 2 ' ~  whereas a t  3 2 ' ~  sperm packets  were almost always 

p r e s e n t  i n  VM w i t h i n  2d and i n  SE i n  2-3d. A t  l e a s t  

48 h r s  o f  a  1618 cyc le  a t  3 2 ' ~  a r e  necessary f o r  sperm 

formation. Table 11-1 shows no sperm packe t s  i n  f l a s k s  

of VM kept i n  t o t a l  darkness o r  with only  24 h r s  incubat ion 

i n  t h e  s tandard  l i g h t  cyc le ,  The a d d i t i o n  o f  N a  a c e t a t e  

d i d  n o t  rep lace  t h e  necess i ty  o f  l i g h t  i n  sexual  

induct ion ,  A t  a l l  Na a c e t a t e  concen t ra t ions  sperm 
0 

packets  were p resen t  i n  c u l t u r e s  maintained a t  32 C 

i n  the  s tandard l i g h t  cycle  f o r  3 d ,  while  none were 

p r e s e n t  i n  those f l a s k s  kept i n  t h e  dark a t  3 2 O ~ .  

The type o f  media used and t h e  n u t r i e n t  l e v e l s  



Table 11-1 

E f f e c t s  of  Light on Sexua l i ty  

Cu l tu res  were grown i n  f l a s k s  o f  VM on a shaker 

a t  3 2 ' ~  under a s tandard 16:8 cycle  o r  i n  t o t a l  

darkness.  

To t e s t  zygote formation 1200 and 1201 were grown 

under s i m i l a r  cond i t ions  before  mixing, Watch g l a s s e s  

were used f o r  mating mixtures,  

A l l  v a r i a t i o n s  were t r i e d  a t  l e a s t  twice.  
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seem q u i t e  important f o r  gametogenesis. SE i s  a f a i r l y  

good medium f o r  sperm induct ion ,  however, s i n c e  it i s  

n o t  a defined s y n t h e t i c  medium, t h e  l e v e l s  o f  n u t r i e n t s  

necessary f o r  gametogenesis cannot be t e s t e d .  BM and 

BC support  vege ta t ive  growth o f  Eudorina very w e l l ,  

but  only r a r e l y  a r e  sperm packets  formed i n  t h e s e  media, 
1 

VM, on t h e  o t h e r  hand, suppor ts  gametogenesis very  w e l l  

and g ives  even more c o n s i s t e n t  r e s u l t s  t h a n  SE. The 

composition of  VM and BM were consequently compared, 

If t h e  l e v e l s  o f  ~ a + +  and NO- i n  VM, 5 x ~ o - ~ M  and 3 
1 x 1 0 - 3 ~  r e s p e c t i v e l y ,  were changed t o  those i n  BM, 

2.5 x 1 0 - I C ~  o f  ~ a + +  and 2.9 x l o - %  o f  NO- no sperm 3' 
were formed. If these  ions  i n  BM were changed t o  t h e  

l e v e l s  i n  VM, good sperm induct ion  r e s u l t e d ,  Table 11-2 

shows the  e f f e c t s  of  inc reas ing  and decreas ing  t h e  

NO- and ~a'+ concen t ra t ions  i n  BM, A c e r t a i n  amount of  3 
~ s . + +  i s  d e f i n i t e l y  necessary f o r  gametogenesis. A 

decrease i n  NO- a l s o  induces sperm product ion,  There 3 
a l s o  seems t o  be an  i n t e r - r e l a t i o n s h i p  between these  

two n u t r i e n t s  i n  t h e i r  e f f e c t  on sperm product ion.  A s  

the  ~ a + +  i s  increased ,  so can t h e  NO- be increased  while  3 
sti l l  a l lowing sperm product ion,  

Conditioned medium ( C M )  a l s o  seems t o  inc rease  

sperm formation. Table 11-3 shows t h a t  medium i n  which 



Table 11-2 

E f f e c t s  of 1~0; and ~ a + +  on Sexua l i ty  

-- ca+' and NO- va r i ed  i n  BM. Cu l tu res  were grown i n  3 
f l a s k s  on a shaker a t  32 '~ .  

-- 1200 was checked f o r  sperm packets  a t  24, 48 and 72 hrs .  
-- To t e s t  f o r  zygote formation, 1200 and 1201 were grown 

under similar condi t ions  f o r  3 d before  mixing and were 
checked f o r  zygotes 10  d 1a.ter.  

A l l  v a r i a t i o n s  were t r i e d  a t  l e a s t  twice.  

d - few sperm 
crcl - ma.ny sperm 

Z - few zygotes 
ZZ - many zygotes 

G < 10% germination 
GG > 10% germination 
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Table 11-3 

E f f e c t  o f  CM on Sperm Induct ion  

A l l  CM i s  obtained from c u l t u r e s  grown i n  VM under 

1638 cycle  (no te  except ion CMh) , 

Five m l  o f  CAN were placed i n  a small  flask with 5-10 x 

3 4 10 coenobia/ml (no , l -4 )  o r  2-4 x 10 coenobia/ml (no.5-10) 

of male Eudorina coenobia, 
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t h e  male s t r a i n  o f  Eudorina grew a t  l e a s t  j days does 

s i g n i f i c a n t l y  inc rease  sperm formation compared t o  

c o n t r o l  c u l t u r e s  i n  f r e s h  VM, Light i s  s t i l l  necessary 

f o r  gametogenesis as shown by CMhm Whether CM made 
g ' 

from growing t h e  female s t r a i n  i n  VM, has  any e f f e c t  

on sperm induc t ion  i s  s t i l l  somewhat ques t ionab le ,  A t  

3 2 ' ~  where t h e r e  i s  genera l ly  much l e s s  v a r i a b i l i t y  

t h a n  a t  2z•‹C, more sperm packets  a r e  induced i n  CMd, 

i n  which t h e  male s t r a i n  had grown, compared t o  CM 
g ' 

i n  which t h e  female s t r a i n  had grown, However, CM does 
43 

induce more sperm t h a n  p resen t  i n  t h e  c o n t r o l  wi th  f r e s h  

VM , 

Severa l  obse rva t ions  concerning t h e  age o f  t h e  

c u l t u r e s  used f o r  sexual  induct ion  have been made, 

I f  the  male s t r a i n  i s  inocula ted  d i r e c t l y  i n t o  VM from 

s o l i d  medium without  growing a t  l e a s t  a few days i n  

l i q u i d  beforehand, sperm product ion i s  n e g l i g i b l e ,  

The same i s  t r u e ,  i f  t h e  1200 c u l t u r e  i s  taken from a 

l i q u i d  c u l t u r e  2 weeks o l d  o r  more. The b e s t  sperm 

product ion comes from a c u l t u r e  approximately 2-7 d 

o l d  before i n o c u l a t i o n  i n t o  VM. The type of medium 

used t o  o r i g i n a l l y  grow the  c u l t u r e s  before  i n o c u l a t i o n  

i n t o  VM had no e f f e c t  on sexual  induc t ion ,  Thorough 

washing of  t h e  c e l l s  d i d  n o t  inc rease  sexual  induc t ion  



e i t h e r ,  Incubat ion on a  shaking platform r a t h e r  than  

s i t t i n g  on a  s h e l f ,  d id  increase  sperm formation,  

poss ib ly  because t h e  genera t ion  time i s  then  decreased. 

There is  s t i l l  t h e  ques t ion  of female sexual  d i f -  

f e r e n t i a t i o n  i n  E.  e legans.  Can vege ta t ive  c e l l s  i n  

1201 a c t  a s  egg c e l l s  a t  any time o r  is  t h e r e  some 

phys io log ica l  d i f f e r e n t i a t i o n  t h a t  must t ake  p lace?  

This  ques t ion  remains unresolved. Cu l tu res  of 1201, 

grown i n  e i t h e r  BM o r  BC,  i f  washed only  once, and 

t h e n  placed i n  a mating d i sh  w i t h  1200 and V M ,  could 

s t i l l  a c t  a s  eggs,  and zygotes would be formed. However, 

observa t ions  showed only  the  l a r g e r  coenobia were 

f e r t i l i z e d .  The smal l e r  and more a c t i v e  coenobia never 

seemed t o  a t t r a c t  t h e  sperm clumps. A few l a r g e  coenobia 

a r e  always found i n  BM and M ,  but  i f  IUO; i s  increased  

2 o r  4 t imes t h e  amount i n  BM, only the  very  small  a c t i v e  

coenobia a r e  p r e s e n t  and no zygotes a r e  formed a f t e r  

mixing with 1200. Again, an i n i t i a l  f r e s h  l i q u i d  

c u l t u r e  i s  a  n e c e s s i t y  f o r  good zygote production. 

B. Zygote Formation 

Factors  a f f e c t i n g  zygote formation proved t o  be 

s i m i l a r  t o  those a f f e c t i n g  gametogenesis. Mated c u l t u r e s  

a t  3 2 ' ~  gave more c o n s i s t e n t  r e s u l t s  t h a n  those incubated 

a t  22 '~ .  Watch g l a s s e s  i n  t o t a l  darkness ,  wi th  o r  



without t h e  a d d i t i o n  of  Na a c e t a t e ,  produced no zygotes,  

while t h ~ s e  i n  t h e  l i g h t  d i d ,  a s  shown i n  Table 11-1. 

Varying the  Light  i n t e n s i t y  from 30 t o  1000 f t - c  made 

very l i t t l e  d i f f e r e n c e  on the  a b i l i t y  t o  produce zygotes,  

but  a  high y i e l d  was usua l ly  obtained a t  1000 f t - c .  

The presence o f  NaHCO s o l u t i o n  i n  t h e  bottom of  t h e  3 
p e t r i  d i s h  seemed t o  enhance zygote formation, but  was 

c e r t a i n l y  n o t  necessary.  Zygotes were a l s o  formed i n  

t e s t  tubes ,  f l a s k s ,  and watch g l a s s e s  wi th  nothing,  o r  

only water ,  i n  t h e  p e t r i  d ish .  The a d d i t i o n  o f  f r e s h  

medium i n  t h e  mating d i s h  d i d  n o t  enhance zygote y i e l d .  

This  s t e p  was e l iminated  i n  o t h e r  experiments. 

There i s  good zygote product ion i n  VM and SE, 

however, no zygotes a r e  produced i n  PO; b u f f e r  o r  BC, 

and only r a r e l y  i n  BM, no mat ter  i n  what medium the  

s t r a i n s  a r e  sexua l ly  induced. Cu l tu res  grown i n  BM o r  

BC j u s t  p r i o r  t o  mating form zygotes i n  VM o r  SE, but  

sexual  induc t ion  must then  occur i n  t h e  mating v e s s e l .  

Table 11-2 shows t h e  e f f e c t  of CB++ and NO; concent ra t ions  

on zygote formation. A s  expected, t h e  r e s u l t s  resemble 

those f o r  sperm induct ion ,  however, t h e r e  a r e  d i f f e r e n c e s ,  

A t  NO- concent ra t ions  l e s s  than  6 x ~ o - ~ M ,  zygotes a r e  3 
very few i n  number and o f t e n  morphologically abnormal, 

Vegetative c e l l s  do no t  remain v i a b l e  a t  those concen- 



t r a t i o n s  and t h e  conclusion i s  t h a t  some n i t r o g e n  

i s  necessary f o r  good zygote formation. There seems t o  

be a  maximum NO-  l e v e l  f o r  zygote product ion.  Even 3 
though sperm a r e  produced a t  5.8 x l o m 3  o f  NO; and 

1 x ~ o - ~ M  of  ~ a + + ,  no zygotes a r e  formed. This  r e s u l t  

is poss ib ly  due t o  t h e  phys ica l  s t a t e  of t h e  female 

s t r a i n  s ince  a t  t h i s  concent ra t ion  a l l  female coenobia 

a r e  very small  and a c t i v e .  A s  noted e a r l i e r ,  t h i s  type 

of  coenobium never  seems t o  be f e r t i l i z e d  by sperm, 

The age o f  t h e  sexua l ly  induced c u l t u r e s  before  

mixing them toge the r  has  l i t t l e  e f f e c t  on  t h e  a b i l i t y  

t o  produce zygotes.  Even c u l t u r e s  as o l d  a s  1 4  d w i l l  

u sua l ly  produce a  few zygotes,  However, t h e  b e s t  zygote 

y i e l d  i s  obta ined  i f  both c u l t u r e s  a r e  from 2 t o  4 d 

o ld  before mixing. 

C ,  Zygote Germination 

Zygote germinat ion remained extremely v a r i a b l e .  

The percentage of  germination i n  l i q u i d  v a r i e d  from 

l e s s  than  1% t o  over  90$,  with an  average range o f  5% 

t o  20%. 

A l i g h t  maturat ion per iod  of  4-7 d a f t e r  zygote 

formation i s  d e f i n i t e l y  necessary f o r  germination. 

Attempts to  s h o r t e n  t h e  l i g h t  matura t ion  per iod  t o  0-3 d 

f a i l e d  t o  inc rease  germination. I n  f a c t ,  i n  24 o u t  o f  



32 watch g l a s s e s ,  no germination occurred a t  a l l ,  

The l i g h t  i n t e n s i t y  dur ing  t h i s  per iod was va r i ed  from 

50 t o  1000ft-c ,  but  it d i d  not  a f f e c t  germination. 

However, a t  low l i g h t  i n t e n s i t i e s  t h e  zygotesremained 

dark  green r a t h e r  than  t u r n i n g  orangish-brown dur ing  

t h e  l i g h t  matura t ion  per iod ,  But a f t e r  s e v e r a l  days 

i n  the  dark,  a l l  t h e  zygotes turned brown i n  c o l o r ,  

The importance o f  t h e  c o l o r  change i n  t h e  zygote f o r  

meiosis  and germinat ion i s  not  known. 

A dark per iod  a t  room temperature seems t o  have no 

e f f e c t  on zygote germination, However, a pe r iod  o f  

a t  l e a s t  48 h r s  a t  3 7 ' ~  ( i n  t h e  dark)  is  q u i t e  necessary.  

