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ABSTRACT 

C o n d i t i o n a l l e t h a l s which s u r v i v e under "permissive" 
c o n d i t i o n s but die under " r e s t r i c t i v e " c o n d i t i o n s have 
g r e a t l y f a c i l i t a t e d g enetic and biochemical analyses i n 
micro-organisms. One c l a s s of c o n d i t i o n a l l e t h a l s , the 
s o - c a l l e d temperature-sensitives, has been recovered from e t h y l 
methanesulfonate-induced l e t h a l s i n Drosophila melanogaster. 
Such mutants s u r v i v e at 17°C or 22°C but die a t 29°C and 
appear to map g e n e t i c a l l y as p o i n t mutants. These mutants may 
be u s e f u l i n i d e n t i f y i n g p r e v i o u s l y undetected l o c i and i n 
studying m i t o t i c , m e i o t i c and developmental processes. 

In D r o s o p h i l a gross developmental s t u d i e s i n d i c a t e that 
r e c e s s i v e temperature-sensitive (ts) l e t h a l s may have s p e c i f i c 
developmental e f f e c t s . By means of s h i f t i n g d i f f e r e n t c u l t u r e s 
from one temperature to the other a t successive i n t e r v a l s , the 
p e r i o d during which the r e s t r i c t i v e temperature (29°C) 
prevented s u r v i v a l could be a s c e r t a i n e d . Each ts_ l e t h a l could 
be c l a s s i f i e d w i t h respect to i t s e f f e c t i v e l e t h a l phase(s), 
i t s p e r iod(s) of t e m p e r a t u r e - s e n s i t i v i t y and any e f f e c t on 
v i s i b l e morphological c h a r a c t e r i s t i c s . 

Four s e x - l i n k e d r e c e s s i v e ts_ l e t h a l s were s t u d i e d 
e x t e n s i v e l y w i t h respect to t h e i r genetic and developmental 
a c t i o n . Each of these mutants i s r e p r e s e n t a t i v e of a d i f f e r e n t 
c l a s s of l e t h a l s w i t h s p e c i f i c p r o p e r t i e s : pupal l e t h a l i t y , 
i n d i s p e n s a b i l i t y , sexual dimorphism, and p a r e n t a l i n f l u e n c e . 
The p o t e n t i a l use of these and other ts_ l e t h a l s i n gene t i c 
and developmental analyses i s discussed. 
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INTRODUCTION 

Temperature-sensitive (ts) l e t h a l s are one c l a s s of 
c o n d i t i o n a l l e t h a l s which d i e under " r e s t r i c t i v e " c o n d i t i o n s , 
but s u r v i v e under "permissive" c o n d i t i o n s . The most u s e f u l 
c h a r a c t e r i s t i c of such l e t h a l s i s t h a t the mutant can be 
maintained under permissive c o n d i t i o n s , while i t s b i o l o g i c a l 
e f f e c t can be s t u d i e d under the r e s t r i c t i v e c o n d i t i o n . In 
t h i s way ts_ l e t h a l s have g r e a t l y f a c i l i t a t e d the study of 
morphogenetic and biochemical processes of bacteriophages 
T^ (Epstein, e t a l . , 1963; Edgar and L i e l a u s i s , 1964) and 
lambda (Naono and Gros, 1967), as w e l l as b a c t e r i a (Leupold 
and Horowitz, 1952) and yeast ( H a r t w e l l , 1967). The work 
w i t h micro-organisms has a l s o provided evidence f o r the 
molecular b a s i s of t e m p e r a t u r e - s e n s i t i v i t y . Naono and Gros 
(1967) showed that t e m p e r a t u r e - s e n s i t i v i t y of a mutant i n the 
lambda prophage repressor c i s t r o n i s the consequence of 
t h e r m o l a b i l i t y of the mutant p r o t e i n r a t h e r than of temperature 
e f f e c t s on the processes of t r a n s c r i p t i o n and t r a n s l a t i o n . 
Sundaram and Fincham (1967) i s o l a t e d ts_ amination mutants and 
demonstrated that glutamate dehydrogenase, the product of 
the mutant gene, i s thermally unstable i n comparison w i t h 
the w i l d type enzyme in. v i t r o . Studies on the tobacco mosaic 
v i r u s (reviewed by Jockusch, 1966) have shown that _ts_ mutants 
i n the coat p r o t e i n c i s t r o n produce a thermally unstable 
p r o t e i n d i f f e r i n g from the w i l d type p r o t e i n by a s i n g l e amino 
a c i d . 
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Temperature-sensitive l e t h a l s have been reported i n a 
number of higher organisms, such as A r a b i d o p s i s (Langridge, 
1965), Paramecium ( I g a r a s h i , 1966), and Drosophila (Dobzhansky, 
1946; T o b a r i , 1966). Suzuki, et a l . (1967) reported a 
systematic screening f o r s e x - l i n k e d _ts l e t h a l s i n Drosophila  
melanoqaster. Comparison of the frequencies of ts_ mutants 
among l e t h a l s induced by e t h y l methanesulfonate (EMS), $ -rays 
and mitomycin C i n d i c a t e d a 3- to 4 - f o l d higher p r o p o r t i o n 
among EMS-induced l e t h a l s (Suzuki, ejb a_l., 1967). Since i n 
micro-organisms EMS i s known to induce p r i m a r i l y m'issense 
mutations t h a t represent t r a n s i t i o n s of guanine to adenine 
(Kr i e g , 1963), these data were thought to provide i n d i r e c t 
evidence to support the assumption that t e m p e r a t u r e - s e n s i t i v i t y 
i n higher organisms a l s o r e s u l t s from s i n g l e base changes i n 
DNA. The s e x - l i n k e d ts_ l e t h a l s appear to map e x t e n s i v e l y along 
the X chromosome as p o i n t mutants (Suzuki and Duck, 1967';. 
Suzuki, 1968). A l s o temperature-sensitive l e t h a l s were found 
to c o n s t i t u t e the same p r o p o r t i o n of autosomal mutants induced 
by EMS as of s e x - l i n k e d mutants ( B a i l l i e , et a l _ . , 1968). 

