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A b s t r a c t  

I n  t h e  nematode C a e n o r h a b d i t i s  e l e a a n s ,  s i x  

e thy lmethanesu lphona te  (EMS) induced t e m p e r a t u r e  s e n s i t i v e  

m u t a t i o n s  on chromosome 5 have  been i s o l a t e d .  These mutan t s  

were c h a r a c t e r i z e d  and i t  was found t h a t  t h r e e  mutan t s  ( t s  1, t s  

2 and t s  7 )  a r r e s t  as embryos. T s  7  and t s  2 a r e  monophasic 

w i t h  r e s p e c t  t o  t h e  l e t h a l  phase .  Ts 1 i s  a  p o l y p h a s i c  t s  

l e t h a l ,  w i t h  l e t h a l  phases  d u r i n g  embryonic development ,  l a r v a l  

development ,  and d u r i n g  o o c y t e  p r o d u c t i o n .  T s  7 h a s  a  

t e m p e r a t u r e  s e n s i t i v e  p e r i o d  ( t . s . p . )  which e x t e n d s  from 

o o g e n e s i s  th rough  embryogenesis .  T s  2  h a s  a  t . s . p .  which 

e x t e n d s  th roughou t  development ,  and t h e  t . s . p . s  o f  t s  1 ex tend  

th roughou t  development a l s o .  Male r e s c u e  exper iments  

demons t ra ted  a  m a t e r n a l  e f f e c t  on t h e  embryonic a r r e s t  o f  t s  1, 

t s  2 and t s  7. The m a t e r n a l  e f f e c t s  o f  t h e s e  t h r e e  m u t a t i o n s  

were found t o  be  r e v e r s i b l e  i n  some h e a t  p u l s e  exper iments .  It 

was found t h a t  e i t h e r  t h e  m a t e r n a l  o r  t h e  embryonic exposure  t o  

t h e  r e s t r i c t i v e  t e m p e r a t u r e  was s u f f i c i e n t  t o  cause  embryonic 

a r r e s t .  Three  o t h e r  t e m p e r a t u r e  s e n s i t i v e  m u t a t i o n s ,  i n c l u d i n g  

a  l a r v a l  a r r e s t  mutant  ( t s  4 )  a  s t e r i l i t y  mutant  ( t s  5 )  and a  

mutant  w i t h  b o t h  s t e r i l i t y  and embryonic a r r e s t  ( t s  1 2 )  were 

a l s o  i s o l a t e d .  The m u t a t i o n s  occupy d i f f e r e n t  p o s i t i o n s  on 

chromosome 5 and a r e  o f  i n t e r e s t  w i t h  r e s p e c t  t o  p a t t e r n s  o f  

gene  e x p r e s s i o n  d u r i n g  development.  
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1 

Introduction 

This thesis reports on a study of conditional iethals in 

the free living nematode, Gaenorhabditis ele~ans (Maupas). 

Two strains of C, elegans have been kept in monoxenic 

culture for nearly two decades. These strains are referred to 

as elenans (Bergerac) and C. ele~ans (Bristol). Although 

the two strains appear morphologically identical, their 

sensitivities to heat differ: C, elegans (Bergerac) will grow 

0 
and reproduce well only up to 18 C, while C. elenans (Bristol) 

is more heat tolerant (Nicholas, 1975). The Bristol strain was 

used for this work. 

f Maintenance of stocks of c. elenans is easy due to the 

small size and method of reproduction of the organism. The 

mature worm is about one millimeter in length. Thus, large 

numbers can be kept in a small laboratory space. C. elegans is 

a hermaphrodite in which sperm production is finished before 

oocyte production begins. The hermaphroditism is not complete, 

and males are present at a frequency of less than 1%. 

Hermaphroditism offers simplicity of stock maintenance. Crosses 

are not necessary to maintain stocks of many mutants. _The 

occurence of males in C. elegans allows crosses to be made. 



Sex inheritance, which is of the X/X, X/O variety, is such that 

populations containing males can be maintained for genetic use 

\ 
by crossing X/O males with X/X hermaphrodites. 1 

f 

i ~ h e  sexes are easily recognized under a dissecting 

microscope. The hermaphrodite body tapers at both ends, while 

the male body tapers anteriorly and have a prominant "hook" at 

the posterior end. This hook is part of the copulatory 

apparatus. 1 

Directly observable internal anatomy offers advantages to 

those interested in metazoan development. In L. elegans, the 

cuticle is transparent, allowing direct observation of the organ 

systems with the dissecting microscope, although resolution of 

cellular and subcellular details requires the use of a compound 

microscope. 

The number of somatic cells in C. elegans is small: the 

hermaphrodite has 810 somatic nuclei and the male has 900 

(Sulston and Horvitz, 1976). The gonads add many more cells, so 

that a mature hermaphrodite has about 3000 cells (Hirsh et. 

al., 1976). The small cell numbers and invariant pattern of 

cell division simplify the analysis of any system. Thus, cell 

lineages in the intestine, the nervous system, gonad etc. can 

be followed with Nomarski optics (see frontispiece). 



The h e r m a p h r o d i t e  gonad i s  e a s i l y  r e c o g n i z e d  u n d e r  t h e  

compound m i c r o s c o p e .  Each h e r m a p h r o d i t e  gonad h a s  two r e f l e x e d  

arms. A t  t h e  p r o x i m a l  end o f  e a c h  arm, stem c e l l s  g i v e  r i se  t o  

many n u c l e i .  These  n u c l e i  a r e  n o t  s e p a r a t e d  by c e l l  membranes 

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

round t h e  l o o p  and e n t e r  t h e  d i s t a l  arm, i n d i v i d u a l  o o c y t e s  

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

o o g e n e s i s  h a s  b e e n  s t u d i e d  (Abi- Rach id  and  Brun,  1 9 7 5 ) .  N u c l e i  

( g e r m i n a l  v e s i c l e s )  c a n  be  s e e n  w i t h i n  t h e  o o c y t e s .  A f t e r  

p a s s i n g  down t h e  d i s t a l  arm of  t h e  o v a r y ,  t h e  o o c y t e  e n t e r s  t h e  

s p e r m a t h e c a  ( H i r s h  e t .  a l . ,  1 9 7 6 ) ,  where i t  i s  f e r t i l i z e d  by 

amoeboid sperm (Ward and M i w a ,  1 9 7 7 ) .  The f e r t i l i z e d  egg  t h e n  

e n t e r s  t h e  u t e r u s  i n  which t h e  e a r l y  embryonic  s t a g e s  o f  t h e  

worrn o c c u r .  

Embryos o f  C. e l e g a n s  have  many f e a t u r e s  which make them 

i n t e r e s t i n g .  They a r e  h i g h l y  d e t e r m i n a t e  and a r e  e s s e n t i a l l y  a  

mosa ic  o f  s e l f  d i f f e r e n t i a t i n g  p a r t s  (Whi t e ,  u n p u b l i s h e d ;  

B a l i n s k y ,  1975;  B e r r i l ,  1 9 7 1 ) .  H o l o b l a s t i c  c l e a v a g e  d e l i n e a t e s  

t h e  e a r l y  b l a s t o m e r e s .  These  b l a s t o m e r e s  unde rgo  many u n e q u a l  

c l e a v a g e s ,  e a c h  w i t h  i t s  own l t rhythmtl  of d i v i s i o n s  which may b e  

f o l l o w e d  w i t h  t h e  l i g h t  mic roscope  (Deppe e t .  a l . ,  1 9 7 8 ) .  A s  

c l e a v a g e  p r o c e e d s  i n s i d e  t h e  egg  c a s e  (maximum d i a m e t e r  o f  55 

m i c r o n s ) ,  g a s t r u l a t i o n  o c c u r s  by i n v a g i n a t i o n  a t  t h e  24 c e l l  

s t a g e  ( R i d d - l e y  1 9 7 8 ) .  F o l l o w i n g  g a s t r u l a t i o n ,  p r o l i f e r a t i o n  o f  



c e l l s  c o n t i n u e s  i n s i d e  t h e  egg  c a s e .  A t  h a t c h i n g ,  

d i f f e r e n t i a t i o n  i s  a l m o s t  c o m p l e t e .  

Eggs a r e  l a i d  t h r o u g h  a  m u s c u l a r  v u l v a  a t  t h e  mid -po in t  

a l o n g  t h e  a n t e r i o r - p o s t e r i o r  a x i s .  Egg l a y i n g  i s  u s u a l l y  o v e r  

i n  two d a y s  a t  2 6 ' ~ ,  w h i l e  a t  l o w e r  t e m p e r a t u r e s ,  a d u l t  worms 

may l a y  e g g s  f o r  a more e x t e n d e d  p e r i o d .  

# 

l ~ a r v a l  deve lopment  i n  C. e l e g a n s  i s  d i r e c t ;  f rom an  

unha tched  egg  of 550 c e l l s ,  t h e  l a r v a e  m o l t  f o u r  t i m e s  w i t h  

i n t e r v e n i n g  l a r v a l  p e r i o d s  (L 1 l a r v a e  t h r o u g h  L 4 l a r v a e ) .  

These  l a r v a l  s t a g e s  a r e  most  e a s i l y  c h a r a c t e r i z e d  by t h e  l e n g t h  

o f  t h e  nematode and s t a g e  o f  deve lopment  o f  t h e  gonad ( H i r s h  e t .  

a l . ,  1 9 7 6 ) .  Under a d v e r s e  c o n d i t i o n s ,  a n  a l t e r n a t e  pathway o f  

deve lopment  may e n s u e .  S t a r v e d  worms may e n t e r  a d e s i c c a t i o n  

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

t h i r d  m o l t  and emerge t o  resume g rowth  when c o n d i t i o n s  a r e  

a p p r o p r i a t e  ( R i d d l e ,  1 9 7 8 ) .  S imple ,  d i r e c t  deve lopment  t h r o u g h  

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

o f  d i f f e r e n t i a t i o n  i n  v a r i o u s  s y s t e m s  ( e g . :  n e r v e ,  m u s c l e ,  

e t c ) .  The a n a l y s i s  i s  s i m p l i f i e d  by t h e  s h o r t  g e n e r a t i o n  t i m e  
0 

of a b o u t  t h r e e  d a y s  a t  20 C .  Mature  a d u l t s  u s u a l l y  l i v e  f rom 

t h r e e  d a y s  t o  more t h a n  a 

Hermaphrod i t e s  m a i n t a i n e d  

t r a n s f e r r e d  t o  new p l a t e s  

and ~ e t h o d s ) .  ,' 

week, d e p e n d i n g  on t h e  t e m p e r a t u r e .  

on a good b a c t e r i a l  lawn are e a s i l y  

w i t h  no a p p a r e n t  damage ( s e e  M a t e r i a l s  



The g e n e t i c s  o f  C. e l e g a n s .  

The s t u d y  o f  t h e  g e n e t i c s  of C a e n o r h a b d i t i s  began a l m o s t  

t h r e e  d e c a d e s  a g o .  I n  1950 ,  i t  was r e p o r t e d  t h a t  a  s p o n t a n e o u s  

m u t a n t  a p p e a r e d  i n  c u l t u r e s  o f  C. b r i g g s a e .  T h i s  mu tan t  was 

s h o r t e r  t h a n  normal  and r e f e r r e d  t o  as "micro" .  By p e r f o r m i n g  

c r o s s e s  be tween  l lmicro l f  h e r m a p h r o d i t e s  and  w i l d  t y p e  m a l e s ,  t h e  

m u t a n t  was found  t o  s e g r e g a t e  i n  a  Mendel ian  f a s h i o n  f rom F 1 

h e r m a p h r o d i t e s  (Nigon  and  Dougher ty ,  1 9 5 0 ) .  More r e c e n t l y ,  F a t t  

and Dougher ty  ( 1 9 6 3 )  , u s i n g  t h e  h e a t  s e n s i t i v e  ( B e r g e r a c )  and 

h e a t  t o l e r a n t  ( B r i s t o l )  s t r a i n s  o f  C. e l e g a n s ,  showed t h a t  h e a t  

s e n s i t v i t y  o f  C. e l e g a n s  ( B e r g e r a c )  was i n h e r i t e d  as a 

m e n d e l i a n  c h a r a c t e r i s t i c .  

G e n e t i c  a n a l y s i s  o f  & e l e g a n s  h a s  c o n c e n t r a t e d  on induced  

m u t a t i o n s .  Techn iques  of EMS m u t a g e n e s i s  a r e  u s e d ,  and  methods 

f o r  o p t i m a l  m u t a n t  r e c o v e r y  i n  EMS e x p e r i m e n t s  a r e  c u r r e n t l y  

b e i n g  e x p l o r e d  ( B a i l l i e ,  u n p u b l i s h e d ) .  Brenne r  ( 1 9 7 4 )  i s o l a t e d  

a l a r g e  number o f  EMS i n d u c e d  m u t a n t s  i n  C. e l e y a n s ,  and 

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

g r o u p s  i n c l u d e  f i v e  au tosomes  and t h e  X chromosome. Each 

l i n k a g e  g r o u p  i s  c h a r a c t e r i z e d  by many m u t a n t s .  A l a r g e  number 

o f  t h e  m u t a n t s  l i e  i n  a c l u s t e r  on e a c h  au tosome.  The v i s i b l e  

a l l e l e s  i s o l a t e d  by B r e n n e r  a r e  v a r i e d ,  b u t  most  f a l l  i n t o  two 

b road  c a t e g o r i e s  : t h e  dumpy ( s h o r t ,  f a t )  and u n c o o r d i n a t e d  



(poor or abnormal movement) mutants. Brenner notes the 

usefulness of C. elegans in the genetic analysis of the nervous 

, muscular, and developing systems, and mentions lethal genes 

(Brenner, 1974). 

Temperature sensitive mutants in developmental studies. 

Lethal mutations cause death of the organism before it 

reaches reproductive maturity. Lethal mutants can have 100% 

lethality, 50% lethality (semi-lethal) or less than 50% 

lethality (subvital). The penetrance and expressivity of 

unconditional mutants are not affected by the experimental 

conditions. Experimental conditions markedly affect the 

penetrance and expressivity of conditional lethals. The 

penetrance of conditional mutants may be dependant on such 

factors as chemical environment, nutrition, population density, 

and temperature (Hadorn, 1961). This study is limited to a 

class of conditional mutants known as temperature sensitive 

mutants. 

Temperature sensitive mutations are important in the 

analysis of assembly and development. This is particularly true 

in the bacteriophage T4. During the infectious process, some 

genes are expressed earlier than others (thus, T4 genes are 



r e f e r r e d  t o  a s  e i t h e r  e a r l y  o r  l a t e  g e n e s ) .  Tempera tu re  

s e n s i t i v e  a l l e l e s  i n  b o t h  gene  c a t e g o r i e s  were  i s o l a t e d ,  and a 

'its l i n k a g e  map1' c o n s t r u c t e d .  S t o c k s  were  e a s i l y  k e p t  b e c a u s e  

t h e  a s s e m b l y  o f  t h e  b a c t e r i o p h a g e  was normal  a t  t h e  p e r m i s s i v e  

t e m p e r a t u r e .  A t  t h e  r e s t r i c t i v e  t e m p e r a t u r e ,  m u t a n t s  i n  t h e  

e a r l y  g e n e s  ( i e  DNA s y n t h e s i s  m u t a n t s )  and t h e  l a t e  g e n e s  ( e . g .  

head  and t a i l  components)  are e x p r e s s e d .  These  m u t a n t s  were  

found  t o  map t o  s p e c i f i c  a r e a s  of t h e  l i n k a g e  map ( E p s t e i n  e t .  

a l . ,  1 9 6 3 ) .  Tempera tu re  s e n s i t i v e  m u t a n t s  have  been  used  i n  

d e v e l o p m e n t a l  r e s e a r c h  on a t  l e a s t  t h r e e  o r g a n i s m s :  t h e  s l i m e  

mold ( D i c t s o s t e l i u m ) ,  t h e  f r u i t  f l y ,  ( D r o s o ~ h i l a ) ,  and t h e  

nematode ( C a e n o r h a b d i t i s ) .  I n  slime molds ,  t e m p e r a t u r e  

s e n s i t i v e  m u t a n t s  have  found  p o t e n t i a l  u s e  i n  s t u d y i n g  c e l l  

a g g r e g a t i o n  d u r i n g  t h e  l i f e  c y c l e  (Loomis ,  1 9 6 9 ) .  More v a r i e d  

a n a l y s i s  h a s  b e e n  per formed u s i n g  D r o s o ~ h i l a  ( s e e  S u z u k i  e t .  

a l . ,  1976 f o r  a r e v i e w ) .  