Th i s  incubat ion  per iod  d id  no t  u s u a l l y  y i e l d  g r e a t e r  

t h a n  20% germination, but  r a t h e r  insured  t h a t  some 

germination occurred. Increas ing  t h e  time a t  3 7 ' ~  even up 

10  d ,  had no harmful enha.nc i n g  e f f e c t s  on t h e  

pe rcen t  germinat ion,  Usually germination f o r  g e n e t i c  

a n a l y s i s  w a s  preceded by a dark per iod  a t  room temperature 

o f  approximately 7 d followed by incubat ion  a t  3 7 ' ~  f o r  

5-7 d. These s t e p s  insured t h a t  t h e  mating c u l t u r e  

was completely d r i e d  and a l l  of t h e  v e g e t a t i v e  c e l l s  

were k i l l e d .  If t h e s e  s t e p s  were shortened,  germination 

would s t i l l  occur ,  bu t  vege ta t ive  c e l l s  sometimes remained 

v i a b l e .  These s t e p s  a l s o  el iminated t h e  n e c e s s i t y  of  



using  chloroform vapor t o  k i l l  vege ta t ive  c e l l s  and 

poss ib ly  k i l l  t h e  zygotes a s  wel l ,  

I n  o rde r  t o  inc rease  percent  germination, a t t empts  

were made t o  shock t h e  zygotes i n t o  germinating. Zygotes 

were f rozen  a t  -15 '~ a s  w e l l  a s  kept  a t  4 ' ~  from 1-14 d 

with no change i n  t h e  y i e l d  o f  gone c e l l s .  Zygotes were 
2 

a l s o  exposed t o  UVlight a t  doses of  600 and 1000 ergs/mm , 
but  very l i t t l e  germination, i f  any, occurred t h e r e a f t e r .  

A l l  t hese  v a r i a t i o n s  were t r i e d  i n  combination wi th  a  

dark per iod  a t  room temperature,  a t  37 '~.  o r  by going 

d i r e c t l y  i n t o  t h e  l i g h t .  None of  these  v a r i a t i o n s  

increased  germination s i g n i f i c a n t l y  . 
Inc reas ing  t h e  incubat ion  temperature from 3 7 ' ~  t o  

6 0 ' ~  was a l s o  t e s t e d  a s  a poss ib le  mode o f  i n c r e a s i n g  

t h e  number of  zygotes t h a t  germinate, The inc rease  

i n  temperature t o  60•‹c f o r  24, 48, o r  72 h r s  does induce 

more zygotes t o  germinate ( u s u a l l y  g r e a t e r  than  j O $  

were induced) ,  however, very few gone c e l l s  remained 

v i a b l e .  They seemed to be aborted from the  zygo spore and 

d i e  before becoming mobile. An incubat ion  temperature 

o f  3 7 ' ~  t o  4 0 ' ~  seems t o  give b e s t  r e s u l t s  f o r  induct ion  

of  germination and gone c e l l  v i a b i l i t y .  

A f t e r  incubat ion  a t  37'0 t h e  zygotes a r e  flooded 

with l i q u i d  medium and placed i n  the  l i g h t .  I f  the  



medium i s  changed f o r  f r e s h  medium i n  24 o r  48 h r s ,  

germination i s  assured  t o  take p lace  t h e  fo l lowing day. 

On a second o r  t h i r d  change i n  medium no f u r t h e r  

germination occurred. The type of  medium used made 

l i t t l e  d i f f e r e n c e ;  BM, BC,  SE, and VM gave s i m i l a r  

r e s u l t s .  A temperature o f  2 2 ' ~  o r  3 2 ' ~  i n  t h e  l i g h t  made 

no d i f fe rence  i n  g e m i n a t i o n ,  Zygotes t h a t  were i n i t i a l l y  

washed 3 o r  4 t imes s t i l l  needed incubat ion  i n  l i g h t  

and a change of  f r e s h  medium a f t e r  one day t o  induce 

germination, Rarely a zygote w i l l  germinate without  

the  change o f  medium, but  one i s  assured  o f  a g r e a t e r  

number germinating a t  t h e  same time i f  t h e  medium i s  

replaced ,  

BC l i q u i d  medium and var ious  percentages of  aga r  

i n  BC So l id  medium were compared f o r  t h e i r  e f f e c t  on 

germination. Very l i t t l e  germination, i f  any a t  a l l ,  

took p lace  on 1% o r  l,5$ agar ,  but  i n c r e a s i n g  f requencies  

of  germination occurred a s  the  aga r  i n  t h e  top  a g a r  

decreased from 0.6 t o  0.075%. The a c t u a l  pe rcen t  g e m i n -  

a t i n g  was s t i l l  q u i t e  low and v a r i a b l e ,  If d r i e d  

zygospores were f i r s t  f looded with BC, incubated i n  

the  l i g h t  f o r  24 h r s ,  and then p l a t e d  i n  0.6% o r  l e s s  

top  aga r ,  germination was j u s t  as good a s  germination i n  

l i q u i d .  



DISCUSSION 

A .  Gametogenesis 

Sexual induct ion  i s  c o n s i s t e n t  i f  young, a c t i v e l y  

growing c u l t u r e s  of  E. e legans a r e  grown i n  VM a t  3 2 ' ~  

f o r  a t  l e a s t  48 h r s  of  a  1 6 : 8  cyc le ,  Nu t r i en t  l e v e l s  

o f  ~a++ and NO; seem important i n  gametogenesis, 

The requirement f o r  n i t r o g e n  d e p l e t i o n  i s  n o t  a l l  t h a t  

su rp r i s ing .  Sager and Granick (1954) found t h e  absence 

o f  n i t r o g e n  necessary f o r  gametogenesis i n  Chlamydomonas 

reinhardi- ,  Tra inor  (1959) found t h a t  w i t h  a  decrease 

i n  110- t h e r e  was a n  increase  i n  y i e l d  o f  zygotes i n  
3' 

3 of  4 chlamydomonad spec ies  t e s t e d ,  Harris and S t a r r  

(1969) a l s o  found a l i n e a r  r e l a t i o n s h i p  between a  

decrease i n  n i t r o g e n  and a n  inc rease  i n  sperm product ion 

i n  Pla%ydorina,  This  type of metabolic s t a rva . t ion  o r  

ma lnu t r i t ion  does seem t o  i n i t i a t e  the  sexual  cyc le  i n  

E ,  e legans,  However, t h e r e  i s  no t  a n  inver se  l i n e a r  

re1a.tionshi.p of  n i t rogen  l e v e l  and sexua.1 induct ion  a.s 

i s  t r u e  f o r  Chlamydomonas o r  P la tydor ina ,  A t  very low 

l e v e l s  ( l e s s  than  3  x 1 0 ~ ~ 3 4 )  and i n  t h e  absence o f  NO- 
3 

where vege ta t ive  growth i s  d e f i n i t e l y  hindered,  sperm 

product ion i s  l i m i t e d  a s  wel l .  Sperm a r e  usua l ly  seen 

one day sooner than  a t  the  h igher  more opt imal  NO- concen- 
3  

t r a t i o n s ,  These da ta  seem t o  coincide wi th  r e s u l t s  



obtained using the  non-motile Golenkinia ( E l l i s  and 

Ivlachlis, 196S),  where only the  onse t  o f  sperm product ion 

and no t  the  sperm y i e l d  was found t o  be inver se ly  pro- 

p o r t i o n a l  t o  t h e  n i t rogen  l e v e l ,  The optimum amount 

of  sperm product ion i n  Golenkinia was achieved a t  about 

1 x 1 0 - 3 ~  of N O -  i n  t h e  medium. 
3 

A minimum amount of ~ a ' +  i s  necessary f o r  sexual  

induct ion.  ~ a + '  has been found t o  be a  requirement f o r  

f e r t i l i z a t i o n  i n  Golenkinia ( E l l i s  and Machlis, 1968) 

and Chlamydomonas (Wiese and Jones,  1963) but  n o t  f o r  

gametogenesis. 
++ 

The f a c t  t h a t  by inc reas ing  t h e  Ca , t he  n i t r o g e n  

l e v e l  can a l s o  be increased ,  while g i v i n g  t h e  same r e s u l t  

i n  the  male s t r a i n ,  i s  somewhat puzzl ing ,  One can only 

specula te  on t h e  r o l e  of calcium and n i t r o g e n  i n  sexual  

induct ion  i n  Eudorina , Poss ib ly  sexual  d i f f e r e n t i a t i o n  

i s  n o t  d i r e c t l y  induced by n i t rogen  d e p l e t i o n  i n  E, e legans ,  

a s  i n  Chlamydomonas. A decrease i n  n i t r o g e n  may i n i t i a t e  

product ion of  a  hormone substance,  t h a t  a l s o  r e q u i r e s  
++ Ca , which i n  t u r n  w i l l  induce sperm product ion  i n  

E, e legans.  However, the  i n t e r a c t i o n  o f  calcium and 

n i t r o g e n  might be b e t t e r  explained by a  compe-titive 

mechanism, %"here may be two d i f f e r e n t  modes o f  a c t i o n  

f o r  sexual  induct ion  i n  E .  e legans,  E i t h e r  a  s u f f i c i e n t  



amount of  ~ a + +  is requ i red ,  pbss ib ly  f o r  a  l a r g e  amount 

o f  inducing 

o r  only the  

the  minimum 

decrease i n  

hormone, i n  o rde r  f o r  sperm t o  develop, 

minimum amount of ~ a + +  (2.5 x l u 4 ~ )  f o r  

amount of  inducing substance a long with a  

NO- is  necessary f o r  gametogenesis. 
3  

Yhe idea o f  a  hormone inducing s e x u a l i t y  does n o t  

merely come from the  observed ~ a + + - N O -  i n t e r a c t i o n .  I n  
3  

t h e  p a s t  t e n  y e a r s ,  S t a r r  and h i s  group (reviewed i n  S t a r r ,  

1968, and Darden, 1970) have s tudied  hormonal r e g u l a t i o n  

of  sexual  d i f f e r e n t i a t i o n  i n  Volvox spec ies .  More r e c e n t l y ,  

Goldstein and h i s  s tuden t s  ( ~ z o s t a k ,  9 g . ,  1973) have 

published a  paper suggest ing a  hormone system i n  E. e legans.  

Thei r  d a t a ,  and my prel iminary i n v e s t i g a t i o n  with CM 

a s  ou t l ined  i n  Table 11-3, shows sperm product ion i s  

i n i t i a t e d ,  o r  a t  l e a s t  enhanced, by growth i n  CM. T h i s  

r e s u l t  might suggest  t h a t  sperm a r e  induced by dep le t ing  

n u t r i e n t s ,  o r  more s p e c i f i c a l l y ,  by d e p l e t i n g  n i t rogen ,  

i n  CM due t o  t h e  previous a l g a l  growth. However, i f  

t h a t  were t r u e ,  r e s u l t s  i n  Table 11-2 should show 

b e t t e r  sperm product ion a t  lower concent ra t ion  o f  

NO- but t h a t  i s  no t  the  case.  Also, a hormone system 
3  

f o r  the  male s t r a i n  might expla in  t h e  observat ion  

of  such v a r i a b i l i t y  i n  the  number o f  sperm produced. 

Even though sperm a r e  p resen t  i n  VM a f t e r  48 h r s  a t  



3 2 ' ~  t h e  number may vary considerably.  Poss ib ly ,  t h e  

amount of  hormone p resen t  i s  d i f f e r e n t  ir, these  i n s t a n c e s ,  

Factors  o t h e r  than  a  poss ib le  hormone o r  balance 

of n u t r i e n t s  a r e  s t i l l  necessary f o r  gametogenesis 

s ince  growth i n  t h e  presence o f  CM does n o t  a s s u r e  sperm 

production. CMb, ( s e e  Table 11-3) obtained from a 

5 d c u l t u r e  of 1200 i n  VM a t  2z0c, had no observable  

sperm present  a t  t h e  time it was harvested.  But CMb 

d i d  enhance sperm induct ion  when t e s t e d  showing t h e  inducing 

substance was p resen t .  CMh shows t h a t  l i g h t  i s  s t i l l  

a n e c e s s i t y  f o r  product ion  of sperm even i n  t h e  presence 

of  CM. 

The t iming mechanism f o r  gametogenesis i s  no% 

c l e a r l y  e s t a b l i s h e d ,  According t o  Szostak,  2 genera t ions  

a r e  necessary -- poss ib ly  one genera t ion  f o r  hormone 

product ion,  t h e  second genera t ion  f o r  c e l l u l a r  d i f f e r -  

e n t i a t i o n  ( ~ z o s t a k ,  et G.,  1973). Considering a  

genera t ion  time of  a l i t t l e  over  24 h r s  f o r  t h e  1200 

s t r a i n  a t  3 2 ' ~  (Kemp, pe r s .  comm. ) and s i n c e  a t  l e a s t  

48 h r s  i n  a 16 :8  cycle  i s  necessary f o r  sperm product ion  

a t  3 2 ' ~   able 11-1) ,  the  l o g i c a l  conclus ion  is  t h a t  

l i g h t  i s  necessary f o r  both processes  -- hormone product ion 

and sperm production. I f  a  c u l t u r e  i s  incubated f o r  

24 h r s  under s tandard  l i g h t  cond i t ions  and then placed  i n  

the  dark,  o r  kept  f i r s t  i n  t h e  dark f o r  24 h r s  o r  more 



and then  incubated under s tandard l i g h t  cond i t ions  

f o r  24 h r s ,  t he  r e s u 1 t . i ~  the same -- no sperm a r e  

produced. The idea t h a t  2 modes of a c t i o n  may induce 

s e x u a l i t y  i n  E ,  e legans ,  e i t h e r  a  l a r g e  amount o f  hormone 

o r  a  dep le t ion  of  n i t rogen ,  would exp la in  t h e  phenomenon 

of occas ional  sperm p r e s e n t  a t  24 h r s  a t  low NO- l e v e l s  
3  

(due t o  n i t rogen  d e p l e t i o n )  and sperm i n  48 h r s  a t  high 

NO- and ~ a ' +  l e v e l s  (due t o  a  l a r g e  amount of hormone). 3 

B e  Zygote Product ion 

Zygote product ion i s  very good and q u i t e  c o n s i s t e n t ,  

i f  2-3 d  o l d  c u l t u r e s  of  1200 and 1201 grown i n  VM 

a r e  mixed and incubated a t  32 '~ .  Zygotes w i l l  form 

i n  1-2  d  i f  incubated under s tandard l i g h t  cond i t ions .  

Light  f o r  zygote formation i s  a l s o  necessary f o r  o t h e r  

a lgae  (P la tydor ina ,  H a r r i s  and S t a r r ,  1969; and Chlamydomonas, 

Tra inor ,  1959) with t h e  except ion of  Chlamydomonas 

r e i n h a r d i  which can produce zygotes i n  t h e  dark i f  c e r t a i n  

amounts of a c e t a t e  and NO- a r e  p r e s e n t  (Sager and 3 
Granick, 1954).  