Hadorn (1951, 1961) c l a s s i f i e d l e t h a l f a c t o r s w i t h respect 
to the stage at which they k i l l e d during development and 
i n d i c a t e d that the f a c t o r s may be monophasic, b i p h a s i c or 
polyphasic i n t h e i r a c t i o n . Hadorn (1961) pointed out that 
the a c t u a l "period of primary gene a c t i o n " or the " p h e n o c r i t i c a l 
phase" may occur sometime before the " e f f e c t i v e l e t h a l phase" 
or k i l l p e r i o d depending on the l e t h a l s t u d i e d . The evidence 
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f o r t h i s statement was based on morphological changes i n larvae 
p r i o r to death. Hadorn's work was l i m i t e d to the use of 
no n - c o n d i t i o n a l l e t h a l s and thus the e f f e c t i v e l e t h a l phase and 
morphological changes were the main c r i t e r i a f o r the 
c l a s s i f i c a t i o n of the l e t h a l f a c t o r s . Most k i l l periods were 
found to occur e i t h e r i n the l a t e egg to f i r s t l a r v a l i n s t a r 
or the t h i r d l a r v a l i n s t a r to pupal stages; few were found i n 
the e a r l y egg or second i n s t a r stages. P r e l i m i n a r y 
developmental s t u d i e s of the r e c e s s i v e s e x - l i n k e d ts_ l e t h a l s 
i n d i c a t e d that the e f f e c t i v e l e t h a l phase (LP) and the 
temperature-sensitive p e r i o d (TSP) were s p e c i f i c f o r each 
l e t h a l i n v e s t i g a t e d and might occur a t various stages of 
development (Suzuki and Duck, 1967). 

Another method f o r attempting to determine the time of 
"gene a c t i o n " i n Drosophila has been reviewed by Ives 
(unpublished). The st u d i e s i n v o l v e d the use of r e c e s s i v e and 
dominant mutants w i t h a v i s i b l e phenotype and the determination 
of the e f f e c t s of temperature shocks at d i f f e r e n t times during 
development on the f i n a l degree of phenotypic expression of 
these mutants i n the a d u l t . I t was noted that the degree of 
change v a r i e d w i t h the developmental stage at which the 
temperature treatment was a p p l i e d . This r e l a t i v e l y s e n s i t i v e 
p e r i o d or "temperature e f f e c t i v e p e r i o d " (TEP) a l s o v a r i e d w i t h 
the temperature a p p l i e d (14°C to 33°C) and i n some cases 
depended on the sex. In an attempt to determine the primary 
f u n c t i o n of the mutant gene, morphological changes o c c u r r i n g 
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during the TEP i n the l a r v a l s t r u c t u r e s i n v o l v e d i n the 
formation of the a d u l t organ a f f e c t e d were c o r r e l a t e d w i t h the 

p 

•gene f u n c t i o n . However, Auerbach (1936) suggested that the 
TEP may a c t u a l l y occur before any p h y s i o l o g i c a l l y a s c e r t a i n a b l e 
or m o r p h o l o g i c a l l y v i s i b l e change occurred, thus rendering 
i t impossible to c o r r e l a t e the TEP d i r e c t l y w i t h the primary 
gene f u n c t i o n . 

The advantages of ts_ l e t h a l s over the mutants s t u d i e d i n 
the experiments described above l i e i n the f a c t that the 
temperature-sensitive p e r i o d (TSP) can be determined more 
r e a d i l y and a c c u r a t e l y and that some i n t e r p r e t a t i o n about the 
time of f u n c t i o n of the gene product can be made. During 
the TSP, organisms homozygous f o r the ts_ l e t h a l w i l l be 
s u s c e p t i b l e to the r e s t r i c t i v e c o n d i t i o n (29°C) and 
i r r e v e r s i b l e changes w i l l occur which l e a d u l t i m a t e l y to the 
death.of the organism, r e g a r d l e s s of the environmental 
c o n d i t i o n during the LP. Presumably the TSP represents the 
time during which the gene product e i t h e r i s formed or i s 
r e q u i r e d f o r an e s s e n t i a l process. The TSP could r e f l e c t 
t h e r m o l a b i l i t y of t r a n s c r i p t i o n or t r a n s l a t i o n processes; 
however, such an a l t e r a t i o n would not manifest i t s e l f i n a 
f i n i t e TSP and LP, but would probably have more g e n e r a l i z e d 
e f f e c t s . The TSP then, may occur a t the time of the 
formation of the t e r t i a r y s t r u c t u r e of the a c t i v e polypeptide, 
which may correspond c l o s e l y to t r a n s l a t i o n , or may occur a t 
the time of u t i l i z a t i o n of the gene product, which may or 
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may not correspond to the t r a n s l a t i o n time. The e f f e c t of 
the i n a c t i v a t i o n of the gene product by high temperature i s 
u l t i m a t e l y manifested i n the LP. 

In t h i s study the developmental patterns and pleiomorphic 
e f f e c t s of four s e x - l i n k e d ts_ l e t h a l s were examined on a gross 
developmental l e v e l . The relevance of the f i n d i n g s w i t h 
r espect to gen e t i c concepts and developmental s t u d i e s w i l l 
be discussed. 
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METHODS AND MATERIALS 

STOCKS: The ts_ mutants used were induced in. a d u l t Oregon-R 
males e i t h e r by i n j e c t i n g .2 - 2% EMS s o l u t i o n s or by feeding 
0.025 MEMS (Suzuki, e t a l , , 1967). The l e t h a l s were 
s e l e c t e d from those which mapped g e n e t i c a l l y near c r o s s v e i n l e s s 
(cv - 13.7) (see Bridges and Brehme, 1944). The mutants had 
been maintained i n females heterozygous f o r the chromosome 
bearin g the ts_ mutant and the m u l t i p l y i n v e r t e d chromosome, 
FM-6 ( G r e l l and Lewis, 1956), f o r 3 to 5 months from the time 
th a t they had been induced and i n i t i a l l y c l a s s i f i e d . During 
t h i s p e r i o d they were kept at 17°C and mass t r a n s f e r r e d . Those 
stocks which had not become homozygous under mass c u l t u r e 
c o n d i t i o n s were made homozygous by s e l e c t i n g homozygous t s / t s 
females and hemizygous ts/Y males and by mating them a t room 
temperature (RT, 23°C ± 2°C) or, i f necessary, at 17°C. The 
homozygous stocks were maintained a t RT except one (PD-8) i n 
which the a d u l t s were s t e r i l e at RT but f e r t i l e a t 17°C. 