I n  D r o s o ~ h i l a ,  s t u d i e s  on t e m p e r a t u r e  s e n s i t i v e  m u t a n t s  

have  p roved  u s e f u l  i n  a n a l y z i n g  d e v e l o p m e n t a l  phenomena. Suzuk i  

and P r o c u n i e r  (1969  ) i n v e s t i g a t e d  a l l c l u s t e r l l  o f  dominant  

t e m p e r a t u r e  s e n s i t i v e  l e t h a l s  on chromosome 2.  They found  t h a t  

s e v e r a l  o f  t h e  TS m u t a n t s  had t e m p e r a t u r e  s e n s i t i v e  p e r i o d s  

( T S P 1 s )  d u r i n g  embryogenes i s  and  s u b s e q u e n t  l e t h a l i t y  i n  t h i r d  

i n s t a r  l a r v a e  ( S u z u k i  and P r o c u n i e r ,  1 9 6 9 ) .  The t e m p e r a t u r e  



s e n s i t i v e  homeotic  c l u s t e r  on chromosome 3 a l s o  have t e m p e r a t u r e  

s e n s i t i v e  p e r i o d s  b e f o r e  t h e  phenotype  i s  e x p r e s s e d  

( P o s t l e t h w a i t  and Schneiderman,  1 9 7 3 ) .  Homeotic m u t a n t s  have 

a l s o  l e d  t o  t h e o r i e s  on t h e  mechanism u n d e r l y i n g  t h e  

d e t e r m i n a t i o n  of  t h e  f a t e s  o f  c e l l s  w i t h i n  t h e  i m a g i n a l  d i s c s  

( G r i g l i a t t i  and Suzuk i ,  1 9 7 1 ) .  Although c l u s t e r i n g  s t u d i e s  a r e  

g e n e t i c a l l y  i n t e r e s t i n g ,  mutan t  c l u s t e r s  may n o t  conform t o  t h e  

p h y s i c a l  r e a l i t y  o f  chromosome l e n g t h .  Thus Tasaka  and Suzuk i  

( 1 9 7 3 )  n o t e  t h a t  t h e  c l u s t e r i n g  o f  r e c e s s i v e  t e m p e r a t u r e  

s e n s i t i v e  m u t a n t s  on chromosome 3 may s i m p l y  be  due t o  t h e  

p o s i t i o n  of t h e  cen t romere  (Tasaka  and Suzuk i ,  1 9 7 3 ) .  From 

l a r g e  s c a l e  s c r e e n s  f o r  au tosomal  t e m p e r a t u r e  s e n s i t i v e  m u t a n t s ,  

i t  was found t h a t  t h a t  some c l a s s e s  o f  t e m p e r a t u r e  s e n s i t i v e  

m u t a n t s  seem t o  o c c u r  w i t h  a low f r e q u e n c y  on some chromosomes 

i n  D r o s o ~ h i l a ,  a s  i s  t h e  c a s e  w i t h  dominant  t e m p e r a t u r e  

s e n s i t i v e  l e t h a l s  on chromosome 3 ( R o s e n b l u t h  e t .  a l . ,  1 9 7 2 ) .  

Another  approach  used w i t h  D r o s o ~ h i l a  i n v o l v e s  a  more i n  

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

l o c i .  I n  t h e  c a s e  o f  t h e  Notch l o c u s ,  which i s  n e c e s s a r y  f o r  

embryonic development  and normal  wing s t r u c t u r e ,  a n a l y s i s  o f  

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

o f  t h e  gene  t o  b e  l o c a t e d  a t  one end o f  t h i s  complex l o c u s  

( S h e l l e n b a r g e r  and Moehler ,  1 9 7 5 ) .  I n  a n o t h e r  s t u d y ,  s e v e r a l  



t e m p e r a t u r e  s e n s i t i v e  a l l e l e s  of t h e  m u t a n t  s h i b i r e  were 

examined.  Some o f  t h e s e  were shown t o  have  m u l t i p l e  t e m p e r a t u r e  

s e n s i t i v e  p e r i o d s  (Poodry  e t .  a l . ,  1 9 7 3 ) .  A t e m p e r a t u r e  

s e n s i t i v e  l e t h a l  o f  t h e  X-l inked r e c e s s i v e ,  r a s p b e r r y  ( r a s ) ,  h a s  

been  s t u d i e d .  It h a s  been  found  t h a t  d i f f e r e n t  t i s s u e s  have  

d i f f e r e n t  t . s . p . s  ( G r i g l i a t t i  and S u z u k i ,  1 9 7 0 ) .  

M a t e r n a l  e f f e c t s  on deve lopment  have  a l s o  been  s t u d i e d  w i t h  

t e m p e r a t u r e  s e n s i t i v e  m u t a n t s .  R e c e s s i v e  m a t e r n a l  i n h e r i t a n c e  

c a n  b e  d e m o n s t r a t e d  u s i n g  o u t c r o s s  e x p e r i m e n t s :  one  a t t e m p t s  t o  

" r e s c u e "  ( i . e .  p r e v e n t )  t h e  z y g o t i c  l e t h a l i t y  by i n t r o d u c i n g  

t h e  w i l d  t y p e  a l l e l e  a t  f e r t i l i z a t i o n .  M a t e r n a l  m u t a n t s  g i v i n g  

few o r  no  o u t c r o s s  progeny  have  been  found  i n  D r o s o ~ h i l a  

( T a r a s o f f  and S u z u k i ,  1 9 7 0 ) .  M a t e r n a l  e f f e c t  m u t a n t s  w i t h  

t e m p e r a t u r e  s e n s i t i v e  l e t h a l i t y  have  i n  some i n s t a n c e s  been  

shown t o  have  l o c a l i z e d  embryonic  d e f e c t s  ( F a u s t o - s t e r l i n g ,  

1 9 7 7 )  o r  g r o s s  o r g a n i z a t i o n a l  d e f e c t s  as i n  t h e  m u t a n t  b i c a u d a l  

( N u s s l e i n - V o l h a r d ,  1 9 7 8 ) .  

Many t e m p e r a t u r e  s e n s i t i v e  m u t a n t s  have  been  i s o l a t e d  i n  C. 

e l e a a n s .  F o r  example ,  a t e m p e r a t u r e  s e n s i t i v e  mu tan t  a f f e c t i n g  

t h e  a s sembly  o f  musc le  f i l a m e n t s  h a s  been  i s o l a t e d  ( E p s t e i n  and 

Thompson, 1 9 7 4 ) .  A l s o ,  a t e m p e r a t u r e  s e n s i t i v e  m u t a n t  c a u s i n g  

t r a n s f o r m a t i o n  o f  h e r m a p h r o d i t e s  i n t o  m a l e s  h a s  been  s t u d i e d  



(Klass e t .  a l . ,  1 9 7 6 ) .  A l a r g e  number o f  t e m p e r a t u r e  s e n s i t i v e  

m u t a n t s  have  been  i s o l a t e d  by H i r s h  e t .  a l .  ( 1 9 7 6 ) .  They have  

d i v i d e d  t h e i r  m u t a n t s  i n t o  s e v e r a l  b road  c a t e g o r i e s .  These  

c a t e g o r i e s  i n c l u d e  l a r v a l  a r r e s t  m u t a n t s ,  g o n a d o g e n e s i s  m u t a n t s ,  

s p e r m a t o g e n e s i s  m u t a n t s ,  F 1 s t e r i l i t y  m u t a n t s ,  t s  m o r p h o l o g i c a l  

m u t a n t s ,  and embryo d e f e c t i v e  m u t a n t s  ( H i r s h  and V a n d e r s l i c e ,  

1 9 7 6 ) .  Mutan t s  w i t h  d e f e c t i v e  embryos i n c l u d e  some w i t h  t . s . p . s  

n e a r  t h e  s t a g e  o f  embryonic  a r r e s t .  Some o t h e r  m u t a n t s  w i t h  

embryonic  a r res t  pheno types  had a n  a d d i t i o n a l  t e m p e r a t u r e  

s e n s i t i v e  b l o c k  i n  g o n a d o g e n e s i s .  These  m u t a n t s  w i t h  two 

t e m p e r a t u r e  s e n s i t i v e  pheno types  e x h i b i t e d  a  m a t e r n a l  e f f e c t  

( V a n d e r s l i c e  and  H i r s h ,  1 9 7 6 ) .  

The problem.  

T h i s  t h e s i s  r e p r e s e n t s  t h e  f i r s t  a t t e m p t  t o  i s o l a t e  and  

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

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

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

t a k e n  by  o t h e r  nematode w o r k e r s ,  i n  t h a t  o n l y  t e m p e r a t u r e  

s e n s i t i v e  m u t a n t s  l i n k e d  t o  chromosome 5 were  a n a l y s e d .  

B r e n n e r  ( 1 9 7 4 )  i n i t i a l l y  e s t a b l i s h e d  a l i n k a g e  map o f  

chromosorne 5 u s i n g  v i s i b l e s .  As ide  f rom a c o u p l e  o f  t h e s e  

v i s i b l e s ,  no  p r e v i o u s  r e p o r t s  o f  m u t a n t s  o f  d e v e l o p m e n t a l  



interest on this linkage group have been made (Brenner, 1974). 

The main purpose of this thesis was to contribute to the 

understanding of chromosome 5 developmental genetics using 

temperature sensitive mutants. 



M a t e r i a l s  and Methods 

1. M a t e r i a l s .  

Worms were grown on p e t r i  p l a t e s  c o n t a i n i n g  nematode growth 

medium ( N G M )  and b a c t e r i a  a s  d e s c r i b e d  by Brenner ( 1 9 7 4 ) .  NGM 
0 

was p repared  by a u t o c l a v i n g  f o r  2 0  minu tes  a t  225 C a  m i x t u r e  o f  

a g a r  (1 7 g rams) ,  peptone ( 2 . 5  grams) , and 3 grams o f  N a C l  

d i s s o l v e d  i n  975 m i l l i l i t e r s  o f  d i s t i l l e d  w a t e r .  The f o l l o w i n g  

chemica l s  were t h e n  added: 

1 m l  c h o l e s t e r o l  (5mg/ml i n  e t h a n o l )  

1 m l  of 1M ca lc ium c h l o r i d e  

1 ml o f  1M magnesium s u l p h a t e  

25 m l  o f  potass ium phosphate  (pH 6 )  

T h i s  m i x t u r e  ( N G M )  was t h e n  poured i n  p e t r i  p l a t e s  and 

a l lowed  t o  g e l .  Then, OP-50 ( u r a c i l  r e q u i r i n g )  E s c h e r i c h a  c o l i  

were s t r e a k e d  i n  a  c r o s s - h a t c h  p a t t e r n  on t h e  NGM, and t h e  

p l a t e s  l e f t  one o r  two days  b e f o r e  u s e .  Two i n c u b a t o r s  were 
0 

used;  one  was c a l i b r a t e d  t o  a n  a v e r a g e  t e m p e r a t u r e  o f  17 C +/- 



0 .5  C ( t h e  p e r m i s s i v e  t e m p e r a t u r e ) ,  w h i l e  t h e  o t h e r  was 
0 

c a l i b r a t e d  t o  2 6  C +/- .~OC ( t h e  r e s t r i c t i v e  t e m p e r a t u r e )  . 

O b s e r v a t i o n s  on worms and embryos were u s u a l l y  made u s i n g  a 

Z e i s s  J e n a  d i s s e c t i n g  microscope ( Z e i s s ,  Germany). 

2.  S t o c k s  and S tock  Maintenance.  

The Simon F r a s e r  l a b  h o l d s  s t o c k s  o f  t h e  f o l l o w i n g  m u t a n t s  

on  chromosome 5 ( t a b l e  1) t h a t  were used f o r  mutagenes i s  and 

mapping a s  i n d i c a t e d  l a t e r  i n  t h e  Methods s e c t i o n :  



Table 1 Chromosome 5 mutants used in this study. 



Mutant 

~ P Y  11 

unc 76  

unc 34 

1 4 b  

T a b l e  1 

a l l e l e  

e224 

d e s c r i p t i o n  

s h o r t ,  f a t .  

n e a r l y  immobile 

slow mover 



N-2-S i s  t h e  s t r a i n  o r i g i n a l l y  o b t a i n e d  from England,  and 

may be  c o n s i d e r e d  wi ld  type  f o r  a l l  c h a r a c t e r i s t i c s .  

0 
S t o c k s  were main ta ined  a t  17 C f o r  most  o f  t h i s  s t u d y ,  

a l t h o u g h  20 C was sometimes used as t h e  p e r m i s s i v e  t e m p e r a t u r e .  

S t o c k s  a t  t h e  p e r m i s s i v e  t e m p e r a t u r e  were main ta ined  on l a r g e  

p e t r i  p l a t e s  (100 x  1 5  mm), w h i l e  r e s t r i c t i v e  t e m p e r a t u r e  

exper iments  were done on s m a l l  p e t r i  p l a t e s  ( 3 5  x  1 5  mm) . An 

e x t r a  s e t  of  s t o c k s  was main ta ined  i n  a  d i f f e r e n t  l a b o r a t o r y  i n  
0 

a  15 C i n c u b a t o r .  I n  t o t a l ,  t h r e e  p e r m i s s i v e  t e m p e r a t u r e  s t o c k s  

o f  e a c h  t s  mutant  were main ta ined  f o r  most o f  t h e  exper imenta l  

work. For  exper imenta l  purposes ,  worms were t r a n s f e r e d  t o  new 

p l a t e s  two o r  t h r e e  t imes  a week t o  e n s u r e  t h a t  t h e  r e s u l t s  a t  

t h e  r e s t r i c t i v e  t e m p e r a t u r e  were n o t  confused w i t h  t h e  e f f e c t s  

o f  p r e v i o u s  s t a r v a t i o n .  Worms used f o r  e x p e r i m e n t a l  purposes  

were a lways  t r a n s f e r e d  between p e t r i  p l a t e s  by means o f  6 inch  

wooden a p p l i c a t o r s  sharpened a t  one end w i t h  a  r a z o r  b l a d e .  

3. Mutagenes is .  

S t o c k s  o f  dpy 11 (e224)  were used f o r  mutagenes i s .  Ten 

he rmaphrod i t e s  were p laced  on e a c h  o f  s e v e r a l  l a r g e  p e t r i  

p l a t e s ,  and t h e  young a d u l t s  ( v i s i b l e  o o c y t e s )  were washed from 

t h e  p l a t e s  w i t h  M-9 b u f f e r .  (M-9 b u f f e r  c o n t a i n s  6 g  Na2HP04, 3  

g KH2P04, .2-5 g o f  Mg SO 7H 0 ,  and 5  g  NaCl p e r  l i t e r ) .  Once 2 4  2 
suspended i n  M-9 b u f f e r ,  t h e  worms were s u b j e c t e d  t o  m i l d  



c e n t r i f u g a t i o n  and t h e  e x c e s s  b u f f e r  removed t o  b r i n g  t h e  f i n a l  

volume t o  2  m l .  

I n  a  s e p a r a t e  t e s t  t u b e ,  20 u l  of  EMS was d i s s o l v e d  i n  2 m l  

of M-9 b u f f e r .  T h i s  m i x t u r e  was t h e n  added t o  t h e  2 m l  o f  M-9 

b u f f e r  c o n t a i n i n g  t h e  worms. The f i n a l  volume was 4 m l  of  

a p p r o x i m a t e l y  .05 M EMS. The t e s t  t u b e  was covered w i t h  

p a r a f i l m  and t h e n  l e f t  i n  t h e  fume hood f o r  4 h o u r s .  Worms were 

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

a n a e s t h e t i z i n g  e f f e c t  o f  t h e  mutagen. Progeny of  mobi le  

he rmaphrod i t e s  were t h e n  sc reened  f o r  t e m p e r a t u r e  s e n s i t i v e  

m u t a n t s .  