The n e c e s s i t y  f o r  calcium and n i t r o g e n  i n  zygote 

product ion i n  E ,  e legans  i s  apparent ,  however, it i s  n o t  

c l e a r  whether these  requirements a f f e c t  zygote formation 

and/or female d i f f e r e n t i a t i o n .  There i s  a  d e f i n i t e  inhib-  

i t o r y  N O -  l e v e l ,  namely 5.8 x ~ o - ~ M ,  which i n h i b i t s  both 
3  

enlargment of female c e l l s  i n  Eudorina and zygote formation. 



Tsubo (1956),  us ing  NH4N03 ,  observed t h a t  Chlamydomonas 

sp.  24 gametes w i l l  n o t  copulate  i n  t h e  presence o f  

a s s imi lab le  n i t rogen .  ca++ i s  necessary f o r  zygote 

product ion i n  o t h e r  green a lgae  a s  wel l .  A minimum 

l e v e l  of 1 x ~ o - ~ M  of  ca++ i s  necessary f o r  f e r t i l i z a t i o n  

i n  Golenkinia ( E l l i s  and Machlis, 1968).  Wiese and 

Jones (1963) repor ted  t h a t  C a  i ons  a r e  necessary f o r  

f l a g e l l a r  a g g l u t i n a t i o n  i n  3 Chlamydomonas spec ies  

mating a c t i v i t y  but  n o t  f o r  t h e  formation o f  the  cyto- 

plasmic br idge between mating gametes. 

C. Zygote Germination 

Germination i s  b e s t  obtained i f  zygotes ,  which a r e  

matured i n  t h e  l i g h t  f o r  5-8 d ,  a r e  d r i e d  and incubated 

a t  3 7 ' ~  i n  the  dark  f o r  a t  l e a s t  3 d .  If t h e  zygotes 

a r e  flooded with medium and incubated i n  t h e  l i g h t  and 

t h e  medium i s  replaced  i n  a  day o r  so ,  germination occurs  

wi th in  24 hrs .  Germination seems q u i t e  dependent on the  

change o f  f r e s h  medium, Poss ib ly  t h e  change i s  necessary 

t o  g e t  r i d  o f  a n  i n h i b i t o r y  substance prevent ing  germination 

t h a t  i s  no t  washed away p r i o r  t o  the  f i r s t  f looding  

because o f  e i t h e r  being bound t o  the  zygote o r  being produced 

a f t e r  the  first f looding  occurs .  

Even t h i s  method does no t  a s su re  a high y i e l d  

sf germinat ing zygotes.  There is  s t i l l  t h e  ques t ion  a s  



t o  why such a low percentage o f  germination. Poss ib ly  

t h e  optimum n u t r i t i o n a l  requirements a r e  no t  y e t  met 

dur ing  zygote forma t i o n  even though l i t e r a l l y  thousands 

of  zygotes p e r  m l  can be formed. Most o f  these  zygotes 

may simply no t  be v i a b l e ,  though t h i s  explanat ion  does 

n o t  account f o r  such v a r i a b i l i t y  i n  germination, Germ- 

i n a t i n g  e f f i c i e n c y  may be determined g e n e t i c a l l y  o r  

developmentally which might always give a v a r i a b l e  y i e l d  

of gone c e l l s ,  Chaing and h i s  co-workers (Chaing, Kates ,  

Jones and Sueoka, 1970) have found t h a t  the  mating 

behavior o f  s tocks  of  Chlamydomonas r e i n h a r d i  obtained 

from the  Indiana Cul ture  Co l l ec t ion  was r a t h e r  uns table .  

The mating e f f i c i e n c y  o f  subclones from p a r t i c u l a r  

s tocks  va r i ed  considerably.  Kemp ( p e r s ,  comm.) found 

t h a t  1192 and 1193, 2 E .  e legans s t r a i n s  repor ted  a s  

compatible from t h e  Indiana Culture  Co l l ec t ion ,  had 

l o s t  t h e i r  sexual  cyc le  completely. Germinating a b i l i t y  

i n  E ,  e legans  may be a s  v a r i a b l e  and as e a s i l y  l o s t  a s  

t h e  mating a b i l i t y  i n  these  o t h e r  s tock  c u l t u r e s ,  



CHAPTER I11 

SEROLOGY OF EU EJEGA NS_ 

INTRODUCTION 

I n  a n t i c i p a t i o n  o f  g e n e t i c a l l y  analyz ing  E , elegans ,  

t h e r e  was the  problem of d i f f e r e n t i a t i n g  male and female 

gone c e l l s ,  The product ion of  sperm packets by t h e  male 

s t r a i n  a l lows microscopic d i f f e r e n t i a t i o n  o f  appropr ia t e ly  

induced i s o l a t e s ,  However, even growing t h e  separa te  

c lones  i n  VM o r  SE, no t  a l l  males w i l l  induce sperm 

product ion a t  t h e  same time, It  is  u s u a l l y  necessary t o  

employ a  second method f o r  sexual  d i f f e r e n t i a t i o n  - t h a t  

o f  mating a known male and female s t r a i n  wi th  t h e  unknown 

c l o n a l  i s o l a t e  i n  sepa ra te  watch g l a s s e s  o r  s p o t  p l a t e s ,  

If t h e  i s o l a t e  i s  female, zygotes w i l l  form wi th  t h e  

male s t r a i n ,  I f  t h e  i s o l a t e  i s  male, zygotes a r e  produced 

with the  female s t r a i n ,  The number o f  i s o l a t e s  t h a t  must 

be analyzed and the  l i m i t e d  f a c i l i t i e s  make both methods 

t ed ious  and t ime consuming, 

Serology i s  a n  important technique i n  d i f f e r e n t i a t i n g  

b a c t e r i a l  s t r a i n s  which a r e  very s i m i l a r  me tabo l i ca l ly  

and morphologically.  For example, a simple a g g l u t i n a t i o n  

t e s t  w i l l  d i s t i n g u i s h  Streptococcus Group A from S t rep to -  

coccus Group C ,  If a n  antigen-antibody t e s t  could be 

u t i l i z e d  i n  d i s t i n g u i s h i n g  male and female a l g a l  c e l l s ,  



the  process  of sexual  d i f f e r e n t i a t i o n  would be g r e a t l y  

s impl i f i ed .  

T h e o r e t i c a l l y ,  the  use of  s e r o l o g i c a l  techniques 

seems q u i t e  f e a s i b l e .  The product ion of a n t i b o d i e s  i s  

very s e n s i t i v e  i n  response t o  the  presence o f  a.ntigens.  

Antigens which vary only i n  one carbohydrate o r  poly- 

pept ide  chain  can be d i s t ingu i shed  from each o t h e r  by 

the  d i f fe rence  i n  the an t ibod ies  formed. Thus, t h e  male 

and female s t r a i n s  of  E.  e legans might be d i f f e r e n t  

enough on t h e  molecular l e v e l  a s  t o  be d i s t i n g u i s h a b l e  

by a n  antigen-antibody reac t ion .  

The a p p l i c a t i o n  o f  serology i s  n o t  new t o  t h e  f i e l d  

o f  Phycology, Brown used immunological s t u d i e s  t o  

compare the  Chlorococcales genera T e t r a c y s t i c  and Chlorococ- 

cum (Brown and Bold, 1964, Brown and L e s t e r ,  1965).  - 
Others  have used s e r o l o g i c a l  techniques t o  d i s t i n g u i s h  

var ious  spec ies  and mutants from each o t h e r  (Brown and 

Walne, 1967; Gowans, 1943; Mintz and Lewin, 1954; 

Rosenbla t t -Lichtens te in  1912, 1913; and Sanders,  K e l l e r  

and Wiley, 1971).  Berns (1967) used t h e  immunochemical 

c h a r a c t e r i z a t i o n  o f  b i l i p r o t e i n s  from var ious  a lgae  

t o  s e t  up a phylogenet ic  r e l a t i o n s h i p  among them. Codd 

and Schmid (1972) d i d  the  same type o f  i n v e s t i g a t i o n  

a s  Berns but  by analyz ing  the  g lyco la te -ox id iz ing  enzymes 



r a t h e r  than  pigments. Coleman (1963) and Hutner and 

Provaso l i  (1951, p. 116)  t r i e d  t o  d i f f e r e n t i a t e  mating 

s t r a i n s  of  2 Pandorina spec ies  and 3  Chlamydomonas 

spec ies  r e s p e c t i v e l y ,  but  without success .  I n  both o f  

t h e s e  genera,  t h e  mating gametes a r e  morphologically 

s i m i l a r  and a d i s t i n c t  sperm and egg morphology i s  lacking .  

Since t h e r e  i s  morphological sexual  d i f f e r e n t i a t i o n  a t  

t h e  gamete l e v e l  i n  Eudorina, poss ib ly  t h e  male and female 

vege ta t ive  c e l l s  would be d i s t ingu i shab le  immunologically. 

MATERIALS AND METHODS 

A. Organisms 

S t r a i n s  1200 and 1201 o f  E. e legans  were used a s  

an t igens .  S t r a i n s  1192 and 1193 were a l s o  used i n  some 

of  t h e  a g g l u t i n a t i o n  t e s t s .  A l l  s t r a i n s  were o r i g i n a l l y  

obtained from t h e  Culture  Co l l ec t ion  of  Algae a t  Indiana 

Univers i ty  ( S t a r r ,  1964) .  

B, P repara t ion  o f  Antigens 

F l a g e l l a r  an t igens ,  designated 1200f and 1201f,  

were prepared according t o  a modified method Coleman 

used t o  o b t a i n  f l a g e l l a  from Pandorina (Coleman, 1963).  

Coenobia from a & - l i t e r  c u l t u r e  grown i n  BM were harvested 

by c e n t r i f u g a t i o n  a t  room temperature and r i n s e d  once i n  

s t e r i l e  BM. Four volumes of a  cold buffered  10% 

sucrose s o l u t i o n  ( s e e  Appendix 11) were added t o  1 volume 



of ce119. The mixture was a g i t a t e d  f o r  2  t o  3 min on a  

Vortex mixer, then  l e f t  i n  an  i c e  bath f o r  1 h r  wi th  

occas ional  a g i t a t i o n .  The mixture was cen t r i fuged  7 min 

and the  sediment con ta in ing  t h e  c e l l s  w a s  d iscarded.  

The supernatant  conta in ing  the  f l a g e l l a  was then  cent r i fuged 

2 t imes f o r  4  rnin each t o  remove as many remaining c e l l s  

a s  poss ib le .  The f i n a l  supernatant  was e i t h e r  temporari ly  

f rozen  o r  e l s e  immediately u l t r a c e n t r i f u g e d  a t  20,000 x g 

f o r  20 min. The sedimented f l a g e l l a  were suspended i n  

O.1'jM NaCl buffered s o l u t i o n  ( s e e  Appendix 11)  i n  

approximately 1/10 o f  the  supernatant  volume. 

F l a g e l l a r  counts  were made on a Petroff-Hausser  

b a c t e r i a  counter  us ing  phase-contrast  i l l umina t ion .  The 

f i n a l  f l a g e l l a r  concent ra t ions  a r e  l i s t e d  i n  Table 111-1 

with a n  average of 2.96 x l o 7  f lage l la /ml .  . 

C e l l u l a r  a n t i g e n s ,  designated 1200c and 1201c, were 

obtained from co lon ies  grown on a g a r  p l a t e s  s i n c e  no 

f l a g e l l a  were observed microscopical ly  on c e l l s  grown 

on s o l i d  media, The an t igens  were prepared a s  acetone 

powder e x t r a c t s  us ing  a method improved by Brown (1964). 

Colonies were grown on p e t r i  p l a t e s  con ta in ing  BC and 

1.5% agar  a t  2 2 ' ~  f o r  2-3 weeks. Only p l a t e s  uncontam- 

ina ted  by b a c t e r i a  o r  fung i  were used. The c u l t u r e s  were 

harvested by gen t ly  scraping  the  a lgae  from t h e  aga r  



Table 111-1 

Flage l la r  Concentrations After  Centr ifugation 

No, of  Readings Antigen Ave . Concentration 



surface  wi th  t h e  edge o f  a  s t e r i l e  microscope s l i d e ,  

The a l g a l  mass was then  e i t h e r  f rozen  i n  a  beaker f o r  

s to rage  o r  d i r e c t l y  t r a n s f e r r e d  t o  a  c h i l l e d  mortar  

f o r  immediate process ing ,  

The mortar and p e s t l e  were c h i l l e d  t o  about  -15 '~  i n  

a n  insu la ted  bowl conta in ing  dry  i c e ,  The a l g a l  mass 

was added t o  t h e  mortar, and a f t e r  it f r o z e  s o l i d ,  t h e  

a l g a l  p e l l e t  was g e n t l y  crushed i n t o  a f i n e  powder and 

enough acetone was added t o  form a very t h i c k  p a s t e ,  

C e l l  breakage occurred with cons iderable  p ressu re  on t h e  

p e s t l e .  The p a s t e  was a l s o  t r a n s f e r r e d  t o  a  g l a s s  

t i s s u e  homogenizer i n  o r d e r  t o  a i d  i n  c e l l  breakage, 

Pe r iod ic  microscopic checks f o r  e f f i c i e n c y  i n  c e l l  

breakage were made, When 75-80% of  t h e  c e l l s  had been 

broken, enough c h i l l e d  acetone was added t o  form a 

s l u r r y ,  This  s l u r r y  was f i l t e r e d  a t  4 ' ~  us ing  a  g l a s s  

funnel and Whatman No, 1 f i l t e r  paper.  Two t o  3 volumes 

of  a d d i t i o n a l  c h i l l e d  acetone were added t o  f u r t h e r  

e x t r a c t  the  f a t - s o l u b l e  m a t e r i a l  u n t i l  a c l e a r  f i l t r a t e  

was obta ined ,  The p r o t e i n s  and c e l l u l a r  d e b r i s ,  which 

a r e  inso lub le  i n  ace tone ,  were c o l l e c t e d  on t h e  f i l t e r  

paper ,  The res idue  on the  f i l t e r  paper  was d r i e d  a t  

4 ' ~  f o r  48 h r s .  A t  room temperature t h e  powder was 

scraped o f f  the  paper ,  placed i n  a mortar ,  and l i g h t l y  



ground t o  a  f i n e  powder. The powder was weighed i n t o  0 .1  g 

a l i q u o t s  and f rozen  u n t i l  f u r t h u r  use.  . 
Powder suspensions,  used f o r  r a b b i t  i n j e c t i o n s  o r  

absorpt ion  t e s t s ,  were prepared by adding 2 m l  o f  O . 1 5 M  

NaCl buffered s o l u t i o n  t o  0 . 1  g  o f  powder. The suspension 

was l e f t  a t  ~ O C  f o r  2-24 h r s  with occas ional  mixing i n  

o rde r  t o  a s su re  a n  homogenous mixture before it was 

used, 

P r o t e i n  content  of t h e  var ious  an t igens  was d e t e r -  

mined using a  micromethod o f  t h e  Folin-phenol t e s t  (Lowry, 

Rosebrough, F a r r  and Randall ,  19-51). The p r o t e i n  d e t e r -  

minations a r e  shown i n  Table 111-2. 