The f o l l o w i n g four s e x - l i n k e d ta l e t h a l s were s t u d i e d 
e x t e n s i v e l y : 

code number d e s c r i p t i o n g e n e t i c p o s i t i o n 
F..-- l a t e pupal l e t h a l 1.6 u n i t s to the r i g h t of cv 

PD-8 indis p e n s a b l e 1.8 u n i t s to the r i g h t of £v 
2 sexual dimorphism j u s t to the r i g h t of cv 
C p a r e n t a l i n f l u e n c e 4.0 u n i t s to the r i g h t of cv 



7 

MEDIA AND CONTAINERS: Standard Drosophila medium ( C a l i f o r n i a 
I n s t i t u t e of Technology formula) was used i n a l l experiments. 
In those i n which egg and l a r v a l counts were made grape 
concentrate was added to give a dark background c o l o r . 
Quarter-pint m i l k b o t t l e s were used i n the t e s t s f o r TSP 1s and 
i n t e s t s i n which l a r g e numbers of progeny were to be counted. 
Disposable p e t r i p l a t e s (16 x 15 mm.) f i l l e d w i t h c o l o r e d 
medium were used i n t e s t s f o r LP's and whenever the number of 
eggs hatched or la r v a e had to be determined. 

GENERAL TECHNIQUE: A l l experiments were repeated at l e a s t twice. 
Most were repeated 3 or 4 times to ensure that the r e s u l t s were 
not due to some experimental a r t e f a c t . The 4 l e t h a l s s t u d i e d 
were c o n s i s t e n t i n t h e i r behaviour over the 5 month i n t e r v a l 
during which they were s t u d i e d . 

EFFECTIVE LETHAL PHASE AND GROWTH CURVE: In order to determine 
the e f f e c t i v e l e t h a l phase (LP) of a l e t h a l , homozygous ad u l t s 
(200 to 400) were allowed to mate i n a standard c u l t u r e b o t t l e 
a t 29°C and then were placed i n an empty p i n t b o t t l e i n v e r t e d 
over a p e t r i p l a t e of medium. Depending on the f e r t i l i t y of 
the a d u l t s , eggs were c o l l e c t e d w i t h i n 1/2 to 2 hours. Four 
c u l t u r e s of a l e t h a l were e s t a b l i s h e d a t 12 hour i n t e r v a l s 
and checked every 6 or 12 hours f o r the number and 
developmental stage of those organisms a l i v e or dead a t 29°C. 
At the same time, RT c u l t u r e s were t e s t e d i n the same way to 
determine the growth curve of the l e t h a l under permissive 
c o n d i t i o n s . Oregon-R c u l t u r e s were t e s t e d s i m i l a r l y a t both 
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temperatures as a d d i t i o n a l c o n t r o l s . The developmental 
stages of both l i v i n g and dead larvae were a s c e r t a i n e d by 
squashing them i n a drop of water on a s l i d e and examining t h e i r 
mouthparts, a c r i t e r i o n which r e a d i l y defines the l a r v a l 
i n s t a r (Bodenstein, 1950). Larvae were considered . to be dead 
when no e x t e r n a l or i n t e r n a l movement could be detected a f t e r 
g e ntle probing. Pupae were c l a s s i f i e d as dead when they f a i l e d 
to develop beyond a c e r t a i n stage i n pupation, such as 
prepupal, eye pigment formation, or body and wing pigmentation 
stages, a l l of which can e a s i l y be determined by v i s u a l 
i n s p e c t i o n through the pupal case. 

TEMPERATURE-SENSITIVE PERIOD: The temperature-sensitive p e r i o d 
(TSP) could be estimated from the r e s u l t s of a s e r i e s of " s h i f t " 
experiments. In these s t u d i e s , eggs were c o l l e c t e d i n 
q u a r t e r - p i n t b o t t l e s w i t h i n 1 or 2 hours. Two p a r a l l e l c u l t u r e s 
were set up: one at RT and the other a t 29°C. At c e r t a i n 
times the c u l t u r e s were s h i f t e d from RT to 29°C or from 29°C 
to RT. A f t e r a time s u f f i c i e n t to a l l o w f o r the emergence 
of a d u l t s , the c u l t u r e s were scored f o r the number of a d u l t s 
and/or pupae i n the case of a pupal l e t h a l , or f o r the 
presence of a d u l t s i n the case of an egg or l a r v a l l e t h a l . 

LETHAL F: The growth curve, LP and TSP were found by the 
standard method o u t l i n e d above. In determining the TSP, the 
number of dead pupae and a d u l t s emerging was used as an index 
of the e f f e c t i v e n e s s of the temperature s h i f t . Once the TSP 
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had been estimated crudely, s h i f t experiments over shorter 
successive i n t e r v a l s were repeated between 12 0 and 180 hours 
at RT. 

LETHAL PD-8: The growth curve was determined i n i t i a l l y by the 
standard method. An attempt to e s t a b l i s h the TSP i n d i c a t e d 
that there was more than one LP. Therefore, eggs were 
c o l l e c t e d w i t h i n 1/2 to 1 hour i n p e t r i p l a t e s a t RT and then 
s h i f t e d to 29°C a t successive 1 to 2 hour i n t e r v a l s during the 
e n t i r e developmental p e r i o d (0 to 3 00 hours a t RT). The 
c u l t u r e s a t 29°C were examined every 9 to 12 hours and the 
stage of death and the number of the l i v i n g i n d i v i d u a l s were 
recorded. To determine the TSP of the many LP's, 5 p a r a l l e l 
c u l t u r e s at the same developmental stage were s h i f t e d from RT 
to 29°c at each 10 hour i n t e r v a l during the f i r s t 200 hours 
of development. In each set of 5 c u l t u r e s , p l a t e s were s h i f t e d 
from 29°C to RT 12, 24, 36, 48, and 60 hours l a t e r . The 
emergence of a d u l t s was then noted i n each c u l t u r e . 

LETHAL 2_: The growth curve and the LP were a s c e r t a i n e d as 
o u t l i n e d above. The p r e l i m i n a r y r e s u l t s i n d i c a t e d that the LP 
or TSP of the females had to be determined s e p a r a t e l y from 
those of the males. In order to d e l i n e a t e the LP or TSP of 
the females, "double s h i f t " experiments were c a r r i e d out i n 
the f o l l o w i n g manner: a t various i n t e r v a l s a f t e r c o l l e c t i n g 
eggs l a i d i n b o t t l e s w i t h i n 1 to 2 hours a t RT, the c u l t u r e s 
were s h i f t e d to 29°C f o r 12, 24, 36, or 48 hours and then 
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were s h i f t e d back to RT. The sex r a t i o of the a d u l t s was 
recorded f o r each b o t t l e . The LP of the males was found by 
the standard method. However, i n order to a s c e r t a i n whether 
a l l the male larvae s u r v i v e d at 29°C, egg and l a r v a l counts 
were made a t 29°C and a t RT. In order to determine the TSP 
of the males, double s h i f t s were c a r r i e d out between 140 and 
2 00 hours. The numbers of l i v e and dead a d u l t males were 
recorded. 