4.  Sc reen ing  . 

Three  s c r e e n i n g  p rocedures  were used .  Sc reen  1 i n v o l v e d  

p l a c i n g  mutagenized dpy 11 hermaphrod i t e s  on s m a l l  p e t r i  p l a t e s  

wi th  t h r e e  w i l d  type  males .  Mating was a l lowed t o  proceed f o r  

s e v e r a l  hours  b e f o r e  t h e  p a r e n t s  were t r a n s f e r e d .  From each o f  

a  s e r i e s  of  egg l a y i n g s ,  s e v e r a l  he te rozygous  dpy 11 

hermaphrod i t e s  were p laced on s e p e r a t e  p e t r i  p l a t e s .  The 

progeny o f  t h e s e  F  1 h e t e r o z y g o t e s  were t h e n  screened f o r  

he rmaphrod i t e s  n o t  g i v i n g  a  3 : l  r a t i o  ( w i l d  t y p e s  : dpy 11) a t  

26 C .  S t o c k s  g i v i n g  l e s s  t h a n  t h e  expec ted  numbers o f  dpy 11 

were  t h e n  rechecked a t  t h e  p e r m i s s i v e  t e m p e r a t u r e .  To 

accompl i sh  t h i s ,  two o r  t h r e e  F  2 h e t e r o z y g o t e s  from t h e  



r e s t r i c t i v e  t e m p e r a t u r e  were s c r e e n e d  f o r  a b e r r a n t  s e g r e g a t i o n  

a t  t h e  p e r m i s s i v e  t e m p e r a t u r e .  If t h e s e  h e r m a p h r o d i t e s  g a v e  3: 1 

r a t i o s  a t  t h e  p e r m i s s i v e  t e m p e r a t u r e ,  a s t o c k  o f  dpy  11 f rom t h e  

p l a t e  was saved  as a p u t a t i v e  t s .  Con t inued  r a t i o  d i s t o r t i o n  a t  

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

I n  s c r e e n  2, mu tagen ized  dpy 11 homozygotes  were 

s e l f c r o s s e d  a t  p e r m i s s i v e  t e m p e r a t u r e  and t h e  i n d i v i d u a l  F 1 

h e r m a p h r o d i t e s  a l l o w e d  t o  se l f  o n  s e p a r a t e  p l a t e s  a t  t h e  

p e r m i s s i v e  t e m p e r a t u r e .  Two o r  t h r e e  F 2 worms p e r  F 1 were  p u t  

o n  s e p a r a t e  p l a t e s  a t  t h e  p e r m i s s i v e  t e m p e r a t u r e  and a l lowed  t o  

s e l f - c r o s s  f o r  12  h o u r s .  The F 2 h e r m a p h r o d i t e s  were t h e n  

removed t o  new p l a t e s  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e ,  and 

s c r e e n e d  f o r  p l a t e s  where 1) no  F 3 p rogeny  were  produced  o r  2 )  

F 3 p rogeny  produced  d i d  n o t  g i v e  a n y  F 4. If e i t h e r  o f  t h e s e  

c r i t e r i a  were f u l f i l l e d ,  t h e  p e r m i s s i v e  t e m p e r a t u r e  s t o c k  was 

saved  ( s e e  f i g u r e  1 ) . 

I n  s c r e e n  3 ,  p r e v i o u s l y  i s o l a t e d  t s  m u t a n t s  ( i s o l a t e d  by 

D r .  B a i l l i e  o n  N-2-S) were s c r e e n e d  as i n  s c r e e n  2 - i e ,  f o r  

h e r m a p h r o d i t e s  which e i t h e r  g a v e  no  p rogeny ,  o r  h e r m a p h r o d i t e s  

whose progeny  d i d  n o t  g i v e  progeny .  

5. Mutant  C h a r a c t e r i z a t i o n .  



F i g u r e  1 S c r e e n i n g  p r o t o c o l  f o r  t s  m u t a t i o n s  

( s e e  s c r e e n  2 ) .  
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Mutants  were f i r s t  c h a r a c t e r i z e d  a c c o r d i n g  t o  t h e  f o l l o w i n g  

c r i t e r i a  : 1) t ime  o f  developmenta l  a r r e s t  when p laced  a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e  a s  f i r s t  s t a g e  l a r v a e ;  2 )  s t a g e  o f  

developmenta l  a r r e s t  when p laced  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  

a s  c r e s c e n t  s t a g e  worms; and 3 )  s t a g e  o f  developmenta l  a r r e s t  

when p laced  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  a s  g r a v i d  a d u l t s .  

O t h e r  exper iments  i n c l u d e d  s h i f t  down e x p e r i m e n t s ,  o u t c r o s s  

e x p e r i m e n t s ,  h e a t  p u l s e  exper iments  and s e g r e g a t i o n  from 

h e t e r o z y g o t e s  a s  i n d i c a t e d  i n  t h e  r e s u l t s .  S h i f t  down 

exper iments  r e f e r  t o  s h i f t s  o f  C. e l e g a n s  t o  t h e  p e r m i s s i v e  

t e m p e r a t u r e  from 26 C .  S h i f t  up e x p e r i m e n t s  r e f e r  t o  s h i f t s  o f  

C. e l e g a n s  t o  26 C from t h e  p e r m i s s i v e  t e m p e r a t u r e .  

A_11 exper iments  a t  26 C were done on s m a l l  p l a t e s  p r e h e a t e d  

t o  t h e  r e s t r i c t i v e  t e m p e r a t u r e  f o r  20-30 minu tes .  P a r e n t a l  

worms were t r a n s f e r e d  a t  r e g u l a r  i n t e r v a l s  ( 1 2  h o u r s )  a t  26 C .  

T h i s  t i m e  i n t e r v a l  al lowed a  l a r g e  number o f  e g g s  t o  b e  l a i d  a t  

26 C ,  and a  r e a s o n a b l e  number o f  egg  l a y i n g  i n t e r v a l s .  I n  a l l  

exper iments  where egg h a t c h a b i l i t y  was t e s t e d ,  t h e  e g g s  were 

counted  a t  t r a n s f e r  t ime and t h e  r e s u l t a n t  progeny counted 

s e v e r a l  days  l a t e r .  

I n  s e v e r a l  exper iments ,  t h e  12 h o u r s  o f  egg l a y i n g  was 

modi f i ed  t o  f i t  t h e  exper iment .  For  example, a  s h o r t  egg l a y i n g  

p e r i o d  o f  t h r e e  hours  was used t o  synchron ize  deve lop ing  worms. 
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~ l s o ,  t o  t e s t  f o r  embryonic t e m p e r a t u r e  s e n s i t i v i t y ,  two o r  

t h r e e  hours  o f  egg l a y i n g  were used .  

Although most o b s e r v a t i o n s  on e g g s  and worms were made w i t h  

a d i s s e c t i n g  microscope,  some compound microscope o b s e r v a t i o n s  

were made. I n  t h e s e  c a s e s ,  l a r v a l  o r  a d u l t  worms were p a r a l y z e d  

i n  1% n i c o t i n e .  M-9 b u f f e r  was used as a mounting medium f o r  

b r i g h t  f i e l d  microscopy i n  some c a s e s .  

Exper iments  t o  c h a r a c t e r i z e  t s  m u t a n t s  were performed on 

t h e  progeny o f  a  minimum of  5 he rmaphrod i t e s .  The exper iments  

were t h e n  r e p e a t e d .  

6. Mapping 

For  mutan t s  o r i g i n a l l y  i s o l a t e d  by mutagenes i s  performed on 

N-2-S s t o c k s ,  t s / +  males were c o n s t r u c t e d  and mated wi th  dumpy 

11 (dpy 11 i s  a m u t a t i o n  on chromosome 5 ) .  S e v e r a l  t s  +/+ dpy 

11 hermaphrod i t e s  were t h e n  s e l f c r o s s e d  a t  t h e  r e s t r i c t i v e  

t e m p e r a t u r e .  Hermaphrodites  which gave  r a t i o s  approach ing  2 : 1 
u 

( w i l d  type  : dpy 11) a t  26 C i n d i c a t e d  t h a t  t h e  m u t a t i o n  was 

l i n k e d  t o  chromosome 5 ,  and f u r t h e r  mapping was done.  

Fol lowing i s o l a t i o n  o f  homozygotes f o r  t h e  t s  mutan t  and dpy 11, 

males  he te rozygous  f o r  unc m u t a t i o n s  were mated w i t h  

homozygotes - f o r  dpy 11 and t h e  t s  m u t a t i o n .  From t h e  F 1, 



progeny were o b t a i n e d  which were sc reened  f o r  dpy-unc doub le  
0 

m u t a n t s  a t  17 C .  These dpy unc he rmaphrod i t e s  were t h e n  t e s t e d  

a t  2 6 O ~  f o r  t h e  p resence  o f  t h e  ts  phenotype.  The f requency  

o f  t h e  r e c o v e r y  of  dpy-unc-ts t r i p l e  homozygotes c o u l d  be  used 

t o  r i g h t - l e f t  p o s i t i o n  t h e  t s  w i t h  r e s p e c t  t o  t h e  markers .  

S e g r e g a t i o n  a n a l y s i s  o f  t h e  progeny from t r i p l e  h e t e r o z y g o t e s  

( a l l  m u t a t i o n s  i n  t h e  c i s  p o s i t i o n )  was a l s o  used t o  p o s i t i o n  

t h e  mutan t .  Uncoordinated m u t a n t s  used were unc 34 and 

unc 76 ( s e e  t a b l e  1 ) .  

Mutants  i s o l a t e d  by mutagenes i s  performed on dpy 11 worms 

were e a s i l y  a s s i g n e d  l i n k a g e  t o  chromosome 5 by o b t a i n i n g  

h e t e r o z y g o t e s  a t  t h e  p e r m i s s i v e  t e m p e r a t u r e  and t h e n  performing 

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

d i d  n o t  g i v e  a  3 : l  r a t i o  o f  w i l d  type  t o  dpy 11 i n d i c a t e d  

l i n k a g e  t o  chromosome 5 .  The m u t a n t s  were t h e n  r i g h t - l e f t  

p o s i t i o n e d  by r e c o r d i n g  t h e  f requency  o f  r e c o v e r y  o f  dpy 11-unc 

76 and dpy 11-unc 34 worms which were homozygous f o r  t h e  t s  

m u t a t i o n  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  A s  w i t h  t h e  o t h e r  

m u t a n t s ,  s e g r e g a t i o n  a n a l y s i s  o f  t h e  progeny from t r i p l e  

h e t e r o z y g o t e s  (where  t h e  m u t a t i o n s  were c i s  l i n k e d )  was a l s o  

used i n  mapping. The uncoord ina ted  m u t a n t s  used were u s u a l l y  

unc 34 and unc 76. 

I n  a l l  s e g r e g a t i o n  t e s t s ,  t h e  progeny o f  t h e  he rmaphrod i t e s  

were counted  u n t i l  no more e g g s  were l a i d .  I n  some c a s e s ,  t h e  



s e g r e g a t i o n  inc luded  t e s t i n g  of  t h e  

a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  P r  

progeny f o r  t h e  t s  phenotype 

ogeny were counted on s m a l l  

p e t r i  p l a t e s .  Adult  worms were t r a n s f e r e d  e v e r y  24 h o u r s  d u r i n g  

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

7. Terminology 

The p a r e n t  ( P o )  i n  e a c h  exper iment  was t h e  o r i g i n a l  worm 

c o l l e c t e d  a t  t h e  p e r m i s s i v e  t e m p e r a t u r e  and p laced  on a  p e t r i  

p l a t e  f o r  exper imenta l  purposes .  The t e rms  "egg" and "embryo" 

a r e  synonymous i n  t h i s  t h e s i s .  Both t e rms  r e f e r  t o  

developmenta l  s t a g e s  a f t e r  f e r t i l i z a t i o n  and b e f o r e  h a t c h i n g .  

The term "comma s t a g e "  r e f e r s  t o  a  p o s t g a s t r u l a r  embryo. The 

" p r e t z e l  s t a g e "  (Von E r h e n s t e i n ,  1977)  r e f e r s  t o  a  vermiform 

embryo r e a d y  t o  h a t c h .  Hatched eggs  a r e  L 1 l a r v a e .  These were 

c o l l e c t e d  f o r  exper imenta l  purposes  by l e a v i n g  embryos 24 h o u r s  

a t  1 7 O ~ .  C r e s c e n t  s t a g e  worms a r e  p robab ly  L 4  l a r v a e ,  and a r e  

r ecogn ized  by a  c l e a r ,  c r e s c e n t  shaped a r e a  i n  t h e  r e g i o n  where 

t h e  v u l v a  w i l l  form i n  t h e  a d u l t .  Gravid  a d u l t s  were d e f i n e d  a s  

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

b e f o r e  t h e  s h i f t  t o  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  

Leaky mutan t s  a r e  mutan t s  where t h e  phenotype d o e s  n o t  o c c u r  

i n  100 % of  t h e  progeny o b t a i n e d  from homozygous he rmaphrod i t e s .  

I n  t h e s e  mutan t s ,  t h e  i n d i v i d u a l  worms t h a t  d o  n o t  e x p r e s s  t h e  



phenotype a r e  r e f e r e d  t o  as l e a k e r s  o r  e s c a p e r s .  

S e v e r a l  a b b r e v i a t i o n s  appear  i n  t h e  t e x t ,  e s p e c i a l l y  

r e g a r d  t o  gene d e s i g n a t i o n s .  Dumpy 11 ( e 2 2 4 )  i s  t y p i c a l 1  

w i t h  

Y 

a b b r e v i a t e d  dpy 11. Uncoordinated m u t a n t s  a r e  a b b r e v i a t e d  'luncl' 

fo l lowed by t h e  gene number. A l l e l e  i s o l a t i o n  numbers a r e  found 

on ly  i n  Tab le  1. Temperature s e n s i t i v e  m u t a n t s  a r e  d e s i g n a t e d  

lltsll fo l lowed by t h e  gene nwnber. For  t s  4 ,  t s  5, and t s  7, all 

exper iments  were done on a  dpy 11 background. 

I n  s e v e r a l  g r a p h s ,  t h e  a b c i s s a  i s  l a b e l e d  "Po t r a n s f e r  

t imeT1.  A t  t h e s e  t i m e s ,  i n d i v i d u a l  worms were t r a n s f e r e d  t o  a  

s e p a r a t e ,  p r e h e a t e d  p l a t e .  Thus, t h e  i n t e r v a l  between two 

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

Heat  p u l s e s  r e f e r  t o  exper iments  i n  which t h e  p a r e n t  i s  

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

p e r m i s s i v e  t e m p e r a t u r e .  

The f i r s t  developmenta l  s t a g e  a t  which a  s h i f t  down r e s u l t s  

i n  phenotypic  e x p r e s s i o n  i s  t h e  s t a r t  o f  t h e  t e m p e r a t u r e  

s e n s i t i v e  p e r i o d  ( t  .s .p .) w h i l e  t h e  f i r s t  developmenta l  s t a g e  a t  

which a  s h i f t  up r e s u l t s  i n  no pheno typ ic  e x p r e s s i o n  i s  t h e  end 

of t h e  t . s . p . .  
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R e s u l t s  

A .  I s o l a t i o n  o f  L inkage  Group 5 t s  L e t h a l s  

Some g e n e r a l  s t a t e m e n t s  c a n  b e  made a b o u t  s c r e e n s  f o r  t s  

m u t a n t s .  F i r s t ,  i n  s c r e e n s  f o r  chromosome 5 l i n k e d  l e t h a l s  a t  
0 

t h e  r e s t r i c t i v e  t e m p e r a t u r e  ( 2 6  C )  ( s e e  s c r e e n  1 i n  m e t h o d s ) ,  

a b o u t  5% o f  t h e  chromosomes t e s t e d  c a r r i e d  a l e t h a l  w i t h i n  5 map 

u n i t s  o f  dpy 11. Among t h e s e  l e t h a l s ,  o n l y  one  was found  t o  b e  

t e m p e r a t u r e  s e n s i t i v e .  T h i s  mu tan t  was d e s i g n a t e d  t s  1 2 .  

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

s c r e e n  two i n  m e t h o d s ) ,  s e v e r a l  t e m p e r a t u r e  s e n s i t i v e  m u t a n t s  

were found  which gave  e i t h e r  no F  3 o r  no F 4 progeny .  T h r e e  o f  

t h e s e  m u t a n t s ,  t s  4, t s  5 and t s  7 were  found  t o  b e  on l i n k a g e  

g r o u p  5. 

Among p r e v i o u s l y  i s o l a t e d  t s  m u t a n t s  ( i s o l a t e d  by D r  D .  L. 

B a i l l i e )  two were found  t o  b e  l i n k e d  t o  chromosome 5 .  These  

m u t a n t s  were d e s i g n a t e d  t s  1 and  t s  2. 



B.  C h a r a c t e r i z a t i o n  o f  Mutan t s  

L e t h a l  p h a s e s  ( s h i f t  up  e x p e r i m e n t s )  

L e t h a l  p h a s e s  o f  t s  7  were  d e t e r m i n e d  by s h i f t i n g  

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

o f  deve lopmen t .  A s  s e e n  i n  f i g u r e  2, s h i f t i n g  homozygous f i r s t  

s t a g e  l a r v a e  o f  t s  7  t o  t h e  r e s t r i c t i v e  t e m p e r a t u r e  r e s u l t e d  i n  

g rowth  o f  t h e  l a r v a e  i n t o  g r a v i d  a d u l t s .  These  a d u l t s ,  when 

l e f t  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e ,  l a i d  e g g s  which f a i l e d  t o  

h a t c h .  O l d e r  l a r v a e  o f  t s  7 p l a c e d  a t  t h e  r e s t r i c t i v e  

t e m p e r a t u r e  a l s o  became egg  l a y i n g  a d u l t s .  A s  i n d i c a t e d  i n  

f i g u r e  2 ,  homozygous L  4 l a r v a e  o f  t s  7  p l a c e d  a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e  became a d u l t s  which produced  

d e v e l o p m e n t a l l y  a r r e s t e d  embryos.  