C .  Prepara t ion  o f  Antisera  

Four young female r a b b i t s  were used f o r  t h e  

production of a n t i s ? r a .  Each r a b b i t  received a  d i f f e r e n t  

an t igen  -- 1200f, 1201f, 1200c, o r  l201c. Table 111-3 

shows the  schedule o f  i n j e c t i o n s  and b leedings .  On 

day 1, the  r a b b i t s  were given 2 subcutaneous i n j e c t i o n s  

of  0.5 m l  of t h e  an t igen  thoroughly mixed wi th  0.5 m l  

of Freund's Complete Adjuvant. A l l  o t h e r  i n j e c t i o n s  

were done i n t r a p e r i t o n e a l l y  using only the  s a l i n e  

s o l u t i o n  suspension. Control samples o f  blood were 

obtained by h e a r t  puncture on day 0 from t h e  r a b b i t s  

used a s  wel l  a s  from 1 o t h e r  r a b b i t .  The r a b b i t s  were 



Table 111-2 

Pro te in  Concentrations of  Antigens 

of concentrated f l age l l a  and 0,1 g cel ls /2  ml. 

I Antigen I Y ro t e  i n  Concentration I 
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bled on 5 o t h e r  occasions a f t e r  i n j e c t i o n s  began. 

The blood w a s  allowed t o  c l o t  over  a per iod  of  

s e v e r a l  hours and t h e n  cent r i fuged f o r  10  minutes. The 

serum was decanted i n t o  another  tube and cen t r i fuged  

again  t o  remove any remaining c e l l s ,  One drop o f  2% 

sodium az ide  was added t o  every 4 m l  o f  serum t o  insure  

s t e r i l i t y ,  The ant iserum was then  f r o z e n  u n t i l  needed. 

D. Immunological T e s t s  

Agglut ina t ion  t e s t s  were performed us ing  a n t i s e r a  

d i l u t e d  t o  1/40 and f r e s h  a l g a l  c u l t u r e s  grown i n  BM 

5 o f  approximately 5 x l o 4  t o  10  coenobia/ml. I f  

complement was t o  be i n a c t i v a t e d ,  t h e  ant iserum was 

heated t o  6 0 ' ~  f o r  30 min. One drop each o f  serum 

and a l g a l  c u l t u r e  were placed i n  a s p o t  p l a t e  and mixed 

by g e n t l e  o s c i l l a t i o n ,  Any coenobial  immobilization 

a.nd f 1a.gella.r agg lu t ina . t ion  was observed dur ing  t h e  

first 5 min us ing  t h e  low power l e n s  o f  a compound 

microscope. The mixture was a l s o  checked a t  30 and 60 

min t o  insure  t h e  r e s u l t  was the  same. 

Sera t h a t  were absorbed were f irst  incubated f o r  

2 h r s  a t  2 2 ' ~  wi th  c e l l s  from a f r e s h  growing c u l t u r e  
6 a t  a concen t ra t ion  o f  about 10  washed co lon ies  t o  1 

m l  o f  serum. This  combination d id  n o t  completely absorb 

t h e  an t ibod ies  and a g g l u t i n a t i o n  s t i l l  took p lace .  The 



6 r a t i o  2 x 10 co lon ies  t o  0.75 m l  o f  serum was s t i l l  

no t  enough t o  accomplish complete absorpt ion .  However, 
6 i f  5 x 10  colonies  t o  1 m l  of  serum were incubated 

f o r  1.5 h r s  a.t 2 2 ' ~  and then  t h e  process  repeated us ing  

new c e l l s  so  t h e r e  i s  a t o t a l  of  3 h r s  absorp t ion ,  t h e  

a n t i s e r a  proved t o  be f u l l y  absorbed. 

The Ouchterlony method (Ouchterlony, 1958) f o r  

double d i f f u s i o n  i n  g e l  was first used t o  t e s t  t h e  

p r e c i p i t i n  r eac t ion ,  Though d i f f u s i o n  was t e s t e d  a t  

3 7 O ~ ,  2 2 ' ~  and k0c, p r e c i p i t i n  l i n e s  only  appeared on 

aga r  p l a t e s  a t  4 ' ~  a f t e r  3-4 weeks. I t  was f e l t  t h a t  

a n  aga r  p r e c i p i t i n  t e s t ,  reported by P r e e r  ( l 9 5 6 ) ,  

gave b e t t e r  and f a s t e r  r e s u l t s .  

For these  d i f f u s i o n  t e s t s ,  approximately equal  

volumes of an t igen ,  aga r ,  and ant iserum were s e q u e n t i a l l y  

layered  i n  g l a s s  tubes  4 cm long and 1.6-1.8 mm i n  

diameter.  The top  w a s  sealed wi th  wax, The tubes  were 

s to red  h o r i z o n t a l l y  a t  2 2 ' ~  and examined d a i l y .  Bands 

appeared wi th in  2-3 d m  

The agar  used i n  the  d i f f u s i o n  t e s t s  was 0.6% 

Difco p u r i f i e d  agar  (w/v) i n  0.15M NaCl buffered  

s o l u t i o n ,  The agar  s o l u t i o n  was boi led  30 min, f i l t e r e d  

wi th  a Buchner funnel  and Whatrnan No. 1 f i l t e r  paper ,  

and autoclaved. One m l  of  a 2% sodium a z i d e  s o l u t i o n  



was added t o  each 100 m l  o f  agar  so lu t ion .  

RESULTS 

The r e s u l t s  of t h e  a g g l u t i n a t i o n  t e s t s  a r e  presented 

i n  Table 111-4, Two d i f f e r e n t  phenomena were observed -- 
a g g l u t i n a t i o n  o f  t h e  f l a g e l l a  and immobilization of  t h e  

coenobia . No f l a g e l l a r  a g g l u t i n a t i o n  o r  coeno b i a l  

immobilization took p lace  i f  c o n t r o l  serum o r  t h e  buffered 

d i l u e n t  were used a s  a n t i s e r a .  I n a c t i v a t i n g  the  complement 

made no d i f f e r e n c e  on t h e  a g g l u t i n a t i o n  r e s u l t .  No 

d i f f e r e n c e  between t h e  1200 and 1201 s t r a i n s  could be 

observed by immobilization o r  agg lu t ina t ion .  A poss ib le  

except ion involved f l a g e l l a r  a g g l u t i n a t i o n  where 1200c 

and 1201c a n t i s e r a  d i d  n o t  cause a g g l u t i n a t i o n  as markedly 

wi th  1200 co lon ies ,  a s  with 1201 colonies .  

One very i n t e r e s t i n g  obse rva t ion  was made, When 

a male c u l t u r e  with sperm packets  was used f o r  the  

a g g l u t i n a t i o n  t e s t s ,  t h e  vege ta t ive  c e l l s  agg lu t ina ted  

and became immobile a t  the  appropr ia te  d i l u t i o n s ,  but  

t h e  sperm packets  d id  not .  A t  no time d i d  the  sperm 

packets  immobilize o r  agg lu t ina te .  One can only conclude 

t h a t  t h e  f l a g e l l a r  and c e l l u l a r  c o n s t i t u e n t s  of  t h e  

vege ta t ive  c e l l s ,  which were used a s  an t igens ,  a r e  

d i f f e r e n t  on the  molecular l e v e l  than  those c o n s t i t u e n t s  

p r e s e n t  i n  t h e  sperm. 



Table 111-4 

Agglut inat ion T e s t s  

The r e s u l t s  a r e  t h e  same whether o r  noat the  complement i s  
inac t iva ted .  

ANTISERUM Serum 
D i l u t i o n  ANTIGENS 

1200 
cells - 
- - 

cells cells z Control  
serum 1/8,1/40 

NaCl Buffered 
Diluent  

++ f l a g e l l a  a g g l u t i n a t i o n  
+ some f l a g e l l a  a g g l u t i n a t i o n  - no a g g l u t i n a t i o n  
xx immobilization 
x some movement - no immobilization 



Using 1192 and 1193 s t r a i n s  t o  a g g l u t i n a t e  w i t h  

t h e  a n t i s e r a  produced q u i t e  d i f f e r e n t  r e s u l t s .  The 

1193 s t r a i n  showed only  p a r t i a l  immobilization i n  t h e  

undi luted serum. However, t h e  1192 Eudorina s t r a i n  was 

immobilized i n  much t h e  same way t h a t  1200 and 1201 

were, though not  a s  s t rong ly  i n  the  1/8 d i l u t i o n .  

F l a g e l l a r  a g g l u t i n a t i o n  was ques t ionable  when undi lu ted  

1200f ant iserum was used. Otherwise, t h e r e  was no 

f l a g e l l a r  a g g l u t i n a t i o n ,  

There seems t o  be l i t t l e  d i f f e r e n c e  between t h e  

f l a g e l l a r  and c e l l u l a r  an t igens .  Poss ib ly  t h i s  r e s u l t  

is  due t o  t h e  s i m i l a r i t y  o f  the  c o n s t i t u e n t s ,  but  more 

l i k e l y ,  it simply r e f l e c t s  the  amount o f  c e l l u l a r  d e b r i s  

t h a t  contaminatesthe f l a g e l l a r a n t i g e n s  and v i c e  versa .  

Microscopic observat ions  o f  t h e  f l a g e l l a r  a n t i g e n s  

revealed no c e l l u l a r  d e b r i s  and c e l l s  grown on a g a r  

p l a t e s  have no observable  f l a g e l l a .  These observat ions ,  

however, do n o t  preclude t h a t  contaminating an t igens  

a r e  not  p resen t .  Extremely small amounts of  fo re ign  

an t igens  w i l l  induce ant ibody product ion.  

Agglut ina t ion  t e s t s  us ing  completely absorbed 

a n t i s e r a  a r e  shown i n  Table 111-5. I f  a n t i s e r a  were 

absorbed us ing  e i t h e r  1200 o r  1201 c e l l s ,  no immobilization 

o r  f l a g e l l a r  a g g l u t i n a t i o n  took p lace  with t h e  undi lu ted  



Table 111-5 

Agglut ina t ion  T e s t s  Using Absorbed Ant isera  

A NT ISERUM Absorbed 
wi th  

Serum 
Di lu t ion  ANTIGENS 

1200 
c e l l s  

1201 
c e l l s  

1193 
c e l l s  

Control  1200 
c e l l s  

11 

8) 

O 

1) 

1201 
c e l l s  

81 

$1 

tt 

serum 
1200f 

++ f l a g e l l a r  agglu t ina . t ion  
+ some f l a g e l l a r  a g g l u t i n a t i o n  - no a g g l u t i n a t i o n  
xx immobilization 
x some movement - no immobilization 



s e r a  and e i t h e r  1200 and 1201 c e l l s ,  The r e a c t i o n  o f  

1193 c e l l s  with absorbed sera  was not  n e a r l y  a s  s t r o n g  

a s  with the  unabsorbed s e r a ,  If 1193 c e l l s  were used t o  

absorb an t ibod ies  i n  t h e  s e r a ,  t h e r e  was l i t t l e  d i f f e r e n c e  

i n  the  r e s u l t s  compared t o  unabsorbed s e r a  except  t h a t  

t h e  a b i l i t y  t o  immobilize 1193 c e l l s  was absent ,  

Absorbed s e r a  could n o t  d i f f e r e n t i a t e  male and female 

c e l l s  by f l a g e l l a r  a g g l u t i n a t i o n  o r  coenobial  immobilization, 

The r e s u l t s  a r e  s i m i l a r  us ing  P r e e r ' s  d i f f u s i o n  

techniques (P ree r ,  1956) ,  P r e c i p i t a t i o n  l i n e s  began t o  

appear a t  48 h r s  and became most d i s t i n c t  by about 7 d 

as shown i n  Figure 111-1, The l i n e  c l o s e s t  t o  t h e  a n t i g e n  

appeared first and was most d i s t i n c t  u s i n g  a n t i s e r a  1200f 

and 1201f,  I t  is  presumed t o  be due t o  t h e  f l a g e l l a r  

an t igens ,  One t o  t h r e e  o t h e r  l i n e s  appeared i n  2 t o  4 

d and migrated towards t h e  ant iserum, These l i n e s  were 

s t r o n g e s t  us ing  1200c and 1201c an t igens  and 1200c and 

1201c a n t i s e r a ,  so they  a r e  probably due t o  c e l l u l a r  

an t igens ,  The very s l i g h t  d i f f e r e n c e s  i n  male and female 

an t igens ,  such a s  1200f and 1201f when d i f fused  wi th  

a n t i s e r a  1200c and 1201c are probably due t o  p u r i t y  o f  

the  a n t i g e n  o r  a s l i g h t l y  h igher  p r o t e i n  concen t ra t ion  

i n  t h e  female f l a g e l l a r  suspension, There were no 

p r e c i p i t a . t i o n  l i n e s  with 1193 f l a g e l l a  o r  wi th  c o n t r o l  
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Figure 111-1 

Diffus ion  T e s t s  

Equal volumes o f  antiserum, aga r  and ant igen  

were s e q u e n t i a l l y  layered  i n  g l a s s  tubes  ( i l l u s t r a t i o n  

i s  no t  t o  s c a l e ) .  

Agglut ina t ion  l i n e s  were observed a t  48 h r s ,  3 d ,  

4 d and 7 d. 

Antigens Ant i se ra  

1 - 1200f 
2 - 1201f 
3 - 1200c 
4 - 1201c 
5 - Control  
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serum, 

No d i f f e r e n c e s  among s e r a  a r e  de tec ted  i f  absorbed 

se ra  a r e  used, I f  se ra  a r e  absorbed wi th  1200 o r  1201 

c e l l s ,  no p r e c i p i t a t i o n  l i n e s  occur  up t o  7 d ,  If 

1193 c e l l s  a r e  used f o r  absorp t ion  as is  shown i n  Figure 

111-2, t he  first and s t r o n g e s t  l i n e  s t i l l  appears  us ing  

a b s ~ r b e d  a n t i s e r a  from 1200f and 1201f while  only  

ques t ionable  t r a c e s  o f  t h e  o t h e r  l i n e s  a r e  apparent ,  

There appears  t o  be no f l a g e l l a r  ant ibody absorp t ion  

thus  s t rengthening  t h e  conclusion t h a t  1193 and 1200/ 

1201 f l a g e l l a r  a n t i g e n s  a r e  d i f f e r e n t .  Some o f  t h e  

c e l l u l a r  an t igens  appear t o  be similar, s i n c e  t h e  c e l l u l a r  

an t igen  l i n e s  ha rd ly  appear a t  a l l .  However, d i s t i n c t  

d i f f e r e n c e s  between t h e  male and female a n t i g e n s  s t i l l  

could n o t  be de tec ted .  