LETHAL Ci Large numbers of a d u l t s were used to ensure a good 
recovery of eggs (75 to 12 5 eggs i n a 1/2 to 1 hour c o l l e c t i o n ) . 
Eggs were c o l l e c t e d at RT f i r s t as a c o n t r o l before p l a c i n g 
the a d u l t s a t 29°C and c o l l e c t i n g eggs a t various times during 
the next 24 hours. The numbers of unhatched eggs and larvae 
per c u l t u r e were counted and the LP determined. The i n i t i a l 
o bservations i n d i c a t e d t h a t the percent egg hatch was 
i n v e r s e l y r e l a t e d to the length of p a r e n t a l i n c u b a t i o n a t 29°C. 
In order to determine whether the p a r e n t a l c o n d i t i o n i n g 
e f f e c t s were r e v e r s i b l e , a d u l t s p r e v i o u s l y conditioned at 29°C 
fo r a t l e a s t 36 to 48 hours were s h i f t e d to RT and eggs were 
c o l l e c t e d over the next 24 hours. A l l RT eggs were placed 
at 29°C immediately a f t e r c o l l e c t i o n . The c o n d i t i o n i n g e f f e c t 
on egg h a t c h a b i l i t y was s t u d i e d f o r each sex by p l a c i n g males 
and v i r g i n females s e p a r a t e l y a t 29°C and then mating them to 
v i r g i n females or males, r e s p e c t i v e l y , from RT c u l t u r e s . The 
eggs were c o l l e c t e d at 29°C and the LP determined. 
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The growth curve and LP of the RT conditioned (RTc) 
c u l t u r e was found by the standard method. However, i n the 
determination of the TSP, more than one LP was i n d i c a t e d . Thus 
double s h i f t experiments were c a r r i e d out i n b o t t l e s as was 
done w i t h l e t h a l 2. The stage of death and the number of 
ad u l t s emerging was noted. 

The TSP of the 29°C conditioned (29c) c u l t u r e s was found 
by c o l l e c t i n g eggs on p e t r i p l a t e s w i t h i n 1/2 to 1 hour and 
s h i f t i n g them down e i t h e r immediately or a t successive 1 hour 
i n t e r v a l s . Another set of 29c c u l t u r e s was s h i f t e d down 
immediately a f t e r c o l l e c t i o n and then s h i f t e d back a t 29°C a t 
1 hour i n t e r v a l s . The percent egg hatch and a d u l t emergence 
a f t e r appropriate time i n t e r v a l s had elapsed were determined. 

In order to determine whether the t s + a l l e l e f u n c t i o n s 
i n the e a r l y stages of embryogenesis, 29c t s / t s females were 
mated at 29c t s + / Y males and eggs were c o l l e c t e d at 29°C. 
Cultures were s h i f t e d down immediately and a t successive 1 
hour i n t e r v a l s a f t e r c o l l e c t i o n . The egg hatch was scored i n 
each c u l t u r e . 
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RESULTS 

O r i g i n a l l y 27 l e t h a l stocks which mapped near cv or v 

were chosen for study. However, 14 were not confirmed as _ts 

let h a l s , 2 stocks were s t e r i l e either i n the homozygous 

females or hemizygous males, and 2 more f a i l e d to y i e l d 

homozygous females at 22°C or 17°C. Of the remaining 9 

stocks, 2 were pupal le t h a l s ( s l i g h t l y leaky), 1 was a l e t h a l 

with LP's i n both the egg and pupal stages, 1 was a pupal 

l e t h a l as well as being s t e r i l e at 29°c, and 1 was a t h i r d 

instar jts_. The remaining 4 were selected for intensive 

analysis because of their d i s t i n c t i v e developmental e f f e c t s . 

The LP and TSP of each of the 4 chosen for study were 

determined c a r e f u l l y , various s h i f t experiments were 

performed i n an attempt to e s t a b l i s h the effects of the ts_ 

l e t h a l under r e s t r i c t i v e conditions. 

The simplest _ts l e t h a l would be a monophasic l e t h a l which 

has one LP and a single d e f i n i t e TSP. This model s i t u a t i o n 

i s i l l u s t r a t e d i n Figure 1. Vi s u a l inspection of the 29°C 

cultures r e a d i l y establishes the time of death. The f i r s t 

culture s h i f t e d from 29°C to RT which does not permit the 

emergence of adults establishes the time of i n i t i a t i o n of gene 

product formation or requirement. The f i r s t culture s h i f t e d 

from RT to 29°C which y i e l d s adults defines the time by which 

the gene product has been formed or i s no longer needed. In 

a shift-down test i t i s expected that 100% w i l l survive up to 

the onset of the TSP, but after the TSP the s u r v i v a l should 



FIGURE 1. A model f o r s i n g l e s h i f t experiments and the 

dete r m i n a t i o n o f the TSP and LP of a 

monophasic ts_ l e t h a l . 

Stages a t which c e r t a i n s h i f t s were made: 

• 29°C to RT s h i f t 

» RT to 29°C s h i f t 

A d u l t s u r v i v a l i n a c u l t u r e a f t e r a s i n g l e 

s h i f t 

• 29°C to RT s h i f t 

• • RT to 29°C s h i f t 

*—LP--» l e t h a l phase determined by o b s e r v i n g 

stage o f death i n a c u l t u r e grown 

c o n t i n u o u s l y a t 29°C. 
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drop to 0%. In the r e c i p r o c a l s h i f t - u p , the opposite r e s u l t s 
are expected: 0% s u r v i v a l up to the onset of the TSP and 100% 
s u r v i v a l a f t e r the end of the TSP. Corroboration f o r the TSP 
i s obtained i f c u l t u r e s are grown continuously at 29°C except 
f o r the i n t e r v a l of the p u t a t i v e TSP when they are s h i f t e d 
to RT. This should permit the emergence of a d u l t s . R e c i p r o c a l -
s h i f t s from RT to 29°C f o r the TSP should y i e l d no a d u l t s . 