S h i f t i n g  g r a v i d  h e r m a p h r o d i t e s  o f  t s  7  homozygotes t o  t h e  

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

d e v e l o p m e n t a l l y  a r r e s t e d  embryos ( s e e  f i g u r e  2 )  Among t h e  f i r s t  

f e w  e g g s  t h a t  were l a i d  by g r a v i d  t s  7,  some were found  t o  

d e v e l o p  t h r o u g h  l a r v a l  s t a g e s  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  

( s e e  f i g u r e  2 ) .  These  e s c a p e r  t s  7  became a d u l t s  l a y i n g  

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

( s e e  f i g u r e  2 ) .  



L e t h a l  p h a s e s  o f  t s  7 were  d e t e r m i n e d  by s h i f t i n g  

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

of deve lopmen t .  The t e m p e r a t u r e  s e n s i t i v e  l e t h a l i t y  o f  t s  7  was 

r e s t r i c t e d  t o  t h e  p e r i o d  o f  embryonic  deve lopmen t .  

To more p r e c i s e l y  d e t e r m i n e  t h e  l e t h a l  pheno type  o f  t s  7 ,  

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

t r a n s f e r r e d  a t  12  h o u r  i n t e r v a l s  f o r  36 h o u r s .  Each 1 2  h o u r  egg  

l a y i n g  i n t e r v a l  was t h e n  l e f t  f o r  1 2  h o u r s  a t  t h e  r e s t r i c t i v e  

t e m p e r a t u r e  b e f o r e  o b s e r v a t i o n  u n d e r  t h e  compound mic roscope .  

A s  shown i n  t a b l e  3, t h e  embryonic  a r r e s t  pheno type  i s  u n i f o r m l y  

uprecomma" s t a g e .  C e l l  number e s t i m a t e s  o b t a i n e d  from 

p h o t o g r a p h s  i n d i c a t e d  a b o u t  100 c e l l s  i n  t h e  a r r e s t e d  embryos o f  

t s  7. 

A t e s t  f o r  l a r v a l  t e m p e r a t u r e  s e n s i t i v i t y  

( s h i f t  down e x p e r i m e n t s )  

To d e t e r m i n e  i f  t h e r e  was a n y  l a r v a l  t e m p e r a t u r e  s e n s i t i v e  

c o n t r i b u t i o n  t o  t s  7  l e t h a l i t y ,  worms grown t o  c r e s c e n t  s t a g e  a t  

t h e  r e s t r i c t i v e  t e m p e r a t u r e  were  s h i f t e d  t o  t h e  p e r m i s s i v e  

t e m p e r a t u r e .  Subsequen t  egg  h a t c h a b i l i t y  a t  t h e  p e r m i s s i v e  

t e m p e r a t u r e  was t h e n  s c o r e d .  A s  i n d i c a t e d  i n  f i g u r e  3, n e a r l y  

a l l  o f  t h e  e g g s  l a i d  a t  t h e  p e r m i s s i v e  t e m p e r a t u r e  f o l l o w i n g  L 4 

s h i f t  down h a t c h e d  and  deve loped  t o  a d u l t s .  Thus,  t e m p e r a t u r e  



s e n s i t i v i t y  p r i o r  t o  L 4 (when a  l a r g e  p a r t  o f  g o n a d o g e n e s i s  h a s  

t a k e n  p l a c e )  c a n n o t  be  d e m o n s t r a t e d  i n  t s  7 homozygotes.  

Mat ing  e x p e r i m e n t s  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  

Homozygous t s  7 h e r m a p h r o d i t e s  were mated t o  homozygous 

w i l d  t y p e  males a t  t h e  p e r m i s s i v e  t e m p e r a t u r e .  F i g u r e  4 shows 

t h e  r e s u l t  o f  h e r m a p h r o d i t e s  premated  a t  t h e  p e r m i s s i v e  

t e m p e r a t u r e  and s h i f t e d  t o  t h e  r e s t r i c t i v e  t e m p e r a t u r e  w i t h  

males. O u t c r o s s  progeny  were  o n l y  o b t a i n e d  d u r i n g  t h e  f i r s t  12  

h o u r s  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  Eggs l a i d  by mated 

h e r m a p h r o d i t e s  a f t e r  t h e  f i r s t  12  h o u r s  a t  t h e  r e s t r i c t i v e  

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

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

g i v e  any  o u t c r o s s  p rogeny .  

Hea t  p u l s e  e x p e r i m e n t s  d u r i n g  o o g e n e s i s  

( s h i f t  up ,  t h e n  down) 

Heat p u l s e  e x p e r i m e n t s  on t s  7 homozygotes d u r i n g  o o g e n e s i s  

d e m o n s t r a t e d  m a t e r n a l  e f f e c t s  on embryogenes i s .  Egg h a t c h a b i l t y  

p r o f i l e s  f o r  t s  7 homozygotes a t  t h e  p e r m i s s i v e  t e m p e r a t u r e  

f o l l o w i n g  1 2 ,  24 and 36 hour  h e a t  p u l s e s  d u r i n g  o o g e n e s i s  are  

shown i n  f i g u r e  5 .  Some r e v e r s i b l i t y  o f  t h e  t s  7 l e t h a l i t y  was 

s e e n  f o l l o w i n g  1 2  and  2 4  h o u r  h e a t  p u l s e s  . N e v e r t h e l e s s ,  t h e  



l e t h a l i t y  encoun te red  d u r i n g  t h e s e  t ime  i n t e r v a l s  sugges ted  a  

m a t e r n a l  component t o  embryonic l e t h a l i t y .  For  example, t h e  

second broods f o l l o w i n g  12 and 24 hour  h e a t  p u l s e s  d i d  n o t  g i v e  

100% h a t c h i n g ,  d e s p i t e  a  l a c k  o f  embryonic exposure  t o  t h e  

r e s t r i c t i v e  t e m p e r a t u r e .  Fol lowing 36 hours  o f  exposure  t o  t h e  

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

h a t c h  ( s e e  f i g u r e  5 ) .  

S e g r e g a t i o n  a n a l y s i s  o f  progeny from h e t e r o z y g o t e s  

S e g r e g a t i o n  from t s  7 h e t e r o z y g o t e s  was performed a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e .  Worms he te rozygous  f o r  a  dpy 11-ts 7 

chromosome gave  s e g r e g a t i o n  r a t i o s  a t  t h e  r e s t r i c t i v e  

t e m p e r a t u r e  t h a t  were n o t  Mendelian 3 : l  ( s e e  t a b l e  2 ) .  The 

s e g r e g a t i o n  p a t t e r n  i n d i c a t i n g  l i n k a g e  was observed when 

s e g r e g a t i n g  from a d u l t s  a r i s i n g  from L 1 l a r v a e  p laced  a t  26 C ,  

b u t  n o t  when s e g r e g a t i n g  from p a r e n t s  p l a c e d  a t  26 C a s  L 4 

l a r v a e .  Embryonic d e a t h  from ts  7 h e t e r o z y g o t e s  i s  sugges ted  

s i n c e  s e g r e g a t i o n  d i d  n o t  g i v e  r i s e  t o  t h e  expec ted  number o f  

progeny homozygous f o r  chromosome 5 markers  ( s e e  t a b l e  2 ) .  

Thus, embryonic t e m p e r a t u r e  s e n s i t i v i t y  and l e t h a l i t y  were 

demons t ra ted .  



Lethal 1)tl;tses o f '  t s  7 and development  o f  t s  7 a t  

the r3esi,r i c t i v e  t e m p e r a t u r e .  Each l i n e  r e p r e s e n t s  

0 
deve lopmen t  o f  5 homozygotes  a t  26 C f rom t h e  

s t a g e  i n d i c a t e d  a t  t h e  bo t tom o f  t h e  t a b l e .  The 

b a r s  o n  t h e  l e f t  i n d i c a t e  time o f  s h i f t  t o  t h e  

r e s t r i c t i v e  t e m p e r a t u r e ,  w h i l e  t h e  b a r s  a t  t h e  

r i g h t  end o f  e a c h  h o r i z o n t a l  l i n e  i n d i c a t e  t h e  

l e t h a l  phase .  The s o l i d  l i n e s  i n d i c a t e  t h e  

deve lopmen t  o f  t h e  m a j o r i t y  o f  worms, w h i l e  t h e  

d o t t e d  l i n e s  i n d i c a t e  t h e  deve lopmen t  o f  e s c a p e r s .  





F i g u r e  3 A t e s t  f o r  l a r v a l  t e m p e r a t u r e  s e n s i t i v i t y  i n  t s  7 

l a r v a e .  Homozygous t s  7 e g g s  were p l a c e d  a t  t h e  

r e s t r i c t i v e  t e r n p e r a t u r e  a s  e g g s  i n  t h e  u t e r u s ,  and  

t h e  e g g s  t h a t  h a t c h e d  were a l l o w e d  t o  d e v e l o p  i n t o  

c r e s e n t  s t a g e  worms. These  l a r v a e  were t h e n  

s h i f t e d  t o  t h e  p e r m i s s i v e  t e m p e r a t u r e  and  t h e  

r e s u l t i n g  a d u l t s  were t r a n s f e r e d  a t  t h e  t i m e  

i n t e r v a l s  i n d i c a t e d .  The e g g s  were c o u n t e d  a t  t h e  

t r a n s f e r  i n t e r v a l s  and t h e  progeny  s e v e r a l  d a y s  

l a t e r .  





F i g u r e  4 Mating Experiments  on  t s  7 homozygotes . 
Homozygous t s  7 hermaphrod i t e s  were mated t o  t h r e e  

wi ld  type  males  a t  t h e  p e r m i s s i v e  t e m p e r a t u r e  f o r  

2 4  h o u r s .  T h i s  made t h e  r e s u l t  similar t o  t h e  

s h i f t i n g  o f  homozygotes w i t h o u t  ma t ing .  Fol lowing 

t h i s ,  t h e  he rmaphrod i t e s  and t h e  males  were 

t r a n s f e r e d  t o  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  Each 

p l a t e  had one g r a v i d  he rmaphrod i t e  and t h r e e  

males .  R e s u l t s  f o r  20•‹c a r e  a l s o  shown. 





F i g u r e  5 Heat  p u l s e  e x p e r i m e n t s  d u r i n g  o o g e n e s i s  on  ts  7. 

The e f f e c t  o f  1 2 ,  24  and 3 6  hour h e a t  p u l s e s  o n  t s  

7 homozygotes d u r i n g  o o g e n e s i s  a r e  shown i n  t h i s  

f i g u r e .  Each p a r e n t  was s h i f t e d  t o  t h e  

r e s t r i c t i v e  t e m p e r a t u r e  as  a  g r a v i d  

ad u  1 t . -------o = t h e  f a t e  o f  e g g s  l a i d  a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e  and t r a n s f e r e d  t o  the 

p e r m i s s i v e  t e m p e r a t u r e  . - - -  - o - - - - -  - t h e  

f a t e  o f  e g g s  l a i d  a t  t h e  p e r m i s s i v e  t e m p e r a t u r e  

f o l l o w i n g  t h e  h e a t  p u l s e .  





L e t h a l  p h a s e s  ( s h i f t  up  e x p e r i m e n t s )  

The l e t h a l  phase  o f  t s  2 was d e t e r m i n e d  by s h i f t i n g  

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

o f  deve lopment .  A s  i n d i c a t e d  i n  f i g u r e  6 ,  s h i f t i n g  homozygous 

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

t h e  g r o w t h  of t h e  l a r v a e  i n t o  a d u l t s .  These  a d u l t s  l a i d  e g g s  

which  a r r e s t e d  a s  embryos.  S h i f t i n g  L 4 l a r v a e  t o  t h e  

r e s t r i c t i v e  t e m p e r a t u r e  a l s o  r e s u l t e d  i n  t h e  l a r v a e  becoming egg  

l a y i n g  a d u l t s .  Eggs l a i d  by t h e s e  worms , when l e f t  a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e ,  f a i l e d  t o  h a t c h  ( s e e  f i g u r e  6 ) .  

When compared t o  c r e s c e n t  s t a g e  worms, a d u l t  worms 

homozygous f o r  t s  2 gave  a d i f f e r e n t  r e s u l t  when s h i f t e d  t o  t h e  

r e s t r i c t i v e  t e m p e r a t u r e .  Al though a  l a r g e  number o f  

d e v e l o p m e n t a l l y  a r r e s t e d  embryos were  o b t a i n e d  from t h e  g r a v i d  

a d u l t s ,  t h e  f i r s t  1 2  h o u r s  o f  egg  l a y i n g  c o n t a i n e d  a number o f  

e g g s  which deve loped  i n t o  a d u l t s .  A s  w i t h  t s  7 ,  o f  

t s  2 a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  became a d u l t s  l a y i n g  e g g s  

which were d e v e l o p m e n t a l l y  a r r e s t e d  ( s e e  f i g u r e  6 ) .  

Thus,  t h e  r e s u l t  o f  e x p e r i m e n t s  on t s  2 show i t  t o  b e  a 

monophasic  embryonic  l e t h a l .  



The l e t h a l  phase  of t s  2 was more a c c u r a t e l y  d e t e r m i n e d  by 

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

and o b s e r v i n g  embryos i n  e a c h  o f  t h r e e  s u c c e s s i v e  12  h o u r  egg  

l a y i n g  i n t e r v a l s .  F o l l o w i n g  a 12  h o u r  p e r i o d  a t  t h e  r e s t r i c t i v e  

t e m p e r a t u r e ,  embryos were o b s e r v e d  u n d e r  t h e  compound mic roscope  

( s e e  t a b l e  3 ) .  The r e s u l t  i n d i c a t e d  some v a r i a t i o n  i n  t h e  t y p e  

o f  embryonic  a r r e s t  o b s e r v e d .  T h e r e  was a s h i f t  t o  e a r l i e r  

embryonic  a r r e s t  as  t h e  p a r e n t  s p e n t  more t i m e  a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e .  Many t s  2 embryos were  o b s e r v e d  t h a t  

had p a r t i c u l a r l y  l a r g e  c e l l s .  These  embryos,  s e e n  amongst  

precomma s t a g e  embryos,  v a r i e d  amongst  t lhemselves  w i t h  r e s p e c t  

t o  t h e  s i z e  o f  t h e  l a r g e  c e l l ( s )  . O f t e n ,  dead  e c t o d e r m a l  c e l l s  

were s e e n  on t h e  embryo. C o n t r o l  e x p e r i m e n t s  i n d i c a t e d  t h e  

m a j o r i t y  o f  N-2-S ( w i l d  t y p e )  embryos were  h a t c h i n g  a t  t h i s  

t i m e  . 

A t e s t  f o r  l a r v a l  t e m p e r a t u r e  s e n s i t i v i t y  

( s h i f t  down e x p e r i m e n t s )  

To d e t e r m i n e  i f  t h e r e  was any  l a r v a l  t e m p e r a t u r e  

s e n s i t i v i t y  c o n t r i b u t i n g  t o  t h e  embryonic  l e t h a l i t y  o f  t s  2 ,  

l e a k e r s  f rom g r a v i d  t s  2 homozygotes were  s h i f t e d  t o  t h e  

p e r m i s s i v e  t e m p e r a t u r e  as L 4 l a r v a e .  A s  i n d i c a t e d  i n  f i g u r e  7 ,  

o n l y  a b o u t  50% o f  t h e  e g g s  h a t c h e d .  T h i s  i n d i c a t e d  t h a t  

e x p o s u r e  o f  l a r v a e  t o  t h e  r e s t r i c t i v e  t e m p e r a t u r e  c o u l d  r e s u l t  
i 



To t e s t  t h e  e x t e n t  of l a r v a l  t e m p e r a t u r e  s e n s i t i v i t y  , 

e s c a p e r s  of g r a v i d  t s  2 were s h i f t e d  t o  t h e  p e r m i s s i v e  

t e m p e r a t u r e  d u r i n g  s u c c e s s i v e l y  l a t e r  l a r v a l  s t a g e s .  Fewer 

h a t c h i n g  eggs  were o b t a i n e d  a s  t h e  l a r v a e  approached L 4 s t a g e  

b e f o r e  t h e  s h i f t  down. Thus, t s  2 was shown t o  be a monophasic 

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

th roughou t  gonadogenes is .  