DISCUSSION 

The r e s u l t  t h a t  1200 and 1201 Eudorina s t r a i n s  

could no t  be d i f f e r e n t i a t e d  by immunological techniques 

merely confirms previous r e p o r t s .  Chlamydomonas mating 

types  could no t  be d i f f e r e n t i a t e d  with a n t i s e r a  prepared 

a g a i n s t  c e l l s  o r  f l a g e l l a  (Hutner and Provaso l i ,  1951; 

and Mintz and Lewin, 1954). Antisera  prepared a g a i n s t  

Pandorina f l a g e l l a  d i d  no t  d i f f e r e n t i a t e  mating types  

e i t h e r .  I n  f a c t ,  t h e  r e a c t i o n s  even appeared t o  e x h i b i t  



Figure 111-2 

Dif fus ion  Tes t s  Using Absorbed Antisera  

Equal volumes of absorbed ant i serum,  aga r  and 

a n t i g e n  were s e q u e n t i a l l y  layered  i n  g l a s s  tubes  

(illustration i s  no t  t o  s c a l e ) .  

No a g g l u t i n a t i o n  l i n e s  were observed wi th  se ra  

absorbed wi th  1200 o r  1201 c e l l s .  Lines were observed 

with s e r a  absorbed w i t h  1193 c e l l s  a t  5 and 7 d. 

Antigens Antisera  absorbed wi th  1193 c e l l s  





syngen s p e c i f i c i t y  because Pandorina s t r a i n s  t h a t  were 

i s o l a t e d  from d i f f e r e n t  a r e a s  but were sexua l ly  compatible 

with each o t h e r ,  seemed t o  be s i m i l a r  a n t i g e n i c a l l y  

(Coleman, 1963).  The same r e s u l t  i s  found us ing  

E. e legans ,  The Eudorina s t r a i n s  1192/1193 a r e  i n  a 

d i f f e r e n t  syngen than  1200/1201 (Golds te in ,  1964). 

Ant igenica l ly ,  a t  l e a s t  wi th  r e spec t  t o  t h e  f l a g e l l a ,  

t h e  p a i r s  a r e  q u i t e  d i f f e r e n t  a s  we l l ,  

One i n t e r e s t i n g  aspec t  of  the  s e r o l o g i c a l  da ta  i s  

t h a t  t h e  sperm do n o t  a g g l u t i n a t e  o r  immobilize wi th  

any of  t h e  a n t i s e r a ,  There must be d i f f e r e n c e s  on t h e  

molecular l e v e l  i n  both t h e  f l a g e l l a  and c e l l u l a r  c o n s t i t u -  

e n t s .  If t h e r e  were a  way of ob ta in ing  l a r g e  amounts o f  

male gametes separa ted  from t h e  vege ta t ive  c e l l s ,  it 

would be o f  i n t e r e s t  t o  c a r r y  o u t  immunological t e s t s  

t o  see j u s t  how d i f f e r e n t  the  male gametes a r e  a n t i -  

genitally from t h e  vege ta t ive  c e l l s .  

The f a c t  t h a t  male and female Eudorina c e l l s  a r e  

a n t i g e n i c a l l y  similar suppor ts  the  hypothesis  t h a t  

t h e r e  i s  only one gene d i f fe rence  between mating s t r a i n s  

i n  E. e legans  (Goldstein,  1964). Other  t h a n  t h e  product ion 

o f  gametes and a p o s s i b l e  hormone i n  t h e  male, male and 

female E m  e legans  s t r a i n s  seem morphologically and bio- 

chemically i d e n t i c a l ,  The genes coding f o r  sperm 



product ion and c o n t r o l  of hormone product ion must be 

very c lose  toge the r ,  almost i n  tandem i f  n o t  a t  t h e  

same locus ,  s i n c e  these  processes  a r e  exh ib i t ed  i n  the  

male s t r a i n  only ,  

I t  is unfor tunate  t h a t  male and female c e l l s  could 

no t  be d i f f e r e n t i a t e d  by a  simple a g g l u t i n a t i o n  t e s t .  

I t  would c e r t a i n l y  f a c i l i t a t e  the  g e n e t i c  a n a l y s i s  o f  

Eudorina . There a r e  s e v e r a l  o t h e r  immunological pro- 

cedures t h a t  could have been t r i e d ,  such a s  e l e c t r o p h o r e t i c  

techniques and f l u o r e s c e n t  antibody s t a i n i n g .  Problems 

probably would have been encountered wi th  both procedures.  

The an t igens  seemed t o  d i f f u s e  very slowly through the  

agar-gel  necessary f o r  e l e c t r o p h o r e s i s  and c e l l s  contain-  

ing chlorophyl l  f l u o r e s c e  a  b r i g h t  r ed  making f l u o r e s c e n t  

s t a i n i n g  imprac t i ca l .  I n  e i t h e r  case ,  t h e  purpose o f  

t h i s  i n v e s t i g a t i o n  -- t o  f i n d  a n , e a s y  method o f  d e t e c t i n g  

male and female co lon ies  -- would n o t  be accomplished. 

These immunological s t u d i e s  could be c a r r i e d  a  good 

d e a l  f u r t h u r .  I t  would be i n t e r e s t i n g  t o  see  how d i f f e r e n t  

t h e  mutants o f  1200 and 1201 a r e  from each o t h e r  and 

the  wild type s t r a i n s .  Resul t s  i n  Table 111-4 sugges ts  

t h a t  the  c e l l u l a r  an t igens  of 1192 a r e  q u i t e  d i f f e r e n t  

than  those of 1193. This  d i f f e r e n c e  i s  important  consid- 

e r i n g  1192 and 1193 a r e  mating s t r a i n s  according  t o  



S t a r r  (1964) but  seem t o  have l o s t  t h e i r  sexua l  a b i l i t y  

(Kemp, pe r s .  comm,), The male s t r a i n  1192 does n o t  

produce sperm a s  it should,  The d i f f e r e n c e  i n  t h e  

immobilization r e a c t i o n  suggests  t h a t  poss ib ly  a  

muta t ion(s )  has  occurred a t  the  molecular l e v e l  a f f e c t i n g  

the  a n t i g e n i c  response a s  wel l  as t h e  compa t ib i l i ty  

wi th  1193 a.nd t h e  a b i l i t y  t o  produce sperm, Fur the r  

immunological t e s t s  us ing  1192 and 1193 an t igens  might 

show exac t ly  how d i f f e r e n t  these  s t r a i n s  a r e  from each 

o t h e r  now. 



CHAP'I'ER IV 

GENJLTIC ANALYSIS OF EUDORIlVA ELEGAWS 

Most gene t i c  r e sea rch  i n  Phycology has been done 

with Chlamydomonas r e i n h a r d i  (reviewed i n  Levine and 

Ebersold,  1961). S t u d i e s  involving o t h e r  members o f  t h e  

o rde r  Volvocales have shown a I t 1  segregat ion  of  mating 

type a l l e l e s  i n d i c a t i n g  the  mating type i s  under t h e  

c o n t r o l  of  a  s i n g l e  p a i r  of  a l l e l e s  (Gonium p e c t o r a l e ,  

Ste in ,  1958; Pandorina morum, Coleman, 1959, Eudorina 

e legans  and Eudorina i l l i n o i s e n s i s ,  Goldstein,  1964; 

Volvulina s t e i n i i ,  Carefoot ,  1966; and Astrephomene 

gubernacu l i f e ra ,  Brooks, 1966). Besides Golds te in ' s  

i n v e s t i g a t i o n s  on Eudorina , Mishra i s o l a t e d  s e v e r a l  

drug r e s i s t a n t  mutants i n  E. e leaans  -- namely mutants 

r e s i s t a n t  t o  sulfoximine,  s t reptomycin,  o r  erythromycin 

(1VIishra and Thre lke ld ,  1968).  The s t r ep tomyc in - res i s t an t  

marker was found t o  be i n h e r i t e d  cytoplasmica l ly  through 

t h e  female pa ren t  while the  o t h e r  two markers were 

i n h e r i t e d  i n  a  Mendelian fashion .  None o f  these  markers 

were l inked  t o  t h e  mating type locus.  

Kemp (unpubl.)  has  i s o l a t e d  a number o f  ch lorophyl l  

d e f i c i e n t  mutants o f  Eudorina elegans i n  the  1200 and 1201 

s t r a i n s .  He a l s o  has  a few morphological mutants such 



a s  granular ,  s i n g l e  c e l l e d ,  and clumpy c o l o n i a l  forms. 

Only one auxotrophic mutant r e q u i r i n g  nicotinamide has 

been i s o l a t e d  i n  1201, 

The main problem was t o  mate these  mutants w i t h  

the  wild type s t r a i n  and w i t h  eac.h o t h e r ,  analyze t h e  

r a t i o s  o f  progeny, and at tempt  t o  c o n s t r u c t  a  gene t i c  

map showing any l inkage  groups found. 

If any o f  t h e  mutant phenotypes a r e  u n i p a r e n t a l l y  

i n h e r i t e d ,  t h e  phenotype of  t h e  female pa ren t  would 

be expressed i n  t h e  progeny (Mishra and Thre lke ld ,  

1968) a s  is  diagrammed i n  Figure I V - 1 ,  c r o s s e s  a and b. 

If  any o f  these  mutations a r e  nuc lea r  i n  o r i g i n ,  a l r l  

r a t i o  o f  mutant and wild type c l a s s e s  should appear  i n  

the  FI generat ion.  The r e s u l t s  of  independent assortment  

o r  l inkage between two markers a r e  shown i n  Figure I V - 1 ,  

c rosses  c  and d  r e spec t ive ly .  Any s i g n i f i c a n t  d e v i a t i o n  

from a 1 : l r l : l  r a t i o  o f  t h e  poss ib le  phenotypes i n d i c a t e s  

l inkage between t h e  two markers. Since only one gone 

c e l l  emerges from the  zygote, t e t r a d  a n a l y s i s  i s  n o t  

poss ib le  a s  i n  Chlamydomonas where t h e r e  a r e  usua l ly  4 

o r  8 meiot ic  products .  

MATERIALS A N D  METHODS 

A .  Organisms 

The mutants used i n  t h i s  a.na.1ysi.s were a l l  derived 



Figure  I V - 1  

Diagrams o f  I n h e r i t a n c e  P a t t e r n s  

If' Uniparen ta l  Inher i ta r ice  r 

Cross  a )  

*1 1200 x 1201-m 

phenotype wi ld type  x mutant 

F1 1 1200-m : 1 1201-111 
phenotype a l l  mutant 

Cross  b )  

P1 1200-m x 1201 
phenotype mutant x wi ld type  

F1 1 1200 :, 1 1201 

phenotype a l l  wi ld type  

If Mendelian I n h e r i t a n c e :  

Cross c )  

mutant (m) a s s o r t s  independent ly  t o  s e x  a l l e l e s  

P1 1200 x 1201-m 

phenotype : wild type  x muta.nt 
1 1200 t 1 1200-m t 1 1201 : 1 1201-m 

phenotype wi ld type  : mutant t wild type  : mutant 

Cross c )  

mutant (m) i s  l i n k e d  t o  s e x  a l l e l e s  

P1 1200 x 1201-m 
phenotype wi ld type  x mutant 

phenotype ,wildtype : mutant : mutant wi ldtype,  
I I 

p a r e n t a l  t y p e s  r e c o m b h a n t  t ypes  



by Kemp from t h e  1 2 0 1  s t r a i n  of Eudorina elegans us ing  

UV i r r a d i a t i o n  a s  t h e  mutagen. These mutants  a r e  

descr ibed i n  'l'able I V - 1  and a r e  shown i n  Figures  I V - 2 ,  3 

and 4,  Other mutants have been i s o l a t e d  i n  t h e  1200 

and 1201 s t r a i n s ,  but these d id  not  appear  t o  be sexual ly  

competent and were n o t  analyzed, 

B. Procedure 

The procedure f o r  zygote formation and germination 

i s  s i m i l a r  t o  t h a t  o u t l i n e d  i n  Chapter I1 but  wi th  

more emphasis i n  keeping the  zygotes s t e r i l e ,  Male 

and female c u l t u r e s  from f requent ly  t r a n s f e r r e d  l i q u i d  

s tocks  were grown s e p a r a t e l y  f o r  1-3 d i n  VM a t  3 2 ' ~ ~  

Three m l  of each mating type were placed i n  a s t e r i l e  

f l a s k  o r  t e s t  tube and incubated a t  3 2 ' ~  wi th  a 16rB cycle  

f o r  8-10 d ,  The zygotes were then  spun down and t h e  

supernatant  d iscarded,  Zygotes were s t o r e d  i n  t e s t  

tubes  a t  room temperature i n  darkness f o r  1 $ek, The 

t e s t  tubes  w i t h  t h e  d r i ed  zygotes were placed i n  a 

37O-48C oven f o r  3-5 d i n  o rde r  t o  induce germination, 

BC was added t o  the  t e s t  tubes  which were then placed 

i n  the  l i g h t  a t  32 '~ .  A f t e r  24 h r s  t h e  medium was 

replaced wi th  f r e s h  BC,  Twenty-four hours l a t e r ,  t h e  

zygotes s t a r t e d  t o  germinate and they were immediately 

p l a t e d  on BC 1.5% agar  p l a t e s  w i t h  0 ~ 6 %  top  aga r ,  The 



Table I V - 1  

Descript ion of Mutan%s Used i n  Genetic Analysis 

Number Descr ip t ion  

Wildtype male 
Wiidtype female 
Clumpy, i r r e g u l a r l y  l a r g e  c o l o n i a l  form, 

small dark colony on p l a t e  
Clumpy, i r r e g u l a r l y  l a r g e  c o l o n i a l  form, 

small  dark colony on p l a t e  
Dark, l a r g e  dark c o l o n i a l  form i n  l i q u i d ,  

small  dark dry colony on p l a t e  
Granular,  l a r g e  c o l o n i a l  form i n  l i q u i d ,  

mucoid granular- looking (wi th  d i s t i n c t  
coenobia) colony on p l a t e  

l i g h t  green i n  l i q u i d  and on p l a t e  
l i g h t  green i n  l i q u i d  and on p l a t e  
l i g h t  green i n  l i q u i d  and on p l a t e  
l i g h t  green i n  l i q u i d  and on p l a t e  
l i g h t  green i n  l i q u i d  and on p l a t e  
l i g h t  green i n  l i q u i d  and on p l a t e  
l i g h t  green - a b i t  l i g h t e r  than  above 6 mutants 
p a l e  green i n  l i q u i d  and on p l a t e  
very p a l e  green - p a l e r  than  1201-32 
very p a l e  green - p a l e r  t h a n  1201-32 
r e q u i r e s  nicotinamide (approximately 1 d m l )  

f o r  growth 









p l a t e s  were incubated about 10  d a t  32 '~ .  