When the pupal l e t h a l F i s r a i s e d a t 29°C throughout i t s 
e n t i r e development, none of the pupae emerge. This mutant i s 
a l a t e pupal l e t h a l , s ince pupae w i t h dark wings and pigmented 
eyes can be seen e a s i l y i n the 29°C c u l t u r e s . The TSP extends 
over a 30 hour p e r i o d p r i o r to the LP (Figure 2 ) . However, 
cont r a r y to the expected r e s u l t s , no simple r e l a t i o n s h i p was 
found between the percent emergence and the time of the s h i f t 
during the TSP; that i s , between 150 and 180 hours the percent 
a d u l t emergence v a r i e d between 0% and 100% f o r p a r a l l e l and 
d u p l i c a t e c u l t u r e s (Figure 2 ) . Another unexpected r e s u l t was 
the r e c i p r o c i t y of the curves when p l o t t e d on an absolute 
time b a s i s r a t h e r than a developmental stage b a s i s . A 29°C 

c u l t u r e develops f a s t e r than a RT c u l t u r e so that one would 
expect the curve of the shift-down t e s t s to be d i s p l a c e d to 
an e a r l i e r absolute time i n order to correspond to the same 
developmental stage i n the RT c u l t u r e . However, when the growth 
curves at 29°C and RT are compared (Figure 2 ) , the r e s u l t s can 
be explained. At 29°C the t h i r d i n s t a r larvae slow down i n 
development so that they begin to pupate at the same absolute 
time as those i n the RT c u l t u r e . The TSP obtained coincides 



FIGURE 2. C o r r e l a t i o n of growth curves of l e t h a l F a t 29°C 
and RT w i t h the r e s u l t s of s i n g l e s h i f t 
experiments. 

H p e r i o d during which the eggs hatch 
M p e r i o d during which the larvae moult 
P p e r i o d during which the la r v a e pupate 
E p e r i o d during which the pupae emerge 
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w i t h the s t a r t of pupation i n both c u l t u r e s . Thus, a t the 
time of the TSP, both c u l t u r e s are s t i l l at the same 
developmental stage. 

The second ts_ l e t h a l s t u d i e d e x t e n s i v e l y i s abnormal i n 
a f u n c t i o n which appears to be r e q u i r e d continuously by the 
organism. Mutants of a locus of t h i s type are described as 
"indispensable." Thus, whenever the c u l t u r e i s s h i f t e d to 
the r e s t r i c t i v e c o n d i t i o n , the organisms d i e w i t h i n 1 to 6 
days, depending on the stage of development that they had 
reached before they were s h i f t e d (Figure 3 ) . The i n t e r v a l 
between the two p o i n t s at each s h i f t time d e l i n e a t e s the p e r i o d 
over which death occurred i n the c u l t u r e . Although eggs were 
c o l l e c t e d w i t h i n 1/2 to 1 hour, the synchrony of the c u l t u r e s 
s l o w l y disappears u n t i l the age span i n one c u l t u r e i s 30 to 
40 hours. By c o r r e l a t i n g the growth curve w i t h the LP of each 
c u l t u r e , i t can be seen that the f i r s t and second i n s t a r 
l a r v a e die sooner than larvae i n the t h i r d i n s t a r stage. The 
LP of pupae i s only approximate, but i t was noted that death 
seemed to occur at c e r t a i n stages, f o r example, prepupal and 
l a t e pupal stages (few were found w i t h pigmented eyes but 
without dark wings). A few a d u l t s were extremely s e n s i t i v e 
to the high temperature, but the m a j o r i t y d i e d w i t h i n 2 to 3 
days. In order to determine when each c u l t u r e was committed 
i r r e v o c a b l y to death a f t e r i t was s h i f t e d to 29°C, double 
s h i f t experiments (RT to 29°C to RT) were c a r r i e d out before 
and during the LP. Figu r e 3 i n d i c a t e s that the time of the 
TSP i s f a i r l y constant r e g a r d l e s s of the time of the LP. 



FIGURE 3. Determination of the LP and TSP of l e t h a l PD-8 
a t various times during development. 

• • time a t which death was f i r s t noted 
i n the c u l t u r e 

* x time at which the l a s t i n d i v i d u a l d i e d 
/"//"/ temperature-sensitive p e r i o d 

FIGURE 3a. Growth curve of l e t h a l PD-8 a t RT. 
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The t h i r d stock analysed e x h i b i t s a sexual dimorphic 
e f f e c t . A t RT the sex r a t i o (females/males) v a r i e s between 
0.33 and 0.67 and at 17°C between 0.67 and L/00. At 29°C, 
pupae form and 100% of them are males. Approximately 60% of 
the male pupae formed emerge, but the a d u l t s become stuck i n 
the medium immediately a f t e r emerging and d i e , presumably as 
a r e s u l t of s t a r v a t i o n or some p h y s i o l o g i c a l abnormality. 
Egg counts i n d i c a t e that a t 29°C about 50% of the eggs hatch 
and about 9 0% of the hatched l a r v a e pupate. Thus i t appears 
th a t females d i e i n the egg and e a r l y f i r s t i n s t a r stages, 
whereas males are k i l l e d during l a t e pupation and e a r l y 
emergence. In order to f i n d the LP or TSP of the females, 
double s h i f t experiments were c a r r i e d out. By s h i f t i n g the 
c u l t u r e s from RT to 29°C a t various times i n the l i f e c y c l e 
and l e a v i n g such c u l t u r e s a t 29°C f o r 12, 24, 36, or 48 hours 
before s h i f t i n g back to RT, i t can be determined from the 
r e s u l t a n t sex r a t i o that female zygotes are k i l l e d by the 
r e s t r i c t i v e c o n d i t i o n a t any stage of development (Figure 4). 
I t can be seen that r e g a r d l e s s of the time a t which the 
c u l t u r e was s h i f t e d to 29°C, the longer the c u l t u r e remained 
at that temperature, the smaller was the number of s u r v i v i n g 
a d u l t females. Thus the females seem to be s e n s i t i v e at a l l 
times to the r e s t r i c t i v e c o n d i t i o n . The r e s u l t s of 
i n d i v i d u a l experiments i n d i c a t e that a t c e r t a i n times during 
development females are more r e s i s t a n t to death than a t other 
times. The exact p a t t e r n was not r e p r o d u c i b l e (Figure 4a), but 



FIGURE 4. The sex r a t i o of various c u l t u r e s of l e t h a l 2 
a f t e r double s h i f t experiments (RT to 29°C 
to RT). 
0 to 120 hours: 
• • RT c o n t r o l 
o- 12 hour s h i f t to 29°C 
x 37 hour s h i f t to 29°C 

13 0 to 200 hours: 
• • RT c o n t r o l 
„ o 26 hour s h i f t to 29°C 
x x 50 hour s h i f t to 29°C 
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FIGURE 4a. A repeat of the determination of the TSP of 
l e t h a l 2 by double s h i f t s (RT to 29°C to RT). 