Mating exper iments  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  

I 

Outcross  exper iments  were done w i t h  t s  2 a t  t h e  r e s t r i c t i v e  

t e m p e r a t u r e .  Fol lowing mat ing  a t  t h e  p e r m i s s i v e  t e m p e r a t u r e ,  

g r a v i d  t s  2 were s h i f t e d  w i t h  males  t o  t h e  r e s t r i c t i v e  

t e m p e r a t u r e .  Most o u t c r o s s  progeny were o b t a i n e d  d u r i n g  t h e  

f i r s t  1 2  h o u r s  o f  egg l a y i n g  a t  t h e  r e s t r i c t i v e  t empera tu re  and 

fewer o u t c r o s s  progeny were o b t a i n e d  i n  l a t e r  broods  ( s e e  f i g u r e  

8 ) .  Low numbers o f  o u t c r o s s  progeny were o b t a i n e d  when L 4 

worms o f  t s  2 were mated a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  I n  

t h i s  c a s e ,  t h e  few o u t c r o s s  progeny t h a t  appeared  were n o t  

r e s t r i c t e d  t o  t h e  f i r s t  eggs  l a i d .  S e l f - c r o s s  progeny were n o t  
0 o b t a i n e d  i n  mat ing  exper iments  a t  26 - C ,  i n d i c a t i n g  t h a t  embryos 

were deve lopmenta l ly  a r r e s t e d .  



Hea t  p u l s e  e x p e r i m e n t s  d u r i n g  o o g e n e s i s  

( s h i f t  up,  t h e n  down) 

Hea t  p u l s e  e x p e r i m e n t s  w i t h  t s  2  were  per formed d u r i n g  

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

t e m p e r a t u r e  f o l l o w i n g  1 2 ,  24 and 36 hour  h e a t  p u l s e s  d u r i n g  

o o g e n e s i s  a r e  shown i n  f i g u r e  9 .  S u b s t a n t i a l  r e v e r s i b i l t y  of 

t h e  t s  pheno type  was o b s e r v e d  f o l l o w i n g  a 12  h o u r  h e a t  p u l s e .  

0 However, f o l l o w i n g  24 h o u r s  a t  26 C d u r i n g  o o g e n e s i s ,  egg  

h a t c h i n g  a t  t h e  p e r m i s s i v e  t e m p e r a t u r e  was reduced  t o  below 50% 

t h r o u g h o u t  egg  l a y i n g .  36 h o u r s  e x p o s u r e  t o  t h e  r e s t r i c t i v e  

t e m p e r a t u r e  r e s u l t e d  i f i  no  egg  h a t c h i n g  a t  t h e  p e r m i s s i v e  

t e m p e r a t u r e .  A s  w i t h  t s  7 ,  t h e  second  b r o o d s  i n  t s  2 f o l l o w i n g  

24 h o u r  h e a t  p u l s e s  were composed o f  embryos exposed  t o  t h e  

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

t e m p e r a t u r e  o o c y t e s  became d e v e l o p m e n t a l l y  a r r e s t e d  embryos a t  

t h e  p e r m i s s i v e  t e m p e r a t u r e .  

S e g r e g a t i o n  a n a l y s i s  o f  p rogeny  f rom h e t e r o z y g o t e s  

He te rozygous  h e r m a p h r o d i t e s  o f  t s  2  were p l a c e d  a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e  and t h e  s e l f c r o s s  progeny  were  examined.  

A s  i n d i c a t e d  i n  t a b l e  2 ,  p rogeny  homozygous f o r  chromosome 5 

m a r k e r s  were  e n c o u n t e r e d  l e s s  f r e q u e n t l y  t h a n  e x p e c t e d  f o r  a 

Mendel ian  r a t i o .  



F i g u r e  6 L e t h a l  p h a s e s  o f  t s  2 and development  o f  t s  2 

homozygotes a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  The 

b a r s  and l i n e s  have t h e  some meanings as  i n  

f i g u r e  2.  





F i g u r e  7 A t e s t  f o r  l a r v a l  t e m p e r a t u r e  s e n s i t i v i t y  among t s  

2 l a r v a e .  The e x p e r i m e n t a l  d e s i g n  and t h e  p l o t  o f  

t h e s e  d a t a  i s  as  i n  f i g u r e -  3, e x c e p t  e s c a p e r s  

from homozygous g r a v i d  t s  2 were u s e d .  





F i g u r e  8 Mat ing  e x p e r i m e n t s  on t s  2 homozygotes .  The 

e x p e r i m e n t a l  d e s i g n  and p l o t  o f  t h e s e  d a t a  i s  t h e  

same a s  i n  f i g u r e  4 f o r  t s  7 e x c e p t  t h a t  t h e  

number o f  o u t c r o s s  progeny  was e s t i m a t e d  f rom 

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

progeny  were c o u n t e d  t h i s  way i n  o r d e r  t o  

d i s t i n g u i s h  s e l f c r o s s  progeny  from o u t c r o s s  

progeny ,  s i n c e  t h e  e x p e r i m e n t  was n o t  done on 

h e r m a p h r o d i t e s  c a r r y i n g  v i s a b l e  m a r k e r s .  





F i g u r e  9 H e a t  p u l s e  e x p e r i m e n t s  d u r i n g  o o g e n e s i s  on t s  2 .  

The e x p e r i m e n t  was pe r fo rmed  a s  i n d i c a t e d  i n  

f i g u r e  5 f o r  t s  7 .  





L e t h a l  phases  ( s h i f t  up e x p e r i m e n t s )  

L e t h a l  phases  (deve lopmenta l  b l o c k s )  o f  t s  1 were 

de te rmined  by s h i f t i n g  homozygotes t o  t h e  r e s t r i c t i v e  

0 
t e m p e r a t u r e  ( 2 6  C )  a t  s u c c e s s i v e l y  l a t e r  s t a g e s  o f  development.  

A s  s e e n  i n  f i g u r e  10,  s h i f t i n g  homozygous f i r s t  s t a g e  l a r v a e  ( L  

1) t o  t h e  r e s t r i c t i v e  t e m p e r a t u r e  r e s u l t e d  i n  a n  a r r e s t  o f  

development o f  t h e  l a r v a e  i n  m i d - l a r v a l  s t a g e s  (L 2-L 3 )  ( s e e  

f i g u r e  1 0 ) .  Older  homozygous t s  1 l a r v a e  s h i f t e d  t o  t h e  

r e s t r i c t i v e  t e m p e r a t u r e  r e s u l t e d  i n  t h e  appearance  o f  a new 

phenotype:  a d u l t  s t e r i l i t y .  An i n c r e a s i n g  p e r c e n t a g e  of  t h e  

l a r v a e  became s t e r i l e  a d u l t s  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  as 

t h e  l a r v a e  approach L 4 l a r v a e  a t  t h e  p e r m i s s i v e  t e m p e r a t u r e  

( s e e  f i g u r e  11). I n  s h i f t  up exper iments  on L 4 l a r v a e ,  t h e  L 4 

worms became egg l a y i n g  a d u l t s  and t h e  eggs  f a i l e d  t o  h a t c h  ( s e e  

f i g u r e  1 0 ) .  

S h i f t i n g  g r a v i d  he rmaphrod i t e s  homozygous f o r  t s  1 t o  t h e  

r e s t r i c t i y e  t e m p e r a t u r e  r e s u l t e d  i n  an  embryonic a r r e s t  

phenotype a s  w e l l  a s  some e s c a p e r s  which a r r e s t e d  i n  m i d l a r v a l  

s t a g e s .  These l a r v a e  came from t h e  f i r s t  eggs  l a i d  by g r a v i d  t s  

1 hermaphrod i t e s  ( s e e  f i g u r e  1 0 ) .  



Thus,  i n  s imple  s h i f t  up  e x p e r i m e n t s  on t s  1 a t  

s u c c e s s i v e l y  l a t e r  s t a g e s  o f  development ,  t h r e e  p e r i o d s  o f  

deve lopmenta l  a r r e s t  were obse rved :  embryonic ,  l a r v a l ,  and 

a d u l t  s t e r i l i t y .  

The l e t h a l  phases  o b t a i n e d  from g r a v i d  h e r m a p h r o d i t e s  o f  t s  

1 homozygotes a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  were more 

a c c u r a t e l y  de te rmined  by o b s e r v a t i o n  under  a  compound 

mic roscope .  The l a r v a e  r eached  a l e n g t h  comparable  t o  L 2  

l a r v a e ,  a l t h o u g h  some reached  a l e n g t h  comparable  t o  L 3 l a r v a e  

( H i r s h  e t  a l ,  1976). O b s e r v a t i o n s  on d e v e l o p m e n t a l l y  a r r e s t e d  

embryos o f  t s  1 were t a b u l a t e d  i n  t a b l e  3. Not a l l  o f  t h e  

embryos from g r a v i d  t s  1 h e r m a p h r o d i t e s  b locked  a t  t h e  same 

s t a g e .  There  was a s h i f t  t o  a e a r l i e r  embryonic a r r e s t  as t h e  

p a r e n t  s p e n t  more t ime a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  

A t e s t  f o r  l a r v a l  t e m p e r a t u r e  s e n s i t i v i t y  

( s h i f t  up ,  t h e n  down) 

To f u r t h e r  t e s t  f o r  l a r v a l  t e m p e r a t u r e  s e n s i t i v i t y ,  

o v e r l a ~ p i n g  h e a t  p u l s e  e x p e r i m e n t s  were per formed.  If a l l  

s t a g e s  o f  l a r v a l  development  were s e n s i t i v e  t o  t h e  r e s t r i c t i v e  

t e m p e r a t u r e ,  one  would e x p e c t  24 hour  h e a t  p u l s e s  t o  r e s u l t  i n  

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

r e s t r i c t i v e  t e m p e r a t u r e .  Although a l l  l a r v a l  s t a g e s  showed some 



l a r v a l  deve lopment  were more s e n s i t i v e  t o  t h e  r e s t r i c t i v e  

t e m p e r a t u r e  ( s e e  f i g u r e  1 2 ) .  

Mat ing  e x p e r i m e n t s  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  

It i s  e x p e c t e d  t h a t  some 

m u t a n t s  w i t h  t e m p e r a t u r e  s e n s i t i v i t y  d u r i n g  o o g e n e s i s  would 

g i v e  o u t c r o s s  progeny  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  When 

h e r m a p h r o d i t e s  o f  t s  1 homozygotes  were mated a t  t h e  p e r m i s s i v e  

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

a d u l t s  a l o n g  w i t h  males, l a r g e  numbers o f  o u t c r o s s  progeny  

a p p e a r e d  o n l y  d u r i n g  t h e  f i r s t  24  h o u r s  a t  t h e  r e s t r i c t i v e  

t e m p e r a t u r e  ( s e e  f i g u r e  1 3 ) .  On t h e  o t h e r  hand ,  v i r g i n  

h e r m a p h r o d i t e s  mated a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  gave  r i s e  t o  

v e r y  f e w  o u t c r o s s  progeny  t h r o u g h o u t  t h e  egg  l a y  p e r i o d .  

Hea t  p u l s e  e x p e r i m e n t s  d u r i n g  o o g e n e s i s  

( s h i f t  up  t h e n  down) 

M a t e r n a l  e f f e c t s  may b e  d e m o n s t r a t e d  by t e m p e r a t u r e  

s h i f t  e x p e r i m e n t s .  P r o v i d e d  t h e  p a r e n t  s p e n d s  s u f f i c i e n t  time 

a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e ,  embryonic  a r res t  may b e  o b s e r v e d  

upon s h i f t  o f  t h e  p a r e n t  t o  t h e  p e r m i s s i v e  t e m p e r a t u r e .  F i g u r e  

14 shows the e f f e c t  o f  12 ,  2 4  and 36 hour  h e a t  p u l s e s  on g r a v i d  



t s  1 homozygotes ,  and  r e s u l t i n g  egg  h a t c h a b i l i t y  a t  t h e  

p e r m i s s i v e  t e m p e r a t u r e .  The r e s u l t  was some r e v e r s i b i l i t y  o f  

t h e  t e m p e r a t u r e  s e n s i t i v e  embryonic  a r res t  o f  t s  1 ( s e e  f i g u r e  

1 4 ) .  A f t e r  t h e  s h i f t s  of t h e  a d u l t s  t o  t h e  p e r m i s s i v e  

t e m p e r a t u r e ,  t h e  f i r s t  egg  l a y i n g  p e r i o d  was composed p a r t i a l l y  

o f  e g g s  t h a t  were c o n t a i n e d  i n  t h e  u t e r u s  b e f o r e  t h e  s h i f t  down. 

Thus,  a t  l e a s t  p a r t  o f  t h e  d e v e l o p m e n t a l l y  a r r e s t e d  embryos 

c o n t a i n e d  i n  t h e  f i r s t  12  h o u r s  o f  egg  l a y i n g  a t  t h e  p e r m i s s i v e  

t e m p e r a t u r e  may b e  e x p l a i n e d  by embryos exposed  t o  t h e  

r e s t r i c t i v e  t e m p e r a t u r e  b e f o r e  t h e  s h i f t  down. Progeny i n  t h e  

second  egg  l a y i n g  i n t e r v a l  were  exposed  o n l y  as  o o c y t e s  t o  t h e  

r e s t r i c t i v e  t e m p e r a t u r e .  Egg h a t c h i n g  approached  100% i n  t h i s  

second  brood f o l l o w i n g  b o t h  12  and  2 4  h o u r  h e a t  p u l s e s .  I n  36 

h o u r  h e a t  p u l s e s  t o  g r a v i d  t s  1, some d e v e l o p m e n t a l l y  a r r e s t e d  

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

r e s t r i c t i v e  t e m p e r a t u r e  ( s e e  f i g u r e  1 4 ) .  

S e g r e g a t i o n  a n a l y s i s  o f  p rogeny  from h e t e r o z y g o t e s  

I 

S e g r e g a t i o n  from h e t e r o z y g o u s  h e r m a p h r o d i t e s  o f  t s  1 

r e s u l t e d  i n  a r a t i o  t h a t  d i d  n o t  app roaoch  a 3 : l  r a t i o  o f  w i l d  

t y p e s  t o  m u t a n t  ( s e e  t a b l e  2 ) .  T h i s  r e s u l t  s u g g e s t e d  t h a t  

homozygotes  o f  t s  1 f rom t h e  h e t e r o z y g o u s  t s  1 p a r e n t  were 

a r r e s t i n g  i n  deve lopment .  



T s  1 may b e  d e s c r i b e d  as  a p o l y p h a s i c  t e m p e r a t u r e  s e n s i t i v e  

l e t h a l  w i t h  m a t e r n a l  e f f e c t s  on embryogenes i s .  



F i g u r e  1 0  
I 

L e t h a l  p h a s e s  and deve lopment  o f  t s  1 a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e .  See  f i g u r e  2 f o r  t s  7 

f o r  e x p l a n a t i o n  o f  t h i s  f i g u r e  f o r  t s  1 

homozygotes .  





F i g u r e  11 S h i f t  up exper iments  on ts  1 l a r v a e .  Ts 1 l a r v a e  
0 

were s h i f t e d  from 1 7  C t o  t h e  r e s t r i c t i v e  

t empera tu re  a t  a t  t h e  times i n d i c a t e d  on t h e  

x -ax i s .  Worms which d i d  n o t  a r r e s t  as l a r v a e  
\ 

became s t e r i l e  a d u l t s  d u r i n g  t h e s e  t i m e  i n t e r v a l s .  

5 homozygous t s  1 l a r v a e  were use  a t  e a c h  d a t a  

p o i n t .  



1 I 1 c 
24 48 72 86 

AGE OF LARVA AT TIME OF SHIFT ( 17~hours) 



Figure  1 2  A f u r t h e r  t e s t  f o r  l a r v a l  temperature  s e n s i t i v i t y  

among t s  1 l a r v a e .  Homozygous t s  1 l a r v a  were 

s h i f t e d  t o  t h e  r e s t r i c t i v e  temperature  a t  t h e  

t imes i n d i c a t e d  on t he  x-axis .  The l a r v a e  were 

then  l e f t  a t  t h e  r e s t r i c t i v e  temperature  f o r  24 

hours  and then  aga in  s h i f t e d  t o  t h e  permiss ive  

t empera ture .  Af t e r  3-5 days,  t h e  number of  worms 

l a y i n g  eggs was scored ,  and p l o t t e d  on t h i s  graph 

a s  % l a r v a e  becoming f e r t i l e  a d u l t s  ( t h e  Y-axis) .  
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F i g u r e  13 Mating e x p e r i m e n t s  on t s  1 homozygotes a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e .  T h i s  expe r imen t  was 

performed on t s  1 homozygotes n o t  c a r r y i n g  o t h e r  

marke r s ,  and t h u s ,  t h e  number o f  o u t c r o s s  progeny 

was i n d i c a t e d  as t w i c e  t h e  number o f  ma les .  See  

f i g u r e  8 on t s  2 f o r  e x p l a n a t i o n  o f  t h i s .  





Figure 14 Heat pulse experiments during oogenesis on ts 1 . 
See figure 5 for an explanation of this figure on 

shift ups, then down on ts 1 homozygotes during 

oogenesis. 