C .  Mutant and Mating Type l d e n t i f i c a t i o n  

There were a few problems wi th  t h e  i d e n t i f i c a t i o n  

of the  markers used i n  t h i s  i n v e s t i g a t i o n ,  Color d i f -  

fe rences  were most d i s t i n c t  i f  t h e  co lon ies  on the  

p l a t e s  were 10-14 d o ld .  The pale  mutants, -9 and -44 

a r e  n o t  d i s t i n g u i s h a b l e  from each o t h e r .  The same i s  

t r u e  o f  t h e  l i g h t  green mutants. However, t h e  p a l e  

mutants a r e  d i s t i n c t i v e  from t h e  l i g h t  green ones. 

Mutant -32 i s  i n  between the  p a l e s  and the l i g h t  greens 

i n  c o l o r  and cannot be d i s t ingu i shed  from pa le  o r  l i g h t  

green co lon ies  when growing on t h e  same p l a t e ,  

Gone co lon ies  were picked from t h e  p l a t e s  and 

grown i n  liquid medium f o r  male-female a n a l y s i s .  The 

co lon ies  were inocula ted  i n t o  B C ,  grown f o r  s e v e r a l  

days, and then  t r a n s f e r r e d  i n t o  VM f o r  sexual  induct ion ,  

A f t e r  3 d  those c u l t u r e s  producing sperm clumps were 

c l a s sed  as males. The o t h e r  c u l t u r e s  were crossed 

with known female and male s t r a i n s  i n  watch g l a s s e s  o r  

spot  p l a t e s .  The sex  i s  i d e n t i f i e d  by t h e  a b i l i t y  o f  t h e  

i s o l a t e  t o  produce zygotes w i t h  the  oppos i te  sex. 

To see i f  t h e  gone co lon ies  from c r o s s e s  w i t h  -61 

requi red  nicotinarni.de, o r  n o t ,  t h e  co lon ies  were inocula ted  

i n t o  BC, grown f o r  s e v e r a l  days,  washed twice with 



phosphate buf fe r ,  and then  t r a n s f e r r e d  onto BM and BC 

p l a t e s .  Wild types  w i l l  grow wel l  on both p l a t e s .  

Nico t inamide-requir ing mutants w i l l  grow wel l  on BC 

p l a t e s  but  w i l l  b leach white and d i e  on t h e  BM p l a t e s .  

Progeny from clumpy mutants (-8, -40) c rosses  were 

grown i n  l i q u i d  t o  a s su re  t h e i r  growth was normal o r  

clumpy, though clumpy mutants could u s u a l l y  be d i s t ingu i shed  

from the  wild types  on p l a t e s  by t h e i r  dark  dry  small  

c o l o n i a l  form. 

A d i s s e c t i n g  microscope was used t o  d i s t i n g u i s h  

t h e  granular- looking,  mucoid morphology of  -21 co lon ies  

from t h e  smooth wi ld  type form. 

D. Analysis  o f  Data 

Chi square was used t o  analyze d e v i a t i o n s  from 

expected r a t i o s  obtained i n  the  var ious  crosses .  If 

t h e  d e v i a t i o n  from a n  expected independent assortment  

was s i g n i f i c a n t ,  recombinational d i s t a n c e  was then  

ca lcu la ted  i n  2 ways. Where the  double mutant i s  p resen t  

and phenotypica l ly  d i s t i n c t  from the  s i n g l e  mutants,  

such a s  i n  t h e  c r o s s  1200-11 x 1201-21, t h e  recombin- 

a t i o n a l  d i s t a n c e  ( d )  is: 

where w = 
m = 
'1 = 

number of  wild type recombinants 
number of double mutant recombinants 
t o t a l  number of progeny 



I f  the  double mutant i s  no t  d i s t i n g u i s h a b l e  from the  

s i n g l e  mutant, such a s  i n  the  c ross  1200-9 x 1201-4bt 

t h e  recombinational d i s t ance  i s  expressed i n  a range 

from dl t o  d2 -- t h e  d i s t ance  being dl i f  t h e  double 

mutant were p r e s e n t  but phenotypical ly  s i m i l a r  t o  t h e  

s i n g l e  mutants,  t h e  d i s t ance  being d2 i f  t h e  double 

mutant were l e t h a l .  

where w = number of w i l d  type recombinants 
T = t o t a l  number o f  progeny 

Both c a l c u l a t i o n s  a r e  made s ince  e i t h e r  outcome i s  

p o s s i b l e ,  A s e l e c t i v e  disadvantage i s  c a l c u l a t e d  f o r  

some of  t h e  mutants where the  d e v i a t i o n  from t h e  

expected r a t i o  i n  a mutant-wild type c r o s s  i s  s i g n i f i c a n t ,  

I n  t h i s  case ,  t h e  s e l e c t i v e  disadvantage ( s )  is: 

where o = observed number o f  mutants 
e = expected number o f  mutants 

RESULTS 

Crosses were attempted with a  number of  mutants 

without  success ,  Only those mutants t h a t  could be 

d i s t ingu i shed  from the  wild type and were sexua l ly  

inducib le  were used f o r  gene t i c  a n a l y s i s ,  The s t a b i l i t y  



of some of these  mutants i s  s t i l l  i n  ques t ion ,  although 

con t ro l  p l a t i n g  o f  the  vege ta t ive  c e l l s  a t  t h e  onse t  

of  the  s e r i e s  o f  c r o s s e s  showed no wild type r e v e r t a n t s ,  

If 1201-40 i s  kept  i n  l i q u i d  medium f o r  a  long per iod  

of t ime, wild type r e v e r t a n t s  w i l l  even tua l ly  overgrow 

the  clumpy, slower growing mutants. Table IV-2 shows the  

r e s u l t s  when t h e  mutant s t r a i n s  a r e  c rossed  with themselves 

( t h e  males being derived from wild type-mutant c rosses  

which a r e  o u t l i n e d  i n  1V-3) and t h e  phenotypes of  

the  progeny, l'hough some numbers of  t o t a l  progeny a r e  

too low t o  observe any r e v e r t a n t s  even i f  they d id  e x i s t ,  

wild type r e v e r t a n t s  were obtained i n  2  c r o s s e s  1200-44 x  

1201-44 and 1200-46 x  1201-46. The pe rcen t  o f  wild type 

progeny, .41w and 3.65% r e s p e c t i v e l y ,  is  high i f  

considered a s  t h e  amount of  reverse  mutat ions,  

Because most of t h e  mutants used a r e  c o l o r  mutants,  

it i s  o f  i n t e r e s t  t o  see whether these  mutat ions a r e  

cytoplasmic o r  nuclear  i n  o r i g i n .  Table I V - 3  shows t h e  

r e s u l t s  from t h e  wild type-mutant c rosses .  With t h e  

except ion o f  1201-38, a l l  of  the  mutants a r e  i n h e r i t e d  

i n  a Mendelian fash ion  g iv ing  a 1: 1 r a t i o  o f  mutants t o  

wild types ,  l 'h i s  1:l segregat ion  a l s o  suppor ts  t h e  

view t h a t  these  mutants a r e  der ived from s i n g l e ,  and 

no t  double, mutations.  The c rosses  wi th  t h e  clumpy 
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mutants give s i g n i f i c a n t l y  fewer mutant progeny than  

expected. A s e l e c t i v e  disadvantage has been c a l c u l a t e d  

f o r  these  mutants. An unexpected r e s u l t  was obtained 

wi th  1201-38, a l i g h t  green mutant, when only  wild 

type and no mutant o f f s p r i n g  were obtained.  

I n  o r d e r  t o  f i n d  o u t  if any of  the  mutants a r e  l inked 

w i t h  t h e  sex a l l e l e s ,  usua l ly  40 progeny of both wild 

type and mutant phenotypes were analyzed f o r  male-female 

r a t i o s ,  There appears to  be a 111 segregat ion  o f  males 

t o  females i n  a l l  groups a s  shown i n  Table Iv-4. The 

only ques t ionable  except ion  i s  t h e  mutant o f f s p r i n g  from 

t h e  1200 x 1201-21 c ross .  I n  t h a t  ins t ance  t h e  o t h e r  

phenotypic c l a s s ,  t h e  wild type progeny, does show 1:l 

segregat ion .  Considering t h e  t o t a l  number o f  progeny 

involved, t h e  one s i g n i f i c a n t  dev ia t ion  i s  probably no t  

t h a t  important and simply due t o  chance, There does seem 

t o  be independent assortment of these  markers with 

r e spec t  t o  the  mating type a l l e l e s .  I n  the  c r o s s  1200 x 

1201-40, no sperm producing males were obtained wi th  a  

clumpy phenotype while sperm packets  produced by t h e  

mutant males from 1200 x 1201-8 c r o s s  were d e f i n i t e l y  

abnormal i n  t h e i r  morphology and swimming a b i l i t y .  

The mutant-mutant c rosses  were attempted a t  l e a s t  

6 times but  they were n o t  always successfu l .  Even if 





zygotes were obta ined ,  they d id  no t  always germinate 

o r  the  p e r  cen t  germination was sometimes extremely 

low, The mutant-mutant c rosses  producing o f f s p r i n g  

a r e  l i s t e d  i n  Appendix I11 complete wi th  c h i  square 

va lues  and recombinational d i s t ances .  Table I V - 5  

summarizes t h e  c r o s s e s  showing when success fu l  zygote 

formation and germination occurred, A s  can be seen,  

some mutants seem more sexual ly  v i a b l e  t h a n  o t h e r s ,  

namely -11, -9, -21, -22A, and -44, Those mutants 

tha. t  seem q u i t e  incompatible with the  o t h e r  mutants 

a r e  -8, -32 ( e s p e c i a l l y  1200-32), -40, and -61, Only 

r a r e l y  were zygotes even obtained i n  wi ld  type-mutant 

c rosses  us ing  these  mutants, Those showing p a r t i a l  

incompa t ib i l i ty  wi th  only  c e r t a i n  mutants a r e  -3 wi th  

t h e  pa le  mutants; -7 wi th  the  p a l e s ,  -2, and -3; and 

-13 with -2 and -3 as w e l l ,  

A l l  of  t h e  c r o s s e s  l i s t e d  i n  Appendix I11 were 

analyzed us ing  c h i  square,  i f  the  t o t a l  number of  progeny 

were over 50. I f  t h e  dev ia t ion  from a n  expected independent 

assortment  was n o t  s i g n i f i c a n t ,  t h e  markers used were 

considered no t  t o  be l inked.  If t h e  p r o b a b i l i t y  o f  

t h e  d e v i a t i o n  was l e s s  than  . O j ,  t he  recombinational 

d i s t ance  was ca lcu la ted .  Table IV-6 summarizes the  

r e s u l t s  of t h e  mutants l inked toge the r  o r  a s s o r t i n g  



TABLE IV-5 
MUTANT-MUTANT CROSSES 

Z Zygotes fromone cross 
ZZ Zygotes from reciprocal crosses 
g Less than 50 gone colonies 
G More than 50 gone colonies 
- No germination 



TABLE IV-6 

LINKAGE DISTANCE BETWEEN MUTANTS 
(based on recombinational data in Appendix I l l )  

NL  = not linked * = data from reciprocal crosses. 
range of linkage distance due to questionable viability of double mutant recombinant 



independently. The recombinational d i s t a n c e  i n  the  

t a b l e  i s  ca lcu la ted  from the  sum of  progeny from 

r e c i p r o c a l  c r o s s e s  when both c rosses  were success fu l .  

I n  cons t ruc t ion  of a l inkage map us ing  t h e  d i s t a n c e s  

obtained from t h e  c r o s s e s ,  d i sc repenc ies  do a r i s e ,  

The markers -46, -9, -44, and -7 show good l inkage .  

The mutants -21, -13, and -22A seem t o  be l inked  toge the r ,  

Mutant -2 shows l inkage  with -3 and -32, But t h e  

p o s i t i o n  of  t h e  group -3, -2, and -32 and t h e  p o s i t i o n  

o f  mutant -11 i s  confusing s ince  they  show l inkage  t o  

mutants i n  both o f  t h e  o t h e r  groups, The p o s i t i o n  of  

mutants -8, -40, and -61 a r e  n o t  known because of t h e i r  

incompa t ib i l i ty  with t h e  o t h e r  mutants, Since wild 

type o f f s p r i n g  were obtained i n  c rosses  1200-11 x 1201-8, 

1200-9 x 1201-8, and 1200-44 x 1201-61, mutant -8 i s  

probably n o t  l inked  t o  -11 and -9, and mutant -61 is  

probably no t  l inked  t o  -44, Figure IV-5 summarizes the  

groups w i t h  no specu la t ion  a s  t o  how the  groups and 

unplaced mutants a r e  l inked  toge the r ,  

DISCU'SSION 

None of  t h e  mutants s tudied  show un ipa ren ta l  

inhe r i t ance  through t h e  female when c r o s s i n g  them w i t h  

the  wild type s t r a i n ,  Even the  chlorophyl l  d e f i c i e n t  
I 

mutants a r e  under nuc lea r ,  r a t h e r  than  cytoplasmic,  



Figure  IV-5 

Summary o f  Linkage Groups 

l inkage group I -sex- 

l inkage group I1 46- 9-44- 7 

l inkage  group I11 21-13-22A 

linkage group I V  ( 3  I----- 32-2----- ( 3 )  

-11- 

-8- 

-40- 



con t ro l .  Mishra (1967) found t h a t  streptomycin- 

r e s i s t a n t  mutants d id  show un ipa ren ta l  i n h e r i t a n c e  

i n  Eudorina, so a  system of un ipa ren ta l  inhe r i t ance  

appears t o  e x i s t  f o r  t h i s  a l g a ,  Most o f  t h e  non-chromo- 

soma1 genes demonstrated i n  Chlamydomonas r e i n h a r d i  

a r e  a s soc ia ted  w i t h  a n t i b i o t i c s  t h a t  d i r e c t l y  a f f e c t  

o rgane l l e s  l i k e  the  mitochondria o r  t h e  c h l o r o p l a s t  

(Sager and Ramanis, 1970).  Mutations t h a t  a f f e c t  

ch lo rop las t  development o r  ch lorophyl l  s y n t h e s i s  i n  

Chlamydomonas r e i n h a r d i  have shown Mendelian inher i t ance  

( ~ u r z y c k i ,  Goodenough, Levine and Armstrong, 1970). 