• • RT c o n t r o l 
o o 12 hour s h i f t to 29°C 
* « 36 hour s h i f t to 29°C 
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the r e l a t i v e decrease i n female s e n s i t i v i t y from 40 to a t 
l e a s t 90 hours was observed twice. 

In order to determine the TSP of the males, double s h i f t 
experiments were c a r r i e d out from 60 hours before the LP and 
through the LP. S i n g l e s h i f t experiments i n d i c a t e d t h a t the 
TSP occurs from 160 to 180 hours (Figure 5). The double s h i f t 
experiments shows th a t i f the c u l t u r e s were placed a t RT from 
29°C f o r p a r t or a l l of t h i s p e r i o d (160 to 180 hours), the 
s u r v i v a l of the a d u l t males increased (Figure 5). Males which 
emerge a t RT do not die when s h i f t e d to 29°C. Thus the TSP 
and LP occur w i t h i n short defined i n t e r v a l s f o r the males. I f 
a RT c u l t u r e i s placed a t 29°C f o r the f i r s t time during the 
pupal stage, females emerge a l s o and d i e as adu l t s j u s t as 
the males do at t h i s time. 

Since the b a s i c genotypic d i f f e r e n c e between the males and 
females of t h i s stock i s the number of doses of the Jbs l e t h a l 
gene, i t i s of i n t e r e s t to ask whether the sexual dimorphism 
i s due to gene dosage d i f f e r e n c e s or to d i f f e r e n c e s i n male 
and female d i f f e r e n t i a t i o n and physiology. In an attempt to 
answer t h i s question, t s / t s ; Ubx/tra (for Ubx see Lewis, 1952) 

S S females were mated to ts/B •Y; t r a / t r a males (for B_ see 
Bridges and Brehme, 1944). One c u l t u r e was placed a t 29°C 
f o r 48 hours to k i l l females, the other remained at RT. The 
progeny of the RT and 29°C crosses were examined f o r the 
presence and frequency of t s / t s ; t r a / t r a f l i e s which 
p h e n o t y p i c a l l y resemble males, but are l a r g e r than normal 
males and are e n t i r e l y s t e r i l e . In these crosses they are 



FIGURE 5. Determination of the LP and TSP of males of 
l e t h a l 2. 
S i n g l e s h i f t s : 
• • 29°C to RT 

Double s h i f t s : 
• • 11 hour s h i f t to RT then back to 29°C 
o o 24 hour s h i f t to RT then back to 29°C 
°- 0 36 hour s h i f t to RT then back to 29°C 
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r e a d i l y d i s t i n g u i s h a b l e from the normal ts/B *Y; t r a / t r a males 
g 

by the absence of the Bar eye (B ). In the RT c u l t u r e , 33 
"transformed" females ( t s / t s ; t r a / t r a ) and 294 normal males were 
recovered, whereas i n the 29°C t r e a t e d c u l t u r e , only 1 
"transformed" female was recovered among 194 normal males. This 
i n d i c a t e s that the transformed f l i e s behave as females and that 

o 
the m a j o r i t y are k i l l e d w i t h i n 48 hours at 29 C. 

The l e t h a l phase of the f o u r t h ts_ l e t h a l s t u d i e d depends on 
the c o n d i t i o n i n g of the parents at 29°C or RT. When 
RT-conditioned (RTc) a d u l t s are placed at 29°C, the LP of the 
mutant changes from the l a r v a l and pupal stages to the egg; tha t 
i s , the eggs do not hatch. When 29°C-conditioned (29c) a d u l t s 
are placed a t RT, the opposite change occurs (Figure 6). 
Both changes occur w i t h i n 24 hours. When 29c females are 
mated to 29c males, the LP i s i n the egg stage, but when RTc 
females are mated to 29c males, the LP remains i n the l a r v a l 
and pupal stages (Figure 6). Thus the c o n d i t i o n i n g e f f e c t i s 
s o l e l y maternal. 

In the 29c stock the f i r s t LP occurs i n the egg stage, the 
degree of l e t h a l i t y depending upon the length of time that the 
ad u l t s were conditioned. C o n d i t i o n i n g f o r 24 to 36 hours 
gave 5 to 25% hatch i n d i f f e r e n t t e s t s , and c o n d i t i o n i n g f o r 
50 hours gave 0% hatch i n a l l cases. During the c o n d i t i o n i n g , 
the gross morphology of the eggs changed from normal, white, 
r e l a t i v e l y large eggs to smaller, b l o t c h y eggs. About 20 to 
40% of the eggs from females con d i t i o n e d at 29°C f o r 36 



FIGURE 6. E f f e c t of 29 C and RT c o n d i t i o n i n g on a d u l t males 
and females of l e t h a l C. 

ii K RTc females placed a t 29°C, eggs kept 
a t 29°C 

° ° 29c females placed a t RT, eggs kept a t 
RT 

• • 29c females placed a t RT, eggs placed at 
29°C when 0 to 2 hours o l d . 

i * 29c males mated to RTc females. 
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hours hatch i f s h i f t e d to RT w i t h i n 1 hour of c o l l e c t i o n , but 
none of those from 50 hour conditioned a d u l t s hatch under any 
circumstances (Figure 7). 

In order to determine i f the z y g o t i c nucleus c o n t r i b u t e s 
during the f i r s t 2 to 4 hours to the processes needed f o r 
e a r l y development and hatching, or whether the maternal 
c o n d i t i o n i n g f a c t o r i s s o l e l y r e s p o n s i b l e f o r egg s u r v i v a l , 
the f o l l o w i n g cross was made: 29c t s / t s females to 29c ts_+/Y 
males. The egg hatch and the ad u l t s emerging a f t e r a s h i f t 
down were scored. I t was found that although ts/Y eggs do 
not s u r v i v e more than 4 hours at 29°C, some t s + / t s eggs do 
su r v i v e (Figure 7). The s u r v i v a l of the t s + / t s eggs i s not 
100% but the f a c t that any s u r v i v e at 29°C i n d i c a t e s that the 
gene i t s e l f must f u n c t i o n i n the egg at a very e a r l y stage or 
that a c e r t a i n p r o p o r t i o n of the 29c eggs s u r v i v e to a time 
a t which the t s + a l l e l e can take over. 