O t h e r  Chromosome 5  Ts  Mutan t s .  

T h r e e  o t h e r  m u t a n t s  were  found  which were  l i n k e d  t o  

chromosome 5 .  These  m u t a n t s  were  d e s i g n a t e d  t s  4 ,  t s  5  and t s  

12 .  P r o p e r t i e s  of t h e  m u t a n t s  i n d i c a t e d  t h a t  t h e y  were 

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

s o ,  t h e  m u t a n t s  were n o t  c o n s i d e r e d  i n  many e x p e r i m e n t s  done 

w i t h  t s  1, t s  2 and  t s  7.  

When compared t o  t h e  o t h e r  m u t a n t s  s t u d i e d ,  t s  5 d i s p l a y e d  

a d i f f e r e n t  t e m p e r a t u r e  s e n s i t i v e  pheno type .  The mutan t  i s  

c h a r a c t e r i z e d  by a l m o s t  c o m p l e t e  s t e r i l i t y .  Many more progeny 

were  o b t a i n e d  a t  t h e  p e r m i s s i v e  t e m p e r a t u r e  t h a n  were o b t a i n e d  

a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  I n  s h i f t  up  e x p e r i m e n t s  a t  

s u c c e s s i v e l y  l a t e r  s t a g e s  o f  deve lopment ,  homozygotes would grow 

t o  a d u l t s  which  l a i d  v e r y  few e g g s .  The e g g s  t h a t  were  l a i d  

would d e v e l o p  t o  a d u l t s  ( s e e  f i g u r e  1 5 ) .  I n  m a t i n g  e x p e r i m e n t s  

w i t h  t s  5  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e ,  v e r y  few o u t c r o s s  

progeny  were o b t a i n e d .  The number o f  o u t c r o s s  progeny  do  n o t  

a p p r o a c h  normal  l e v e l s  e x p e c t e d  f o r  worms n o t  c a r r y i n g  t s  5. 

S e g r e g a t i o n  from h e t e r o z y g o u s  t s  5  h e r m a p h r o d i t e s  a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e  i n d i c a t e d  t h a t  t s  5 was l i n k e d  t o  

chromosome 5 and t h a t  p rogeny  homozygous f o r  t s  5 and o t h e r  

chromosome 5 m u t a n t s  were n o t  p roduced  ( s e e  t a b l e  2 ) .  



Another  mu tan t ,  t s  4 ,  was i s o l a t e d  i n  s c r e e n s  f o r  t s  

m u t a n t s  and t h e n  a s s i g n e d  l i n k a g e  t o  chromosome 5 .  By means o f  

s h i f t  up e x p e r i m e n t s ,  t h e  pheno type  of t s  4 was found  t o  be  

m i d l a r v a l  l e t h a l i t y  ( s e e  f i g u r e  1 6 ) .  Male r e s c u a b i l i t y  was 

found  t o  b e  low. S e g r e g a t i o n  from t s  4 dpy 11/+ + a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e  r e s u l t e d  i n  fewer dpy 11 progeny  t h a n  

e x p e c t e d  i f  t s  4 was n o t  l i n k e d  t o  chromosome 5 ( s e e  t a b l e  2 ) .  

Ts 12  was i s o l a t e d  i n  s c r e e n s  f o r  chromosome 5 l i n k e d  

l e t h a l s  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  and  behaved as a l e t h a l  

a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  Homozygous l a r v a l  s t a g e s  and 

a d u l t s  o f  t s  12  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  gave  a b o u t  30% 

dead  dmbryos.  Among embryos h a t c h i n g  a t  t h e  r e s t r i c t i v e  

t e m p e r a t u r e ,  a b o u t  50% became s t e r i l e  a d u l t s .  The r e m a i n i n g  

e g g s  h a t c h i n g  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  became egg  l a y i n g  

a d u l t s .  N e v e r t h e l e s s ,  s e g r e g a t i o n  from h e r m a p h r o d i t e s  

h e t e r o z y g o u s  f o r  t s  12  and  o t h e r  chromosome 5 m a r k e r s  i n d i c a t e d  

p rogeny  homozygous f o r  t s  1 2  and  o t h e r  chromosome 5 marke r s  were  

l e t h a l .  



F i g u r e  15 L e t h a l  p h a s e s  and development  o f  t s  5 a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e .  R e f e r  t o  f i g u r e  2 f o r  an  

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





F i g u r e  16  L e t h a l  p h a s e s  and t h e  development  o f  t s  4 a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e .  R e f e r  t o  F i g u r e  2 f o r  

d e t a i l s  on t h e  meaning o f  t h i s  f i g u r e .  





C. Mapping 

Ts 7 was mapped to chromosome 5 by segregation analysis of 

progeny from dpy 11 ts 7/+ + at the restrictive 

temperature. By segregation from unc 34 dpy 11 ts 7/+ + + and 

dpy 11 unc 76 ts 7/+ + +, ts 7 was mapped to the right of unc 76 

on chromosome 5 (see figure 17). 

Ts 2 was mapped to chromosome 5 by segregation from ts 2 +/ 

dpy 11 + and ts 2 dpy 11/+ +. Segregation analysis of progeny 

from ts 2 unc 34 dpy ll/+ + + and ts 2 dpy 11 unc 76/+ + + 

indicated that ts 2 was to the left of unc 34 on chromosome 5 

(see figure 17). 

Ts 1 was assigned linkage to chromosome 5 by segregation 

analysis of progeny from from + ts l / d p y  11 + and dpy 11 ts 1/+ + 

at the restrictive temperature. Segregation analysis of the 

progeny from dpy 11 unc 76 ts 1/+ + +, as well as unc 76 ts 1/+ 

+ indicated that ts 1 was to the left of dpy 11 on chromosome 5 

(see figure 17). 

Ts 5 was assigned to chromosome 5 by the restrictive 

temperature segregation analysis of progeny from ts 5 dpy 11/+ +. 
By segregation from ts 5 dpy 11 unc 7 6 / +  + + at 2 6 O ~ ,  as well 

as segregation from unc 34 ts 5 dpy 11, ts 5 was found to map 

between dpy 11 and unc 34 (see figure 17). 



Ts 12 was a s s i g n e d  l i n k a g e  t o  chromosome 5 f o l l o w i n g  

s e g r e g a t i o n  from t s  12 dpy 11/+ t a t  t h e  r e s t r i c t i v e  

t e m p e r a t u r e .  F o l l o w i n g  s e g r e g a t i o n  a n a l y s i s  o f  t h e  progeny  f rom 

t s  12 dpy 11 unc  7 6 /  t t t, and  unc  34 t s  12 dpy 11/+ t t , t s  

12 was p o s i t i o n e d  t o  t h e  l e f t  o f  dpy 11 ( s e e  f i g u r e  17). 

Ts 4 was a s s i g n e d  l i n k a g e  t o  chromosome 5 f o l l o w i n g  

s e g r e g a t i o n  a n a l y s i s  o f  p rogeny  from dpy 11 t s  4/+ +, b u t  

e x p e r i m e n t s  t o  p o s i t i o n  t h e  m u t a n t  on t h e  chromosome have  n o t  

b e e n  done .  



F i g u r e  17 Approximate rnap p o s i t i o n s  o f  t s  m u t a n t s  s t u d i e d  

T h i s  f i g u r e  shows approximate  p o s i t i o n s  o f  some 

chrornosome 5 t s  mutan t s  r e l a t i v e  t o  some o f  t h e  

v i s a b l e  markers  used .  The b a r  below t h e  f i g u r e  

r e p r e s e n t s  5% recombina t ion ,  a s  de te rmined  f o r  t h e  

v i s a b l e s  on chromosome 5 by Brenner  ( 1 9 7 4 ) .  The 

approximate p o s i t i o n  o f  e a c h  mutant  i s  i n d i c a t e d  

by t h e  l i n e  wi th  t h e  a r rows .  



Table  2 Linkage  Data and s e g r e g a t i o n  from h e t e r o z y g o t e s  a t  

t h e  r e s t r i c t i v e  t e m p e r a t u r e .  T h i s  t a b l e  shows 

s e g r e g a t i o n  d a t a  f o r  e a c h  t s  mutan t  . Progeny 

t e s t i n g  r e f e r s  t o  t h e  t e s t i n g  o f  F 1 s e g r e g a n t s  b y  

p l a c i n g  them a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  





Genotype 

t s  7 dpy 11 unc 76/+++ 

unc 34  dpy 11 t s  7/+++ 

dpy 11 unc 76  t s  I/+++ 

t s  2 unc  34 dpy 11/+++ 

t s  2 dpy 11 unc 76/+++ 

unc 34  t s  5 dpy 11/+++ 

t s  5 dpy 11 unc 76/+++ 

t s  12  dpy 11 unc 76/+++ 

unc 3 4  t s  12  dpy 11/+++ 

t s  4 dpy 11/++ 

58b 

Table 2 

Dpy unc 

1 5  1 

23 27 

7 1 2  

60  26 

11 29 

37 5 

30  67 

2 1 8  

35 87 

36  

dpy-unc 

5 

1 3  

29 

9 1 

37 

3 

35 

6 1  

58 

wild t y p e  

249 

413 

285 

517 

276 

607 

1045  

406 

604 

478 



T a b l e  3 S t a g e  o f  embryonic  a r r e s t  i n  t h e  embryonic  a r r e s t  

m u t a n t s  d u r i n g  d i f e r r e n t  t i m e  regemes a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e .  - - - no d a t a  c o l l e c t e d .  
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D i s c u s s i o n  

S i n c e  t h e  c o n t r o l  o f  many developmenta l  phenomena i s  

p r o b a b l y  a t  t h e  l e v e l  o f  r e g u l a t i o n  o f  gene  e x p r e s s i o n ,  p a t t e r n s  

o f  gene  e x p r e s s i o n  have become a f o c a l  p o i n t  i n  developmenta l  

s t u d i e s .  The m u t a t i o n s  d i s c u s s e d  i n  t h i s  t h e s i s  a r e  t e m p e r a t u r e  

s e n s i t i v e  mutan t s .  These have been used a s  a  probe  t o  s t u d y  

when gene  p r o d u c t s  ( o f t e n  p r o t e i n s  i n  t h e  c a s e  o f  t s  mutan t s ;  

s e e  Whitmann and Whitmann-Liebold, 1965)  a r e  a c t i v e  d u r i n g  

development .  The t ime o f  gene  a c t i o n  i n  t s  mutan t s  can  be 

approximated w i t h  t h e  d e t e r m i n a t i o n  o f  l e t h a l  phases ,  and more 

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

( S u z u k i ,  1970; Suzuki  e t .  a l . ,  1 9 7 6 ) .  I n  t h e  f o l l o w i n g  

d i s c u s s i o n ,  I have assumed t h a t  t h e r e  i s  a  gene p roduc t  f o r  each  

o f  t h e  mutan t s  s t u d i e d .  

L e t h a l  phases  and t h e  t . s . p .  

Monophasic mutan t s  o f f e r  t h e  s i m p l i c i t y  o f  d e t e r m i n a t i o n  

and i n t e r p r e t a t i o n  o f  l e t h a l  phases  and t . s . p . ' s .  Ts 2 and t s  7  

may b o t h  be  d e s c r i b e d  a s  monophasic t e m p e r a t u r e  s e n s i t i v e  

embryonic l e t h a l s  w i t h  m a t e r n a l  e f f e c t s  on t h e  embryonic 

l e t h a l i t y .  Although t h e  t . s . p .  o f  t s  7  on ly  e x t e n d s  from 

o o g e n e s i s  th rough  e a r l y  c l e a v a g e ,  t h e  t . s . p .  o f  t s  2 e x t e n d s  



from f i r s t  s t a g e  l a r v a e  th rough  p a r t  of embryonic development.  

The t . s . p .  o f  t s  7 i s  e a s i l y  unders tood  i n  b iochemica l  t e rms :  

many examples a r e  known of  macromolecules s y n t h e s i z e d  d u r i n g  

o o g e n e s i s  and u t i l i z e d  d u r i n g  embryogenesis  ( s e e  Davidson, 

1 9 7 7 ) .  A monophasic l e t h a l  w i t h  a  v e r y  extended t . s . p . ,  a s  s e e n  

w i t h  t s  2 ,  i s  l e s s  w e l l  unders tood .  A s  mentioned w i t h  ts  1, 

examples a r e  known o f  deve lopmenta l ly  i m p o r t a n t  s u b s t a n c e s  which 

a r e  p r e s e n t  d u r i n g  most of  development  (Mahowald, 1971B). 

However, i n  t h e  c a s e  of t s  2 ,  i t  i s  n o t  c l e a r  whether  t h e  ts  

gene  p r o d u c t  i s  s p e c i f i c  t o  t h e  r e p r o d u c t i v e  and embryonic 

t i s s u e s ,  o r  i s  o f  g e n e r a l  o c c u r r e n c e  i n  a l l  t i s s u e s  b u t  o n l y  

e s s e n t i a l  i n  embryonic development.  

T s  1 i s  a n  example o f  a  p o l y p h a s i c  t s  l e t h a l ;  t h e  t s  1 gene 

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

Although p o l y p h a s i c  l e t h a l s  such a s  t s  1 p r e s e n t  d i f f i c u l t i e s  i n  

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

d a t a  c a n  be o b t a i n e d  on t h e  development o f  t h e s e  mutan t s  a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e .  One problem w i t h  t h e  p o l y p h a s i c  

l e t h a l s  such a s  t s  1 i s  t h a t  o f  d e m o n s t r a t i n g  t h a t  a l l  t h e  

phenotypes  a r e  due t o  a  m u t a t i o n  i n  a s i n g l e  gene.  Although t h e  

phenotypes  o f  t s  1 a r e  a l l  observed on s e v e r a l  t y p e s  o f  

recombinant  chromosomes, t h e  p o s s i b l i t y  remains  t h a t  two o r  more 

t i g h t l y  l i n k e d  m u t a t i o n s  a r e  r e s p o n s i b l e  f o r  t h e  phenotypes.  

T h i s  p o s s i b - l i t y  i s  l e s s e n e d  by t h e  f a c t  t h a t  a l l  phenotypes of 



t s  1 a r e  t e m p e r a t u r e  s e n s i t i v e ,  and i t  i s  u n l i k e l y  t h a t  more 

t h a n  one t empera tu re  s e n s i t i v e  m u t a t i o n  on chromosome 5 would be 

recovered  i n  one s c r e e n .  O t h e r  workers  have found mutan t s  i n  C. 

e l e g a n s  w i t h  more t h a n  one t e m p e r a t u r e  s e n s i t i v e  l e t h a l  phase .  

For  example, t h e  "zygote  d e f e c t i v e t f  mutan t s  o f  H i r s h  e t .  a l .  

(1976)  were shown t o  have  gonadogenes is  b l o c k s  as w e l l  a s  b l o c k s  

i n  embryogenesis ,  and t h e s e  developmenta l  b locks  a r e  though t  t o  

be due t o  a  p o i n t  m u t a t i o n  i n  s i n g l e  genes  ( V a n d e r s l i c e  and 

H i r s h ,  1 9 7 6 ) .  

I n  p o l y p h a s i c  l e t h a l s  l i k e  t s  1, i t  i s  n o t  known i f  a l l  

e f f e c t s  of t h e  gene  a r e  r e s t r i c t e d  t o  r e p r o d u c t i v e  and embryonic 

c e l l s .  It i s  p o s s i b l e  t h a t  o t h e r  t i s s u e s  a r e  a f f e c t e d  by t h e  

m u t a t i o n ,  b u t  n o t  a s  s e v e r e l y  s o  a s  t o  cause  l e t h a l i t y .  T h i s  

p o s s i b i l i t y  i s  i n d i c a t e d  by t h e  f a c t  t h a t  L 1 l a r v a e  p laced  a t  

t h e  r e s t r i c t i v e  t e m p e r a t u r e  b lock  i n  m i d l a r v a l  s t a g e s  r a t h e r  

t h a n  becoming g o n a d l e s s  a d u l t s .  S i n c e  gonadogenes is  mutan t s  a r e  

found i n  C. e l e g a n s  ( H i r s h  e t .  a l . ,  1976) i t  i s  p o s s i b l e  f o r  

some t i s s u e s  o f  C, e l e g a n s  t o  deve lop  w h i l e  o t h e r s  a r e  

a r r e s t e d .  N e v e r t h e l e s s ,  homozygous L 1 l a r v a e  o f  t s  1 do a r r e s t  

a s  l a r v a e ,  i n d i c a t i n g  t h a t  o t h e r  t i s s u e s ,  such a s  t h e  g u t ,  may 

be  a f f e c t e d  by t s  1. A more complete a n a l y s i s  o f  t h e  t i s s u e s  

a f f e c t e d  by t s  1 might  be  o b t a i n e d  th rough  mosaic a n a l y s i s .  T s  

1 i s  n o t  a  g e n e r a l  c e l l  l e t h a l  mutant  s i n c e  c r e s c e n t  s t a g e  

worms, u n f e r t i l i z e d  o o c y t e s ,  embryonic a r r e s t  b e f o r e  22 c e l l s ,  



and developmentally arrested L 1 larvae are not obtained 

at 26 C. 