These chlorophyl l  d e f i c i e n t  mutants i n  E. e l e ~ a n s  a r e  

no except ion;  they ,  too ,  show Mendelian inher i t ance .  

When c r o s s i n g  these  mutants w i t h  t h e  wild type ,  

a 1:l segrega t ion  r e s u l t e d .  This  r a t i o  shows t h a t  

these  mutants a r e  due t o  s i n g l e  mutations.  I f  one had 

been due t o  2 mutat ions,  a very r a r e  even t ,  where each 

mutation gave express ion  t o  t h e  phenotype, a  3 : l  r a t i o .  

would have r e s u l t e d .  

The idea o f  a redundant genome might cause a few 

problems i n  gene t i c  a n a l y s i s .  Chromosome numbers do 

vary among spec ies  i n  t h e  same genus (reviewed i n  Godward, 

1966, pp. 10-14). Chlamydomonas s p e c i e s  con ta in  8-38 

chromosomes; Volvox spec ies  can have from 5 t o  15 chromo- 

somes: and E. e legans  has been repor ted  t o  have from 



10 t o  16  chromosomes. So it i s  f e a s i b l e  t h a t  some 

chromosomes a r e  d u p l i c a t e s  i n  Eudorina. If a mutation 

i s  p resen t  i n  only one of a p a i r  of  s i m i l a r  chromosomes 

i n  a  vege ta t ive  c e l l  and i s  expressed, it would be 

considered dominant over  t h e  wild type a l l e l e .  If 

redundancy i s  t h e  case ,  t h e r e  i s  s t i l l  a  1:l segregat ion  

i n  wild type-mutant c rosses  a s  i l l u s t r a t e d  i n  Figure IV-6. 

I n  mutant-mutant c r o s s e s  whose s i n g l e  mutant l o c i  a r e  

on homologous chromosomes, but  chromosomes t h a t  a r e  

dup l i ca ted ,  more wild type progeny, than  expected due 

t o  independent assortment ,  may a r i s e  due t o  random 

p a i r i n g  and segregat ion  of  these  chromosomes i n  t h e  

zygote s t a t e .  If t h e  mutant l o c i  a r e  c l o s e l y  l inked ,  

t h e  number of  wild type o f f s p r i n g  w i l l  approach 25%. 

If the  mutant l o c i  a r e  50 map u n i t s  a p a r t ,  t h e  number 

of  wild types  w i l l  approach 37.5%. Severa l  of  t h e  

mutant-mutant c r o s s e s  do show the  pe rcen t  o f  w i l d  type 

progeny w i t h i n  t h i s  range. However, t h e r e  i s  no group 

of mutants a l l  showing t h i s  p a t t e r n .  Most o f  these  

mutant-mutant c r o s s e s  a r e  w i t h  mutant -13 which a l s o  

show fewer small  dark co lon ies  than  expected. A more 

probable explanat ion ,  r a t h e r  than  redundancy, f o r  the  

increased number o f  wild types  i s  t h a t  the  -13 c u l t u r e  

had w i l d  type r e v e r t a n t s  which mated i n  t h e  mating 
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d i s h  a s  wel l .  

The s t a b i l i t y  of  some of these  mutants bes ides  -13 

i s  s t i l l  i n  ques t ion .  Control p l a t i n g s  o f  t h e  vege ta t ive  

c e l l s  a t  t h e  onse t  of  t h e  s e r i e s  of  c r o s s e s  showed no 

w i l d  type co lon ies  p resen t .  However, t h e  percent  o f  

wild type progeny, .41M and 3.66$, obta ined  i n  c r o s s e s  

1200-44 x 1201-44 and 1200-46 x 1201-46 r e s p e c t i v e l y  

i s  extremely high i f  considered a s  the  amount o f  r eve r se  

mutations.  Since both s t r a i n s  a r e  grown i n  l i q u i d  

medium before  mating, t h e r e  is a good p o s s i b i l i t y  t h a t  

the r eve r s ion  occurred,  no t  i n  t h e  zygote,  bu t  i n  t h e  

vege ta t ive  c e l l  s t a t e  which then  could r e p l i c a t e ,  

p a r t i c i p a t e  i n  zygote formation, and show i t s e l f  i n  t h e  

progeny. Though no t r u e  f r a c t i o n  o f  r e v e r s e  mutat ions 

has  been c a l c u l a t e d ,  t h e  p o s s i b i l i t y  t h a t  some wild 

type progeny i n  mutant-mutant c rosses  could be due t o  

r eve r s ions  and no t  recombinations should be considered. 

Because very l i t t l e  i s  known about t h e  physiology 

of  the  mutants used i n  t h i s  gene t i c  a n a l y s i s ,  t h e r e  

a r e  p o s s i b i l i t i e s  of  e r r o r s  simply due t o  the  mutants 

themselves. Germination was very low, u s u a l l y  l e s s  

than  20%. Some of  t h e  mutants, such a s  -61 o r  -8, gave 

very l i t t l e  germination, i f  any a t  a l l .  The p o s s i b i l i t y  

o f  the  mutant being l e t h a l  i n  the  zygote s t a t e  i s  q u i t e  



f e a s i b l e .  A s e l e c t i v e  disadvantage has been c a l c u l a t e d  

f o r  -8 and -40 s i n c e  t h e r e  were s i g n i f i c a n t l y  fewer 

mutant t h a n  wild type progeny. Sporadic germinat ion 

a s  we l l  a s  t h e  phys io log ica l  s t a t e  of  t h e  mutants i n  

e i t h e r  the  zygote o r  gone c e l l  could cause v a r i a t i o n  

i n  t h e  r a t i o s  of  F1 phenotypes. 

The r e s u l t s  obtained w i t h  -38, when crossed t o  

the  w i l d  type ,  a r e  s t range .  Since a lrl segrega t ion  

i s  not  obta ined ,  nuclear  c o n t r o l  of  the  l i g h t  green 

phenotype i s  n o t  probable.  But i f  it were under cyto- 

plasmic c o n t r o l ,  un ipa ren ta l  inhe r i t ance  i s  expected 

through t h e  female parent .  However, only the  wild 

type phenotype of t h e  male parent  i s  expressed i n  t h e  

progeny. Uniparenta l  inhe r i t ance  through t h e  male is  

;lot out  of  t h e  ques t ion ,  but  it i s  unprecedented. 

l i s h r a  (1967) has  a l r eady  observed u n i p a r e n t a l  inhe r i t ance  

through t h e  fernale i n  Eudorina. There i s  t h e  p o s s i b i l i t y  

t h a t  meiosis  d i d  not  occur and t h e  o f f s p r i n g  a r e  d i p l o i d  

express ing  t h e  dominant wild type phenotype. But t h e  

o f f s p r i n g  cons i s t ed  of both males and females,  so  the  

progeny a r e  products  o f  meiosis  where nuc lea r  segregat ion  

d id  occur.  Poss ib ly  the  -38 mutation i s  l e t h a l  i n  t h e  

p o s t  meio t ic  zygote o r  gone c e l l  s t a t e .  There i s  a l s o  

the  p o s s i b i l i t y  t h a t  zygotes were formed only with 

wild type r e v e r t a n t s  p resen t  i n  the  l i q u i d  c u l t u r e  o f  



-38. Yhe phenotype might even be due t o  some i n s t a b i l i t y  

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

i n h e r i t a b l e .  Unfo r tuna t e ly ,  1201-38 was l o s t  due t o  

con tamina t ion  and it was n o t  p o s s i b l e  t o  c r o s s  it w i t h  

any o f  t h e  mutan ts  t o  s ee  i f  t h e  phenotype was s t a b l e  

and i n h e r i t a b l e .  

None of  t h e  markers used i n  t h i s  a n a l y s i s  a r e  

l i n k e d  t o  t h e  mat ing t ype  l o c u s .  The mutant-wild t ype  

c r o s s e s  showed a  1:l r a t i o  o f  males t o  females  i n  each 

phenotyp ic  group. The d r u g - r e s i s t a n t  markers  showing 

Mendelian i n h e r i t a n c e  t h a t  Mishra used demonstra ted 

independent  a s so r tmen t  w i t h  t h e  mat ing t ype  l o c u s  i n  

Eudorina a s  w e l l  (Mishra ,  1968) .  Two n i c o t i n i c  mutan ts  

show ve ry  c l o s e  l i n k a g e  t o  t h e  mat ing t ype  locus i n  

Chlamydomonas r e i n h a r d i  (Ebe r so ld ,  Levine , Levine,  and 

Olmsted, 1962) .  It would be ve ry  u s e f u l  i n  f u t u r e  

g e n e t i c  a n a l y s i s  i f  a  c l o s e l y  l i n k e d  marker t o  t h e  s e x  

a l l e l e s  cou ld  be found i n  Eudorina ,  Yhen s e x u a l  

d i f f e r e n t i a t i o n  would merely c o n s i s t  o f  s c o r i n g  t h e  

a p p r o p r i a t e  phenotyp ic  c o l o n i e s  on a g a r  p l a t e s ,  

There a r e  some i n t e r e s t i n g  o b s e r v a t i o n s  o f  t h e  

r e s u l t s  from t h e  mutant-mutant c r o s s e s  conce rn ing  

which mutant  i s  l i n k e d  t o  which. Mutants -9 and -44 

a r e  bo th  p a l e  mutan ts  which a r e  n o t  d i s t i n g u i s h a b l e  on  



a  p l a t e ,  The l o c i  a r e  l inked w i t h  5 , 9  t o  6.1 map u n i t s  

between them, Mutants -13 and -21 a r e  microscopica l ly  

s i m i l a r  showing very d i s t i n c t  l a r g e  dark c e l l s  i n  each 

coenobium, though on a  p l a t e  -13 has much smal l e r  and 

dryer  co lon ies  than  -21  whose co lon ies  a r e  more mucoid 

and granular- looking,  These 2 mutants seem t o  be 

l inked  toge the r  by 13.0 t o  1 2 . 2  map u n i t s ,  It i s  a l s o  

of i n t e r e s t  t h a t  wild type recombinants were obtained 

only from t h e  1200-21 x 1201-13 c r o s s  and none a t  a l l  

were obtained from t h e  r e c i p r o c a l  1200-13 x 1201-21 

c ross .  The o r i g i n  of  the  wild type o f f s p r i n g  from t h e  

one c r o s s  might be i n  ques t ion  which would l i n k  these  

2 mutants even c l o s e r  toge the r ,  Poss ib ly  t h e  locus  on 

t h e  chromosome respons ib le  f o r  pa leness  versus  wild 

type ,  o r  f o r  t h e  s i z e  and shape o f  the  vege ta t ive  c e l l s ,  

i s  q u i t e  l a r g e  and d i f f e r e n t  mutations can be induced 

w i t h i n  t h i s  a r e a  t h a t  shows l inkage  and g i v e s  s i m i l a r  

phenotypes, However, t h e  l a r g e  map d i s t a n c e s  between 

the  similar markers does decrease t h e  p o s s i b i l i t y  o f  

a  polygenic l o c u s ,  The l i g h t  green mutants,  which a r e  

more p reva len t  and e a s i e r  t o  o b t a i n  by mutagenesis,  

show no a l l e l i s m .  The l i g h t  green phenotype can poss ib ly  

be due t o  va r ious  blocks i n  metabolic pathways which a r e  

regula ted  by a  number o f  l o c i  and no t  j u s t  one p a r t i c u l a r  



a rea  on a  chromosome. Chlorophyll d e f i c i e n t  mutants 

i n  Chlamydomonas have a l s o  been mapped i n  a number of 

l inkage groups and no t  j u s t  one locus  (Surzycki ,  - e t  g . ,  

1970 1. 

Some of the  mutants a r e  no t  very competent sexua l ly  

while o t h e r s  a r e  very sexual ly  v i a b l e ,  Because o f  t h e  

morphology o f  t h e  clumpy mutants, -8 and -40, and t h e  

i r r egu la r - look ing  sperm packets  o f  1200-8, it is  conceiv- 

a b l e  t h a t  t h e i r  incompa t ib i l i ty  with t h e  o t h e r  mutants 

and wild types  a r e  simply due t o  t h e i r  morphology, 

However, 1200-32 and 1200-61 both can produce l a r g e  

numbers o f  heal thy-looking sperm and n e i t h e r  has  been 

a b l e  t o  produce zygotes w i t h  t h e  o t h e r  mutants, N u t r i t i o n a l  

requirements might be the  reason f o r  sexua l  i n v i a b i l i t y ,  

a s  S t e i n  has  shown i s  the  case i n  some i n t r a - s p e c i e s  

c rosses  wi th  Gonium pec to ra le  ( S t e i n ,  1966) .  Other 

combinations, such a s  -3 crossed with t h e  pa le  mutants 

and -7 o r  -13 crossed  w i t h  -2 and -3, might a l s o  r equ i re  

o t h e r  n u t r i e n t s  n o t  p resen t  i n  VM o r  synthes ized  by e i t h e r  

of  these  mutants,  Immunological s t u d i e s  o f  these  mutants 

might show a n t i g e n i c  d i f f e r e n c e s  which could be corre-  

l a t e d  wi th  t h e i r  incompa t ib i l i ty ,  Poss ib ly  because of 

molecular changes, these  mutants a r e  so d i f f e r e n t  s t r u c -  

t u r a l l y  t h a t  f e r t i l i z a t i o n  with each o t h e r  o r  zygote 



germination i s  n o t  poss ib le .  This  reasoning,  however, 

does no t  exp la in  why no zygotes a r e  formed i n  the  1200-61 

x  1201-61 and 1200-32 x  1201-32 c rosses .  A def ic i ency  

i n  necessary n u t r i e n t s  might be the  case f o r  a t  l e a s t  

these  two mutants. 