Subsequent l e t h a l phases of the stock were found i n the 
second and t h i r d i n s t a r l a r v a l and pupal stages i n RT to 29°C 
s h i f t s l a t e r i n development. By double s h i f t experiments 
(RT to 29°C to RT) the other TSP's of the LP's could be 
determined (Figure 8). In t h i s f i g u r e the TSP's are c o r r e l a t e d 
w i t h the growth curve at RT. I t can be seen that the f i r s t 
i n s t a r l arvae s u r v i v e any s h i f t to 29°C and that a l l 
developmental stages are s e n s i t i v e to the high temperature 
a f t e r the f i r s t i n s t a r w i t h the exception of l a t e pupal and 
a d u l t stages. 



FIGURE 7. E f f e c t of RT and the ts+ a l l e l e on eggs from 29c 
parents of l e t h a l C. 
* * 29c t s / t s females x 29c ts/Y males, 
> * 

females conditioned f o r 24 to 
36 hours. 

° o 29c t s / t s females x t s + / Y males, 
* * females con d i t i o n e d f o r 24 to 

40 hours. 
* * 29c t s / t s females x ts/Y males, females 

cond i t i o n e d f o r 50 hours. 

FIGURE 7a. S u r v i v a l of la r v a e which hatched from eggs i n the 
experiment shown i n Figure 7. 
° ° male and female larvae from 29c 

t s / t s x ts/Y cross 
• • male and female l a r v a e from 29c 

t s / t s x t s + / Y cross 
• • male larvae from 29c t s / t s x t s + / Y cross 
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gure 8 Growth c u r v e a t RT and d e t e r m i n a t i o n o f TSP 

i n RTc s t o c k s o f l e t h a l C. 
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DISCUSSION 

The molecular b a s i s of temperature-sensitive mutants i n 
micro-organisms i s thought to be the r e s u l t of a s i n g l e base 
s u b s t i t u t i o n i n a gene (missense mutation) r e s u l t i n g i n a 
s i n g l e amino a c i d replacement i n the p r o t e i n product. This 
change may produce a conformation which i s more s e n s i t i v e to 
i n a c t i v a t i o n by temperature than the w i l d type p r o t e i n . Other 
experiments a l s o i n d i c a t e that p r o t e i n a c t i v i t y r a t h e r than 
t r a n s l a t i o n or t r a n s c r i p t i o n i s temperature-sensitive (Naono 
and Gros, 1967; Sundaram and Fincham, 1967). This explanation 
may be assumed to be true f o r D r o s o p h i l a , s i n c e most evidence 
supports u n i v e r s a l i t y of the general features of genes and gene 
a c t i o n . One drawback i n the i n t e r p r e t a t i o n of the r e s u l t s qf 
experiments i n higher organisms l i e s i n the i n a b i l i t y to 
p i n p o i n t the TSP, TEP or p h e n o c r i t i c phase r e l a t i v e to 
t r a n s c r i p t i o n and t r a n s l a t i o n . With micro-organisms experiments 
i n d i c a t e that t r a n s c r i p t i o n , t r a n s l a t i o n and gene f u n c t i o n 
f o l l o w i n short succession. In higher organisms some 
experiments suggest that the i n d u c t i o n of p r o t e i n s y n t h e s i s 
occurs a t the time of the enzyme requirement during development 
(Hotta and Stern, 1963; Sussman, 1966). However, l o n g - l i v e d 
and p o s s i b l y "masked" messengers, as w e l l as the sy n t h e s i s of 
i n a c t i v e polypeptides p r i o r to u t i l i z a t i o n , complicate the 
p i c t u r e i n higher organisms ( S p i r i n , 1966). 

The i n t e r p r e t a t i o n of the analyses of ts_ l e t h a l s depends 
g r e a t l y on the processes presumed to be a f f e c t e d during the 
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TSP. From the d a t a p r e s e n t e d here a number o f p o i n t s and 

q u a l i f i c a t i o n s can be made. a) One can assume t h a t 

t r a n s c r i p t i o n and t r a n s l a t i o n a r e n o t the t e m p e r a t u r e - s e n s i t i v e 

p r o c e s s e s i n the m a j o r i t y o f mutants. I f t h e y were, one would 

n o t f i n d d e f i n i t e s e n s i t i v e p e r i o d s w h i c h d i f f e r f o r each 

l e t h a l . However, the c l a s s o f " i n d i s p e n s a b l e " mutants may 

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

m e t a b o l i c p r o c e s s e s . b) The TSP c o u l d be t h e time o f the 

u t i l i z a t i o n o f the gene p r o d u c t . I n t h i s case i f i t i s 

assumed t h a t the p r o t e i n i s used soon a f t e r b e i n g produced, 

t h e TSP would be c l o s e i n time t o t r a n s l a t i o n and perhaps 

t r a n s c r i p t i o n . I n such cases much c o u l d be l e a r n e d about the 

i n d u c t i o n o f gene a c t i o n d u r i n g development. T h i s statement 

must be tempered by the f a c t t h a t i t i s p o s s i b l e f o r a l e t h a l 

gene t o have n o n - l e t h a l e f f e c t s p r i o r t o i t s l e t h a l e f f e c t s 

and thus the TSP would r e f l e c t the i n t e r v a l d u r i n g w h i c h t h e 

o r g a n i s m i s i r r e v o c a b l y committed t o d e a t h a t the r e s t r i c t i v e 

t e m p e r a t u r e (see d i s c u s s i o n on l e t h a l PD-8). c) I f the gene 

p r o d u c t were a s t r u c t u r a l p r o t e i n whose c o n f o r m a t i o n was 

e s s e n t i a l t o i t s f u n c t i o n and t o c e l l p h y s i o l o g y , the TSP may 

be i n no way r e l a t e d t o the time o f gene a c t i o n . Such p r o t e i n s 

c o u l d be those i n the m i t o t i c a p p a r a t u s or ribosomes o f the 

c e l l . These mutants would appear t o be i n d i s p e n s a b l e mutants 

s i n c e the e f f e c t o f the h i g h temperature would be l e t h a l a t 

any time i n development. d) I f the mutant has p l e i o t r o p i c 

e f f e c t s , i t may be f o und t o have an i n f l u e n c e on d e v e l o p m e n t a l 
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patterns before the TSP i s experimentally determined. Thus 
some damage may occur i n c e r t a i n regions of the organism which 
are not l e t h a l to the whole animal, but l a t e r more severe 
e f f e c t s occur which are f a t a l . Hadorn (1961) obtained s i m i l a r 
r e s u l t s i n determining the autonomy of development of various 
organs of a l e t h a l genotype by means of t r a n s p l a n t a t i o n 
experiments. Therefore, the TSP does not n e c e s s a r i l y always 
define the only time of gene a c t i o n or gene product u t i l i z a t i o n 
t h a t may occur during development. 