The blocks in gonadogenesis, oocyte production and 

embryogenesis in ts 1 may be explained, at least partially, on 

the basis of developmental phenomena. Normal gonadogenesis 

produces structures essential for production of a normal oocyte. 

In ts 1, the mutant gene product is functional during 

gonadogenesis as indicated by the larval lethality. It is 

likely that many events during gonadogenesis would affect the 

culminating event of gonadogenesis: formation of the oocyte. 

The embryonic lethality noted for ts 1 may be explained on the 

basis of a maternal effect (discussed later), thus relating the 

embryonic lethality to the oogenetic defect. Examples of 

developmentally important substances being present throughout 

the life cycle of an organism can be seen in the polar granules 

of Drosophila, which are limited to the reproductive system 

(Mahowald, 1971). Perhaps similar developmentally important 

substances are present in the development of C. e l e m ,  and 

are essential during several phases of development. 

In polyphasic mutants such as ts 1, several developmental 

blocks are found in the reproductive (and embryonic) tissue. 

One may ask why all stages of development of the reproductive 

system are not found arrested during an appropriate shift up 



e x p e r i m e n t  f o r  t h e  s t a g e  i n  q u e s t i o n .  One p o s s i b l e  e x p l a n a t i o n  

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

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

deve lopmen t  o f  t h e  r e p r o d u c t i v e  sys t em.  A s i m i l a r  h y p o t h e s i s  

h a s  b e e n  c o n s t r u c t e d  by G r i g l i a t t i  and  S u z u k i ,  ( 1 9 7 0 ) .  Working 

w i t h  a t e m p e r a t u r e  s e n s i t i v e  l e t h a l  a l l e l e  o f  t h e  s e x - l i n k e d  

D r o s o p h i l a  m u t a n t ,  r a s p b e r r y ,  i t  was found  t h a t  d i f f e r e n t  

t i s s u e s  had d i f f e r e n t  t . s . p . ' s  f o r  t h e  m u t a n t  i n  q u e s t i o n .  T h i s  

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

s t u d i e d  ( G r i g l i a t t i  and S u z u k i ,  1 9 7 0 ) .  P o l y p h a s i c  m u t a n t s  

p r e v i o u s l y  i s o l a t e d  i n  D r o s o p h i l a  i n c l u d e  a sex  l i n k e d  l e t h a l  

( T a r a s o f f  and  S u z u k i ,  1 9 7 0 ) ,  a l l e l e s  o f  t h e  s h i b i r e  s e r i e s  

(Poodry  e t .  a l . ,  1 9 7 5 ) ,  and  a l l e l e s  o f  t h e  Notch l o c u s  

( S h e l l e n b a r g e r  and  Moehler ,  1 9 7 8 ) .  

I n  t h e  work w i t h  t h e  ts  a l l e l e  o f  r a s p b e r r y ,  i t  was n o t e d  

t h a t  t h e  t . s . p . ' s  o f  t h e  d i f f e r e n t  t i s s u e s  d i d  n o t  o v e r l a p .  

With t s  1, a d e q u a t e  e x p e r i m e n t a t i o n  h a s  n o t  been  done t o  

d e t e r m i n e  any  o v e r l a p  i n  t . s . p . ' s .  However, t h e s e  may n o t  b e  

d e m o n s t r a b l e  by s i m p l e  s h i f t  down e x p e r i m e n t s ,  and  may r e q u i r e  

more complex methodology .  A s i m p l e r  a n a l y s i s  o f  g e n e  a c t i o n  i s  

p o s s i b l e  w i t h  monophasic  t e m p e r a t u r e  s e n s i t i v e  m u t a n t s .  

The embryonic  a r res t  i n  t s  1 and  t s  2 showed some v a r i a t i o n  

i n  e x p r e s s i o n .  The l o n g e r  t h e  p a r e n t s  s p e n t  a t  t h e  r e s t r i c t i v e  



t e m p e r a t u r e ,  t h e  e a r l i e r  t h e  embryonic a r r e s t .  I n  b o t h  t s  1 and 

t s  2 t h e r e  i s  a v a r i a t i o n  i n  embryonic a r r e s t  from precomma 

embryos th rough  d i f f e r e n t i a t i o n  w i t h i n  t h e  egg c a s e .  Some o f  

t h e  dead embryos o f  t s  2 d e s e r v e  s p e c i a l  mention.  The embryos 

w i t h  d i s p r o p o r t i o n a t e l y  l a r g e  c e l l s  may mean t h a t  c e r t a i n  c e l l  

l i n e a g e s  a r e  l e t h a l l y  a f f e c t e d  b e f o r e  o t h e r s  i n  t h e s e  embryos of  

t s  2.  T h i s  cou ld  r e f l e c t  a  b iochemica l  e v e n t  l i m i t e d  t o  c e r t a i n  

b l a s t o m e r e  l i n e a g e s .  I n  g a s t r o p o d s ,  t h e  progeny o f  t h e  f i r s t  

two b l a s t o m e r e s  s y n t h e s i z e  q u a l i t a t i v e l y  d i f f e r e n t  p r o t e i n s  

(Donnahoo and K a f a t o s ,  1 9 7 3 ) .  S i m i l a r l y ,  D r o s o p h i l a  mutan t s  a r e  

known which have m a t e r n a l l y  i n h e r i t e d  l o c a l i z e d  d e f e c t s  i n  t h e  

b l a s t o d e r m  ( F u a s t o - S t e r l i n g ,  1 9 7 7 ) .  Athough many d i f f e r e n c e s  

between t h e  c e l l  l i n e a g e s  e x i s t ,  t h e  i n t e r p r e t a t i o n  o f  t h e  

embryonic a r r e s t  o f  t s  2 r e q u i r e s  a  more complete a n a l y s i s  o f  

t h e  embryonic a r r e s t  phenotype.  T h i s  i s  compl ica ted  by t h e  

v a r i a t i o n  obse rved .  A s  w i t h  t s  1, t h e  t ime r e l a t e d  v a r i a t i o n  i n  

t s  2 embryonic a r r e s t  cou ld  r e f l e c t  a n  accumula t ion  o f  

t e m p e r a t u r e  s e n s i t i v e  molecu les  o r  damage accumula t ion  d u r i n g  

s u c c e s s i v e  i n t e r v a l s  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  A s i m p l e r  

a n a l y s i s  o f  embryonic a r r e s t  can be made w i t h  t s  7, where no 

t i m e  r e l a t e d  v a r i a t i o n  i n  gene e x p r e s s i o n  i s  s e e n .  An 

i n t e r e s t i n g  c o n t r a s t  between t s  7 and t h e  o t h e r  mutan t s  w i t h  

embryonic phenotypes i s  seen .  Ts 7 h a s  a  r a t h e r  s h o r t  t . s . p .  

( o o g e n e s i s  and embryogenesis)  and h a s  l i t t l e  v a r i a t i o n  i n  i t s  

p a t t e r n  o f  embryonic a r r e s t .  Ts 1 and t s  2,  b o t h  w i t h  extended 



t . s . p . ' s ,  a l s o  have v a r i a t i o n  i n  t h e  p a t t e r n  o f  embryonic 

a r r e s t .  The v a r i a t i o n  i n  embryonic a r r e s t  may be  due t o  t h e  

t ime n e c e s s a r y  f o r  t h e  a d u l t s  t o  accumula te  t h e  t s  gene p roduc t  

i n  t h e  o o c y t e s .  S i n c e  t s  7 i s  n o t  f u n c t i o n a l l y  a c t i v e  d u r i n g  

gonadogenes i s ,  i t  may be  t h a t  enough t s  gene  p roduc t  i s  

f u n c t i o n a l  d u r i n g  o o g e n e s i s  t o  r e s u l t  i n  uni form embryonic 

a r r e s t ,  w h i l e  i n  t s  1 and t s  2,  t h e  e f f e c t  o f  t h e  t s  gene  

p r o d u c t  must be  accumulated i n  t h e  o o c y t e s  v i a  a c t i o n  d u r i n g  

gonadogenes is .  Thus, t h e  e a r l i e r  embryonic a r r e s t  i n  t s  1 and 
0 

t s  2  w i t h  i n c r e a s i n g  a d u l t  exposure  t o  2 6  C may be  t h e  r e s u l t  of 

t h e  accumula t ion  of gene  p r o d u c t  i n a c t i v a t i o n  which would 

normal ly  o c c u r  d u r i n g  gonadogenes is .  

Maternal  e f f e c t  mutan t s  

I n  m a t e r n a l  e f f e c t  mutan t s ,  changes  due t o  t h e  mut a t i o n  a r e  

p r e s e n t  d u r i n g  o o g e n e s i s ,  and a f f e c t  subsequen t  development .  

Using t h i s  d e f i n i t i o n  o f  a  m a t e r n a l  e f f e c t ,  t h e  i s o l a t e d  t s  

m u t a n t s  were s u b j e c t  t o  f u r t h e r  a n a l y s i s .  

The exper iments  w i t h  exposure  t o  t h e  r e s t r i c t i v e  

t e m p e r a t u r e  on ly  d u r i n g  o o g e n e s i s  d e m o n s t r a t e  m a t e r n a l  e f f e c t s  

i n  t s  1 t s  2, and t s  7. However, some r e v e r s i b i l i t y  o f  t h e  t s  

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

f o l l o w i n g  1 2  and 24 hour  h e a t  p u l s e s  i n c r e a s e s  w i t h  s u c c e s s i v e  



egg l a y i n g  i n t e r v a l s  a t  t h e  p e r m i s s i v e  t e m p e r a t u r e ,  e s p e c i a l l y  

i n  t s  1 and t s  7. Thus, t h e  r e s u l t  a p p e a r s  t o  be t h e  c o n s i s t e n t  

w i t h  "accumula t ion"  mediated s h i f t  t o  e a r l i e r  embryonic a r r e s t  

a t  2 6 " ~  i n  s h i f t  up exper iments .  

The s i m p l e s t  model t o  accoun t  f o r  t h e  r e s u l t s  o f  t h e  

o o g e n e t i c  h e a t  p u l s e  exper iments  on t h e  embryonic mutan t s  

c o n s i d e r s  developmenta l  phenomena. The f i r s t  brood a t  t h e  

p e r m i s s i v e  t e m p e r a t u r e  i n c l u d e s  eggs  t h a t  were i n  u t e r o  a t  t h e  

t ime o f  t h e  s h i f t ,  t h e s e  were exposed t o  t h e  r e s t r i c t i v e  

t e m p e r a t u r e  a s  o o c y t e s  and embryos, t h u s  a c o u n t i n g  f o r  t h e  low 

amount o f  h a t c h i n g .  The second brood f o l l o w i n g  t h e  h e a t  p u l s e  

c o n s i s t s  o f  embryos t h a t  were exposed t o  t h e  r e s t r i c t i v e  

t e m p e r a t u r e  p r i m a r i l y  a s  membrane d e l i m i t e d  o o c y t e s .  The 

p r e s e n c e  o f  a r r e s t e d  embryos i n  t h i s  second brood i n d i c a t e d  t h a t  

t h e  t e m p e r a t u r e  s e n s i t i v e  molecule  was f u n c t i o n a l  d u r i n g  t h a t  

s t a g e  o f  o o g e n e s i s  ( i n  t h e  d i s t a l  arm o f  t h e  gonad) .  The t h i r d  

brood a t  t h e  p e r m i s s i v e  t e m p e r a t u r e  i s  composed o f  embryos which 

were n o t  exposed t o  t h e  r e s t r i c t i v e  t e m p e r a t u r e  a s  membrane 

d e l i m i t e d  o o c y t e s ,  and can  d e v e l o p  t o  a d u l t s  a t  t h e  p e r m i s s i v e  

t e m p e r a t u r e .  

T h i s  s imple  model does  n o t  work f o r  t s  2, s i n c e  t h e r e  i s  

n o t  a  c o n t i n u a l  i n c r e a s e  i n  egg h a t c h i n g  i n  s u c c e s s i v e  broods  

f o l l o w i n g  a  24 hour o o g e n e t i c  h e a t  p u l s e .  Thus, i n  t s  2 ,  



o o c y t e s  which have n o t  become membrane d e l i m i t e d  ( i n  t h e  

proximal  arm of t h e  gonad) may c o n t a i n  a  " s t o r e "  o f  gene  p roduc t  

i n a c t i v a t i o n  which p reven ted  c o n t i n u o u s  i n c r e a s e  i n  egg 

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

f o l l o w i n g  s h i f t  down. Thus, t h e  egg h a t c h i n g  p r o f i l e s  o f  t s  2 

f o l l o w i n g  o o g e n e t i c  h e a t  p u l s e s  may r e f l e c t  accumulated damage 

due t o  gene  p roduc t  i n a c t i v a t i o n  a t  d i f f e r e n t  s t a g e s  o f  

o o g e n e s i s .  A l t e r n a t i v e  models i n v o l v i n g  gene p r o d u c t  

r e s y n t h e s i s  o r  r e a c t i v a t i o n  o f  t h e  molecu le  may be c o n s t r u c t e d .  

It remains  u n c l e a r  whether  t h e  i n a c t i v a t e d  gene p r o d u c t  f o r  each 

mutan t  i s  a  p roduc t  of  t h e  o o c y t e  n u c l e u s  o r  a c c e s s o r y  gonada l  

c e l l s .  

I n  t s  1, t s  2 and t s  7 ,  embryonic a r r e s t  due o n l y  t o  

expo s u r e  t o  t h e  r e s t r i c t i v e  t e m p e r a t u r e  d u r i n g  o o g e n e s i s  h a s  

been demons t ra ted .  Two p o s s i b i l i t i e s  e x i s t  f o r  t h e  embryonic 

l e t h a l i t y .  The f i r s t  i s  t h a t  t h e  t e m p e r a t u r e  s e n s i t i v e  molecule  

c o u l d  be  shun ted  i n t o  t h e  cy top lasm o f  t h e  c l e a v a g e  c e l l s  and 

cause  embryonic a r r e s t  due t o  i n a c t i v i t y  d u r i n g  c leavage .  

A l t e r n a t i v e l y ,  t h e  embryonic a r r e s t  may be due t o  a i n a c t i v i t y  

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

exper iments  on t h e  embryonic a r r e s t  m u t a n t s  i n d i c a t e  t h a t  t h e  t s  

gene  p r o d u c t  i s  p r e s e n t  d u r i n g  o o g e n e s i s  and a l t e r a b l e  by h e a t  

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

o o g e n e s i s  o r  embryogenesis .  



S i n c e  t h e  embryonic a r r e s t  m u t a n t s  s t u d i e d  h e r e  a l l  showed 

embryonic a r r e s t  due on ly  t o  exposure  as embryos, t h e  t s  gene 

p r o d u c t s  must be f u n c t i o n a l  d u r i n g  p a r t  o f  embryogenesis .  With 

t h i s  i n  mind, t h e  q u e s t i o n  becomes whether  t h e  t s  p roduc t  i n  

embryos i s  a  c o n t r i b u t i o n  from t h e  m a t e r n a l  cytoplasm,  o r  i s  a  

r e s u l t  o f  s y n t h e s i s  from t h e  embryonic genome. 

Some s t a t e m e n t s  can  be  made on t h e  s y n t h e s i s  o f  t h e  t s  gene  

p r o d u c t  from o b s e r v a t i o n s  made d u r i n g  male r e s c u e  exper iments .  