The a c t u a l  number of  chromosomes i n  E .  e legans  1200 

and 1201 s t r a i n s  i s  s t i l l  uncer ta in .  Golds te in  d id  no t  

r e p o r t  a chromosome number f o r  these  s t r a i n s  (Golds te in ,  

1964) and photographs made by Ken Lee ( p e r s .  comm) i n  

o u r  l abora to ry  show extremely small  chromosomes t h a t  

a r e  almost impossible t o  count accura te ly .  The range 

o f  10  t o  1 6  chromosomes f o r  E. elegans  counted by 

va r ious  r e sea rcher s  (Godward, 1966, p ,  11)  has  n o t  been 

improved. The number o f  l inkage  groups f o r  the  mutants 

analyzed i s  s t i l l  u n c e r t a i n  because of d i sc repenc ies  

i n  t h e  r e s u l t s .  More gene t i c  a n a l y s i s  wi th  o t h e r  mutants 

might improve t h e  d a t a  and a c o r r e l a t i o n  of  l inkage  

groups and t h e  number o f  chromosomes p r e s e n t  might be 

p o s s i b l e  i n  t h e  f u t u r e ,  



CHAPTER V 

CONCLUSION -- A N  EVOLUY'IONARY VIEW 

On an  evolu t ionary  s c a l e ,  a lgae  a r e  probably t h e  

o l d e s t  eucaryot ic  photosynthe t ic  organisms. Morpho- 

l o g i c a l l y  they have changed very l i t t l e  i n  over  a  

b i l l i o n  y e a r s  and were a l s o  probably t h e  f i r s t  organisms 

t o  reproduce sexua l ly  (Schopf, 1970). It i s  o f  i n t e r e s t ,  

t hen ,  t o  see what c o n t r o l s  t h e  sexual  reproduct ion  of  

such a p r i m i t i v e  organism and specula.te on the  advantages 

of  developing and r e t a i n i n g  t h e  a b i l i t y  t o  reproduce 

sexual ly .  

From the  r e s u l t s  i n  Chapter I1 one can conclude 

t h a t  t h e  s e x u a l i t y  of  Eudorina elegans i s  c o n t r o l l e d  by 

n u t r i e n t s  i n  t h e  medium - namely a de f i c i ency  o f  NO- 

++ 3 
and an  abundance of  Ca . This  s tudy,  a s  we l l  a s  a n  

i n v e s t i g a t i o n  by Golds te in  and s tuden t s  (Szostak,  e t  a l . ,  

1973) ,  shows t h a t  condi t ioned medium ( C M )  can a l s o  

induce s e x u a l i t y  i n  t h e  male s t r a i n  wi th  t h e  conclusion 

t h a t  a  hormonal substance i s  p resen t  i n  CM which induces 

sperm product ion.  The idea has been presented here 

t h a t  t h e  n u t r i e n t  requirements c o n t r o l  t h e  product ion 

of t h e  hormone which i n  t u r n  induces s e x u a l i t y  i n  t h e  

male. Induct ion  o f  s e x u a l i t y  i s  much l e s s  understood 

i n  the  female s t r a i n  because gametogenesis i s  no t  observed. 



Sexua l i ty  i n  t h e  female E. elegarls seems t o  be dependent 

on t h e  s i z e  of t h e  vege ta t ive  c e l l s  which i s  c o n t r o l l e d  

t o  a  c e r t a i n  ex-tent by the  n u t r i e n t s  i n  t h e  medium. 

Other f a c t o r s  a f f e c t i n g  s e x u a l i t y  i n  E, elegans  - 
seem t o  be t h e  n e c e s s i t y  of  l i g h t  and enhancement by 

CD2 of  zygote product ion.  Zygote product ion and germin- 

a t i o n  seem t o  be a b l e  t o  take  p lace  i n  vary ing  environ- 

mental  cond i t ions .  Cer ta in ly  being a b l e  t o  sexua l ly  

reproduce i n  a  v a r i a b l e  environment has evolu t ionary  

advantages.  The zygospore o f  E. elegans  i s  a b l e  t o  

wi ths tand temperatures  from below OOC t o  over  4 0 ' ~  

and can s t i l l  germinate.  

The main advantage o f  sexual  reproduct ion  i s  very 

o f t e n  given by b i o l o g i s t s  a s  a mode o f  gene t i c  exchange 

which w i l l  i nc rease  v a r i a t i o n  i n  an  organism and poss ib ly  

al low i t  t o  become m r e  adaptable  t o  a  changing environ- 

ment (Herskowitz, 1965, p ,  1 1 2 ) .  However, is t h i s  t h e  

main advantage f o r  sexual  reproduct ion i n  a p r i m i t i v e  

organism l i k e  E. elegans? The immunological s t u d i e s  o f  

Chapter I11 show t h a t  the  mating s t r a i n s  a r e  remarkably 

s i m i l a r  on the  molecular l e v e l .  S tud ies  by Coleman 

(1963) and Brown and Walne (1967) show t h a t  i s o l a t e s  

of  Pandorina and Chlamydomonas only mate with those 

s t r a i n s  t h a t  a r e  immunologically s i m i l a r ,  Many mutants 



of  E .  e legans no t  descr ibed here cannot be sexua l ly  

induced t o  mate with t h e  w i l d  type s t r a i n  o r  w i t h  o t h e r  

mutants der ived from t h e  same 1200/1201 s tock ,  If 

gene t i c  exchange i s  t h e  main advantage f o r  sexual  

reproduct ion i n  a  p r i m i t i v e  a lga  l i k e  Eudorina,  one 

would expect sexual  reproduct ion t o  occur  more o f t e n  

between d i f f e r e n t  i s o l a t e s  and between mutants from 

t h e  same s t r a i n .  

It i s  more reasonable t h a t  t h e  main evolu t ionary  

advantage f o r  sexual  reproduct ion i n  E .  e legans  i s  n o t  

gene t i c  exchange, but t h e  a b i l i t y  t o  withstand a  v a r i a b l e  

o r  h o s t i l e  environment i n  t h e  zygospore s t a t e .  When 

condi t ions  a r e  a g a i n  optimum f o r  vege ta t ive  growth, t h e  

zygote w i l l  g e m i n a t e  and vege ta t ive  growth w i l l  aga in  

occur.  Cer ta in ly  t h e r e  a r e  l i m i t a t i o n s  i n  apply ing  

l abora to ry  r e s u l t s  t o  t h e  ou t s ide  environment, however, 

environmental observa t ions  of  E.  e legans  have been made 

by Iyengar (1937) which might a l s o  support  t h i s  view, 

Every year  he observed E. elegans growing i n  ra inwater  

poo l s  i n  Madras, Ind ia  during t h e  summer monsoon season. 

Towards t h e  end o f  t h e  season i n  September, sperm clumps 

and egg c e l l s  were genera l ly  formed, These gametes 

could then  produce zygotes which remain dormant, but  

v iable , through t h e  win te r  ready t o  germinate dur ing  the  



next  summer monsoon season when cond i t ions  f o r  vege ta t ive  

growth a r e  good and enough r a i n  a s s u r e s  any i n h i b i t o r s  of  

germination would be washed away from t h e  zygote. This  

type of annual l i f e  h i s t o r y  i s  dependent on sexual  

reproduct ion i n  Eudorina. Genetic exchange seems t o  be 

of l i t t l e  importance t o  a n  au to t roph ic  a l g a  l i k e  Eudorina. 

A s  noted previous ly  with the  except ion  o f  Mishra 's  

work, most o f  t h e  formal gene t i c  a n a l y s i s  i n  Phycology 

has been with Chlamydomonas spec ies .  Goldstein f irst  

showed a  1:l segrega t ion  o f  mating type a l l e l e s  i n  

Eudorina demonstrating meiosis  does occur  upon zygote 

germination. Mishra ' s work with a few d r u g - r e s i s t a n t  

mutants showed a  system of  un ipa ren ta l  i n h e r i t a n c e  

e x i s t s  i n  E ,  e legans  a s  we l l ,  The p r e s e n t  s tudy has 

extended the  g e n e t i c s  o f  Eudorina by us ing  s e v e r a l  

d i f f e r e n t  kinds of  mutant phenotypes a s  markers, a l l  

o f  which a r e  i n h e r i t e d  i n  a Mendelian fashion .  Linkage 

maps f o r  these  mutat ions have been c a l c u l a t e d  where 

poss ib le .  

Genetic a n a l y s i s  of  E.  e legans should be continued 

us ing  o t h e r  mutants t h a t  a r e  sexual ly  v i a b l e  t o  see  

exac t ly  how many l o c i  r egu la te  product ion o f  ch lorophyl l ,  

morphology, o r  t h e  a b i l i t y  t o  synthes ize  necessary 

s u b s t r a t e s  l i k e  a c e t a t e  o r  nicotinamide. A more complete 



gene t i c  a n a l y s i s  may he lp  t o  b e t t e r  e x p l a i n  gene t i c  

r e g u l a t i o n  i n  Eudorina, the  ques t ion  o f  redundancy o f  

chromosomes, and a c o r r e l a t i o n  o f  l inkage  groups wi th  

t h e  number of  chromosortles present .  The s e x u a l i t y  and 

gene t i c s  of  any of t h e  a l g a l  systems a r e  j u s t  beginning 

t o  be understood. 
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Appendix I 

Media f o r  Eudorina e l e g a n s  

S o i l  wa te r  e x t r a c t ,  SE (Mishra,  1967) 

To 1000 m l  o f  g l a s s - d i s t i l l e d  H20 add: 

s o i l  62 m l  
p e a t  31 m l  
sand 31 m l  
CaC0 100 mg 

Steam mix ture  f o r  1 hour  on  2 consecu t ive  days ,  

F i l t e r  s o i l  w a t e r  u s i n g  a Buchner f u n n e l  and No. 1 

Whatman f i l t e r  pape r ,  

Autoclave.  

Volvox medium, VM (Darden, 1966) 

For each  l O O O m l  o f  medium t h e  fo l l owing  amounts o f  

s t o c k  solu- t ions  viere added t o  945 m l  o f  g l a s s - d i s t i l l e d  

Amount S tock  S o l u t i o n  S tock  Concen t r a t i on  

1 0  m l  Na2 glycerolphospha te-5H20 0,50g/100 m l  

1 0  r n l  K C 1  

1 0  m l  Glycy lg lyc ine  

3 m l  P I V  m e t a l  s o l u t i o n  

0,50g/100 m l  

~ . 0 0 g / l 0 0  m l  

s e e  below 

Adjust  pH t o  7,O w i t h  1 N NaOH 



P IV meta l  s o l u t i o n  

Add t h e  f o l l o w i n g  amounts o f  s a l t s  and c h e l a t i n g  

agen t  t o  500 m l  o f  g l a s s - d i s t i l l e d  H20: 

B r i s t o l ' s  minimal' medium, BM (Cain ,  1964)  

For  each  1000 m l  o f  medium t h e  f o l l o w i n g  amounts o f  

s t o c k  s o l u t i o n s  were added t o  937 m l  o f  g l a s s - d i s t i l l e d  

H20: 

Amount S tock  S o l u t i o n  S tock  Concen t r a t i on  

1 0  m l  NaNOg 0,294 M 

1 0  m l  CaC12 0,025 M 

1 0 m l  MgS04'7H20 0,0305 Wr 

1 0  m l  K2HP04 0.043 M 

1 0  m l  KH2P0 b 0,129 M 

1 0  m l  NaCl 0.060 M 

1 m l  Gaffron's Trace  Element S o l u t i o n  s e e  below 

1 m l  EDTA s o l u t i o n  s e e  below 

1 m l  Fe r rous  S u l f a t e  S o l u t i o n  s e e  below 

Ad j u s t  pH t o  6.8-7.0. 



I. Gaf f ron ' s  Trace  Element S o l u t i o n  

l o  1000 m l  o f  g l a s s - d i s t i l l e d  H20 add: 

H3B03 3,100 g 

M ~ s o ~ * ' ~ H ~ O  2,230 g 

%nSo4* 7H20 0,287 g 

( N H ~ )  6 ~ ~ 7 0 2 4 * 4 H 2 0  0,088 g 

C O ( N O ~ ) ~ * ~ H ~ O  0,146 g 

NaWOke2H20 0,033 g 

CuS0 b e  5H2 0 0,125 g 

K B r  0,119 g 

K I  0,083 g 

Adjust  pH t o  abou t  7,5 w i t h  H C 1  a f t e r  a u t o c l a v i n g ,  

11, EDTA S o l u t i o n  

To 1000 m l  o f  g l a s s - d i s t i l l e d  H20 add: 

KOH 31.0 g 



111. Fer rous  Su l f a . t e  S o l u t i o n  

To 1000 m l  o f  g l a s s - d i s t i l l e d  H20 add:  

FeS04*7H20 4.98 g 

HZS04 (10 N )  l a O  m l  

B r i s t o l s  Complete Medium, BC (Kemp and Wentworth, 1971) 

For each 1000 m l  o f  medium combiner 

B r i s t o l s  Minimal Medium 800 m l  

Modified Euglena Medium 200 m l  

Modified Euglena Medium: 

To 980 m l  o f  g l a s s - d i s t i l l e d  H20 add:  

Difco y e a s t  e x t r a c t  2.0 g 

Sodium a c e t a t e  1 .0  g 

Difco beef  e x t r a c t  1 . 0  g 

CaC12 0.01 g 

Casamino Acid S o l u t i o n  20. m l  

Casamino Acid S o l u t i o n :  

To 1000 m l  o f  g l a s s - d i s t i l l e d  w a t e r  add:  100.0 g 

Casamino a c i d  h y d r o l y s a t e  (Di fco  v i t a m i n  f r e e ) .  

Add 0.1 g  o f  c h a r c o a l  t o  d e c o l o r i z e .  

F i l t e r  u s i n g  a  m i l l i p o r e  f i l t e r ,  

Autoclave.  



Appendix I1 

S o l u t i o n s  Used i n  Immunology 

1 )  Buf fe red  s u c r o s e  s o l u t i o n  

10% (w/v) suc rose  

0.008 M MgC12 

0.01 M T r i s  

Ad jus t  pH t o  7,5 with t h i o g l y c o l l a t e .  

2 )  0.15 M NaCl i n  b u f f e r e d  s o l u t i o n ( . O l  M PO4 b u f f e r )  

N a C l  8.7 g 

NaH2P04*H20 0,2208 g 

Na2HP0 7H20 2.252 g 

*2O 
1000 m l  

Ad jus t  pH t o  7.5. 
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NC -- c h i  square not ca lcula ted,  i n s u f f i c i e n t  data 

NL -- not  l inked 

9 -- dif ference i n  phenotype not d i s t i n c t  

)t9 -- s i g n i f i c a n t  deviat ion not due t o  linkage 

st** -- phenotypes not d i f f e r en t i a t ed  due t o  contamination 
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