S i n c e  eggs  f a i l  t o  h a t c h  d u r i n g  o u t c r o s s e s  o f  t s  1, t s  2 ,  and t s  

7 a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e ,  t h e s e  eggs  a r e  p robab ly  dy ing  

due t o  a  m a t e r n a l  c o n t r i b u t i o n  t o  embryonic development.  The 

low numbers o f  o u t c r o s s  progeny o b t a i n e d  i n d i c a t e s  t h a t  t h e  t s  

gene  p r o d u c t  i s  n o t  s y n t h e s i z e d  ( t h e n  u t i l i z e d )  i n  s u f f i c i e n t  

q u a n t i t y  between f e r t i l i z a t i o n  and embryonic a r r e s t  t o  cause  t h e  

embryos t o  e scape  t h e  developmenta l  b l o c k .  Few c o n c l u s i o n s  can  

be drawn from t h e  male r e s c u e  exper iments  when d i s c u s s i n g  o o c y t e  

and embryo c o n t r i b u t i o n s  t o  l e t h a l i t y .  For  example, exper iments  

t o  t e s t  t h e  e x p r e s s i o n  o f  homozygous t s  embryos from homozygous 

wi ld  t y p e  mothers  and v i c e  v e r s a  have  n o t  been performed,  

a l t h o u g h  f u t u r e  i s o l a t i o n  o f  a t t a c h e d  autosomes i n  C. e l e a a n s  

c o u l d  l e a d  t o  i s o l a t i o n  o f  homozygous w i l d  type  embryos from 

hornozygous l e t h a l  he rmaphrod i t e s .  Other  a s p e c t s  o f  t h e  male 

r e s c u e  exper iments  need e x p l a i n i n g .  For  example, i n  t s  1 and t s  

2,  some o u t c r o s s  progeny a r e  o b t a i n e d  from homozygotes a t  t h e  



r e s t r i c t i v e  t e m p e r a t u r e  when t h e y  a r e  n o t  e x p e c t e d .  These  

embryos may r e p r e s e n t  t h e  c l a s s  o f  embryos b l o c k i n g  l a t e  a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e  due  t o  t h e  small i n t e r v a l  o f  e x p o s u r e  o f  

t h e  p a r e n t .  They may have  r eached  a s t a g e  o f  development  where 

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

embryos t o  d e v e l o p  p a s t  t h e  embryonic a r r e s t .  I n  t s  7 ,  where 

l i t t l e  o r  no v a r i a t i o n  i n  t h e  embryonic a r r e s t  phenotype  o f  t h e  

m u t a n t  was found,  o u t c r o s s  progeny were a l s o  g e n e r a l l y  a b s e n t  

( e x c l u d i n g  t h e  e s c a p e r s  i n  t h e  f i r s t  1 2  h o u r  brood)  a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e .  Exper imen t s  d e s i g n e d  t o  t e s t  i f  

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

s u f f i c i e n t  t o  c a u s e  embryonic a r r e s t  have  n o t  been done. One 

may a l s o  q u e s t i o n  t h e  ma t ing  e x p e r i m e n t s  i n  t h i s  t h e s i s  by 

a s k i n g  f o r  p r o o f  o f  ma t ing  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  

These  d a t a  were o b t a i n e d  by s h i f t i n g  mated h e r m a p h r o d i t e s  t o  t h e  

p e r m i s s i v e  t e m p e r a t u r e  and n o t i n g  t h e  i n c r e a s e  i n  o u t c r o s s  

progeny ( H i r s h ,  u n p u b l i s h e d ) .  

The d e m o n s t r a t i o n  o f  a m a t e r n a l  component t o  t h e  l e t h a l i t y  

o f  t s  1, t s  2 and t s  7 does  n o t  e x c l u d e  t h e  p o s s i b l e  s y n t h e s i s  

o f  t h e  t s  gene  p r o d u c t  from t h e  embryonic genome between 

f e r t i l i z a t i o n  and embryonic a r r e s t .  Two s e t s  o f  d a t a  i n d i c a t e  

t h a t  t h e  t e m p e r a t u r e  s e n s i t i v e  m o l e c u l e  i s  formed as a r e s u l t  o f  

z y g o t e  genome a c t i v i t y .  F i r s t ,  t h e  dead  embryos o b t a i n e d  from 

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



independen t  o f  t h e  m a t e r n a l  genome. Second, when mated 

he rmaphrod i t e s  a r e  s h i f t e d  t o  t h e  p e r m i s s i v e  t e m p e r a t u r e ,  some 

i n c r e a s e  i n  o u t c r o s s  progeny ( f e w e r  d y i n g  e g g s )  o c c u r s .  T h i s  

i n c r e a s e  can  on ly  be due t o  t h e  he te rozygous  embryonic genome. 

Many examples o f  m a t e r n a l  e f f e c t s  on embryonic development a r e  

known, b o t h  b iochemical  (Davidson,  1977)  and g e n e t i c  ( R i c e  and 

Gar ren ,  1975; Nusslein-Volhard,  1977; F u a s t o - S t e r l i n g ,  1 9 7 7 ) .  

A s  mentioned by Hadorn ( 1 9 6 1 )  and demons t ra ted  by s e v e r a l  

workers  (Romans e t .  a l . ,  1976)  they  may b e  e i t h e r  male  

r e s c u a b l e  o r  n o t  be  male r e s c u a b l e .  Male r e s c u a b l e  m a t e r n a l  

e f f e c t s  i n  D r o s o ~ h i l a  i n c l u d e  t h e  mutan t s  invo lved  i n  pyr imid ine  

s y n t h e s i s  ( L i n d s l e y  and G r e l l ,  1967)  whi le  i n  fowl t h e  t s  mutant  

f r i z z l e  fowl ( f f )  i s  a l s o  a  male  r e s c u a b l e  m a t e r n a l  mutant  

(Hadorn,  1 9 6 1 ) .  Perhaps  t h e  l e v e l  o f  s y n t h e s i s  o f  t h e  t s  gene  

p r o d u c t  on t h e  embryonic genome between f e r t i l i z a t i o n  and 

embryonic a r r e s t  a l s o  e f f e c t s  t h e  number o f  o u t c r o s s  progeny 

o b t a i n e d  from ts embryonic l e t h a l s  a t  t h e  r e s t r i c t i v e  

t e m p e r a t u r e .  T h i s  h y p o t h e s i s  may a l s o  e x p l a i n  some o f  t h e  

o u t c r o s s  progeny o b t a i n e d  from ts  1 and t s  2 homozygotes a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e .  

From exper iments  on t h e  embryonic l e t h a l s ,  i t  h a s  become 

c l e a r  t h a t  m a t e r n a l  exposure  t o  t h e  r e s t r i c t i v e  t empera tu re  i s  

s u f f i c i e n t  c a u s e  embryonic a r r e s t  a t  t h e  p e r m i s s i v e  

t e m p e r a t u r e .  The p r o p o r t i o n  o f  a r r e s t e d  embryos depends on t h e  
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l e n g t h  o f  t h e  o o g e n e t i c  h e a t  p u l s e  and t h e  mutant  b e i n g  s t u d i e d .  

The t h r e e  o t h e r  m u t a n t s  i s o l a t e d  were t s  4  ( l a r v a l  l e t h a l )  

t s  5 ( s t e r i l e )  and t s  12 (embryonic and s t e r i l e ) .  These m u t a n t s  

d i d  n o t  g i v e  100% l e t h a l i t y ,  making e x p e r i m e n t s  similar t o  t h e  

o n e s  per formed on t h e  embryonic a r r e s t  m u t a n t s  d i f f i c u l t  t o  

i n t e r p r e t .  N e v e r t h e l e s s ,  s t o c k s  o f  t h e s e  m u t a n t s  have been 

k e p t .  One good example o f  a mutan t  of low p e n e t r a n c e  t h a t  i s  

i m p o r t a n t  i n  development  i s  t h e  m a t e r n a l  t s  m u t a n t ,  b i c a u d a l ,  i n  

D r o s o p h i l a  (Nuss le in -Volha rd ,  1 9 7 7 ) .  Mutants  such  as t s  5 may 

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

D r o s o ~ h i l a  h a s  accumula ted  a l a r g e  amount o f  data  (King ,  1 9 7 0 ) .  

Mapping of  t h e  t e m p e r a t u r e  s e n s i t i v e  m u t a n t s  was e a s i e s t  when 

t h e  t s  mutan t  was i s o l a t e d  on worms c a r r y i n g  a chromosome 5 

marker .  Thus, t s  4, t s  5, t s  7  and t s  12 were e a s i l y  a s s i g n e d  

l i n k a g e  by o u t c r o s s i n g  worms o f  t h e  geno type  t s - d p y l l / + +  a t  t h e  

r e s t r i c t i v e  t e m p e r a t u r e .  Mapping was t h e n  done as  o u t l i n e d  i n  

' l R e s u l t s l l .  The e x a c t  p o s i t i o n s  o f  t h e  m u t a n t s  r e q u i r e s  f u r t h e r  

e x p e r i m e n t s ,  s i n c e  t r u e  r e c o m b i n a t i o n  f r e q u e n c i e s  a r e  d i f f e r e n t  
0 

a t  26 C (Rose ,  p e r s o n a l  communica t ion) .  Also ,  w i t h  l a r g e  

g e n e t i c  d i s t a n c e s ,  f r e q u e n c i e s  o f  t h e  recombinant  c l a s s e s  (dpy ,  

unc and dpy-unc) a r e  obscured  due  t o  d o u b l e  recombinant  e v e n t s .  

T h i s  d i f f i c u l t y  may b e  overcome i n  f u t u r e  e x p e r i m e n t s  by 

c h o o s i n g  unc marke r s  which a r e  c l o s e r  t o  dpy 11. F u r t h e r ,  by  



s c r e e n i n g  mutagenized chromosomes a l r e a d y  hav ing  v i s i b l e  

markers ,  s e v e r a l  s t e p s  i n  t h e  mapping p rocedure  can  be 

e l i m i n a t e d .  

L i t t l e  can be  s a i d  r e g a r d i n g  t h e  d i s t r i b u t i o n  o f  t s  mutan t s  

on chromosome 5 from t h e s e  few m u t a n t s .  Although t s  mutan t s  

were found mapping n e a r  b o t h  ends  o f  t h e  l i n k a g e  group,  t h e  

f requency  d i s t r i b u t i o n  a l o n g  t h e  l i n k a g e  group would r e q u i r e  

many more mutan t s .  T h i s  i s  a d e q u a t e l y  demonst ra ted  i n  t h e  

l i t e r a t u r e  where i t  was r e p o r t e d  t h a t  no " c l u s t e r i n g 1 I  o f  9 t h i r d  

chromosome t s  l e t h a l s  was found ( F a t t i g  and R i c k o l ,  1 9 7 2 ) .  

L a t e r ,  when sampl ing  a  l a r g e r  group o f  t s  l e t h a l s ,  i t  was found 

t h a t  a  " c l u s t e r "  was p r e s e n t  i n  one p a r t i c u l a r  a r e a  o f  t h e  

l i n k a g e  g roup  (Tasaka  and Suzuki ,  1 9 7 3 ) .  Although t h e  i s o l a t e d  

t s  m u t a n t s  proved u s e f u l  i n  t h e  e l u c i d a t i o n  o f  p a t t e r n s  o f  gene  

e x p r e s s i o n ,  t h e  more b a s i c  q u e s t i o n  o f  how g e n e s  i m p o r t a n t  i n  

development a r e  a r r a n g e d  on t h e  chromosome would r e q u i r e  a  

l a r g e r  number o f  v e r y  c l o s e l y  l i n k e d  mutan t s .  Presumably, by 

i s o l a t i n g  a  l a r g e  number o f  c l o s e l y  l i n k e d  l e t h a l s  between two 

v i s i b l e s  5 o r  l e s s  map u n i t s  a p a r t ,  t h e  o r g a n i z a t i o n  and 

r e g u l a t i o n  o f  deve lopmenta l ly  i m p o r t a n t  genes  may be e l u c i d a t e d .  

Such s c r e e n s  f o r  chromosome 5 l i n k e d  mutan t s ,  i f  performed a t  

t h e  r e s t r i c t i v e  t e m p e r a t u r e ,  cou ld  y i e l d  t s  mutan t s .  T h i s  

t h e s i s  r e p r e s e n t s  a  f o u n d a t i o n  f o r  t h e  a n a l y s i s  o f  such mutants .  

Such t i g h t l y  l i n k e d  t s  mutan t s  might  be  used t o  de te rmine  i f  



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

techr i iques  o u t l i n e d  i n  t h i s  t h e s i s .  

F u r t h e r  exper iments  w i t h  t h e  m u t a n t s  d i s c u s s e d  i n  t h i s  

t h e s i s  c o u l d  f o l l o w  b iochemica l  o r  g e n e t i c  approaches .  

Biochemical  i d e n t i f i c a t i o n  o f  t h e  t s  gene  p roduc t  o f  e a c h  mutant  

c o u l d  be  u s e f u l  t o  compare t h e  p r e s e n c e  o f  t h e  molecule  w i t h  i t s  

t i m e  o f  a c t i o n .  G e n e t i c a l l y ,  one might  wish  t o  e x p l o r e  c e l l  

i n t e r a c t i o n s  i n  e a r l y  development by g e n e r a t i n g  mosaic t s  

l e t h a l s .  T h i s  t h e s i s  may be  t h e  f o u n d a t i o n  o f  t h e s e  and o t h e r  

f u t u r e  exper iments .  
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Conc lus ions  

Three  s c r e e n i n g  methods f o r  chromosome 5 l i n k e d  t empera tu re  

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

Temperature s e n s i t i v e  mutan t s  have  been found which b l o c k  

i n  embryogenes is ,  d u r i n g  l a r v a l  development and a s  s t e r i l e  

a d u l t s  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  A l l  m u t a n t s  w i t h  

embryonic phenotypes had a m a t e r n a l  e f f e c t  . Two embryonic 

l e t h a l s  were monophasic w h i l e  one was p o l y p h a s i c .  

Male r e s c u e  exper iments ,  s e g r e g a t i o n  from h e t e r o z y g o t e s ,  

and t e m p e r a t u r e  s h i f t  exper iments  c a n  b e  used t o  de te rmine  

developmenta l  phases  i n  which t h e  gene p r o d u c t  i s  f u n c t i o n a l l y  

a c t i v e .  

By s h i f t i n g  t h e  t s  m u t a n t s  t o  t h e  r e s t r i c t i v e  t e m p e r a t u r e  

a t  d i f f e r e n t  s t a g e s  o f  development ,  l e t h a l  phases  were 

de te rmined .  Ts  1 had l e t h a l  phases  d u r i n g  l a r v a l  development,  

a s  a d u l t s  ( i e - s t e r i l i t y )  and a s  embryos. The l e t h a l  phases  o f  

t s  2 and t s  7 were r e s t r i c t e d  t o  embryogenesis  w h i l e  t h e  ( l e a k y )  

phenotypes  o f  t s  12, t s  4 and t s  5 were embryon ic /adu l t ,  l a r v a l  

and a d u l t  s t e r i l i t y  r e s p e c t i v e l y .  



The t h r e e  m u t a n t s  t s  1, t s  2, and t s  7 were t r e a t e d  a s  a  

u n i t  i n  exper iments  des igned  t o  c h a r a c t e r i z e  t h e  p a t t e r n  of  gene 

e x p r e s s i o n  more f u l l y .  S e v e r a l  c r i t e r i a  i n d i c a t e d  m a t e r n a l  

e f f e c t s  on  embryonic development i n  t h e s e  m u t a n t s .  F i r s t ,  male  

r e c u a b i l i t y  was low a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e ,  and 
0 

d e c r e a s e d  as t h e  p a r e n t s  aged a t  26 C .  Second, t h e  use  o f  

v i r g i n  he rmaphrod i t e s  d e c r e a s e s  t h e  number o f  o u t c r o s s  progeny 

a t  2 6 ' ~ .  T h i r d ,  t h e  s t e r i l i t y  o f  t s  1 may r e f l e c t  o o g e n e t i c  

involvement ,  and t h u s  s u g g e s t s  a m a t e r n a l  e f f e c t .  F o u r t h ,  h e a t  

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

d e v e l o p m e n t a l l y  a r r e s t e d  embryos i n  t h e  a b s e n c e  o f  embryonic 

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

t e m p e r a t u r e  s e n s i t i v e  p e r i o d  f o r  a l l  t h r e e  embryonic a r r e s t  

m u t a n t s  e x t e n d s  back from embryogenesis  a t  l e a s t  a s  far  a s  

o o g e n e s i s .  

Twelve hour t r a n s f e r  t i m e s  were s u c c e s s f u l  i n  most 

exper iments  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e ,  s i n c e  i t  a l lowed a 

comple te  f r a c t i o n i n g  o f  t h e  egg l a y i n g  w i t h  a  minimum o f  

inconven ience .  The f o l l o w i n g  o u t l i n e  i s  sugges ted  f o r  f u t u r e  

r e s e a r c h  on chromosome 5 l i n k e d  t e m p e r a t u r e  s e n s i t i v e  mutan t s .  

1. C o l l e c t  t s  mutan t s  from mutagenized worms c a r r y i n g  two 

chromosome 5 markers  f i v e  o r  l e s s  map u n i t s  a p a r t .  T h i s  w i l l  

a i d  i n  mapping. 2. Determine l e t h a l  phases  by  s h i f t i n g  



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

o f  development .  3. I n v e s t i g a t e  m a t e r n a l  i n h e r i t a n c e  v i a  s h i f t s  

t o  t h e  r e s t r i c t i v e  t e m p e r a t u r e  d u r i n g  o o g e n e s i s .  Check t h e  

f i n d i n g  w i t h  o u t c r o s s  exper iments  a t  t h e  r e s t r i c t i v e  

t e m p e r a t u r e .  
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