One would expect to f i n d l e t h a l s , e i t h e r c o n d i t i o n a l or 
n o n - c o n d i t i o n a l , a f f e c t i n g v i t a l c e l l processes, such as c e l l 
d i v i s i o n , t r a n s l a t i o n , t r a n s c r i p t i o n , and metabolism. In 
yeast, a study of 400 _ts mutants i n d i c a t e d that such mutants 
of i n d i s p e n s a b l e f u n c t i o n s e x i s t ( H a r t w e l l , 1967). The 
indisp e n s a b l e mutant, PD-8, detected i n t h i s study may f a l l 
i n t o one of these c a t e g o r i e s . However, c y t o l o g i c a l s t u d i e s 
should be c a r r i e d out on the various stages i n an attempt to 
determine the cause of death. The TSP i n d i c a t e s that the 
gene product i s f u n c t i o n i n g at the time of death, and during 
pupation, before death. There are 3 p o s s i b l e explanations of 
the continuous TSP: a) the gene f u n c t i o n s continuously during 
development and i t s product i s needed a t a l l times, b) the 
gene f u n c t i o n s only at c e r t a i n times to produce a s t a b l e 
messenger RNA coding f o r a p r o t e i n which i s r e q u i r e d at a l l 
times, and c) the gene f u n c t i o n s o n l y ' a t c e r t a i n times to 
produce a s t r u c t u r a l p r o t e i n which i s s t a b l e and has a v i t a l 
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r o l e i n c e l l processes, such as c e l l d i v i s i o n , t r a n s l a t i o n . 
At t h i s time i t i s not p o s s i b l e even to suggest what the b a s i s 
f o r the i n d i s p e n s a b i l i t y of t h i s mutant might be. 

The LP i n c u l t u r e s of PD-8 s h i f t e d to 29°C a t d i f f e r e n t 
stages of development i n d i c a t e v a r i a t i o n s i n s u s c e p t i b i l i t y 
to death, f o r example, t h i r d i n s t a r l a rvae are more r e s i s t a n t 
than e i t h e r the f i r s t or second. In the pupal stages, although 
the TSP occurs a t about the same time a f t e r the s h i f t - u p as i n 
other stages, death r e s u l t s much l a t e r and i n one or two 
stages, f o r example i n the prepupal or l a t e pupal stages. 
This could be i n t e r p r e t e d to mean e i t h e r t h a t the primary gene 
product does not f u n c t i o n at a l l times or that the secondary 
consequences are manifested only a t c e r t a i n c r i t i c a l times i n 
development. The exis t e n c e of c r i t i c a l l e t h a l phases i n 
development was demonstrated by Hadorn (1951) i n a survey of 
no n - c o n d i t i o n a l l e t h a l s which i n d i c a t e d that c e r t a i n 
developmental stages were more s e n s i t i v e than others to 
developmental c r i s e s l e a d i n g to death. 

The a n a l y s i s of the l a t e pupal l e t h a l , F, i n d i c a t e s that 
the t h e o r e t i c a l expectations w i l l not always be obtained and 
that each ts_ l e t h a l chosen w i l l have to be s t u d i e d independently 
and thoroughly. The observation that the t h i r d l a r v a l i n s t a r 
grows more s l o w l y at 29°C and begins to pupate a t the same 
time as the RT l a r v a e , suggests that the mutant defect i s 
expressed before the TSP i s d e l i n e a t e d , i f one assumes that 
the e f f e c t on the growth r a t e i s due to the _ts_ l e t h a l and not 
to a second n o n - l e t h a l ts_ mutant i n the stock. One explanation 
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i s that the mutant has p l e i o t r o p i c e f f e c t s , the i n i t i a l 
a c t i o n s being r e v e r s i b l e or compensated, but the l a t e r ones 
(during the TSP) being i n e v i t a b l y l e t h a l . The c o r r e l a t i o n 
of the TSP w i t h the growth curves shows that i t i s 
co i n c i d e n t w i t h the i n i t i a t i o n of pupation of a l l the larvae 
i n the c u l t u r e . Thus the mutant gene may be i n v o l v e d i n some 
process o c c u r r i n g during e a r l y pupation that may be necessary 
f o r the f i n a l emergence of the imago. The great v a r i a t i o n 
i n the s u r v i v a l of f l i e s during the TSP i n s i n g l e s h i f t 
experiments (Figure 2) could i n d i c a t e t h a t there i s some 
th r e s h o l d that may be achieved by the lar v a e or pupae depending 
on t h e i r exact developmental stage and environmental 
c o n d i t i o n at the time of the s h i f t . L e t h a l i t y a t 29°C would 
depend on the i n d i v i d u a l reaching the t h r e s h o l d value. Hadorn 
(19 51) discusses the idea of l e t h a l thresholds i n which death 
may occur at a boundary between developmental stages, such as 
e g g - l a r v a l and l a r v a l - p r e p u p a l t r a n s i t i o n s ; some i n d i v i d u a l s 
d i e j u s t before the boundary, while others pass the boundary 
but f a i l to develop any f u r t h e r . An a l t e r n a t i v e would be 
that the r e s u l t s are due to asynchrony of development i n the 
c u l t u r e , and that the TSP a c t u a l l y i s l i m i t e d to a very s p e c i f i c 
event w i t h i n the organism. Although the c u l t u r e s t e s t e d i n 
the growth curve determination were s t a r t e d from a 1 hour 
egg c o l l e c t i o n , F i g u r e 2 shows that i t r e q u i r e s about 6 
hours f o r a l l of the eggs to hatch and f o r a l l of the f i r s t 
i n s t a r l a r v a e to moult. However, the t r a n s i t i o n s from second 
to t h i r d i n s t a r and from t h i r d i n s t a r to pupal stages occur 
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over 3 0 to 40 hours a t both temperatures. Thus only those 
l a r v a e or pupae which had reached a s p e c i f i c stage would be 
s u s c e p t i b l e a t the time of the s h i f t . From the r e s u l t s 
obtained w i t h t h i s l e t h a l one may expect to f i n d w i t h other 
t s l e t h a l s , developmental changes o c c u r r i n g before the TSP 
which are only detectable by c y t o l o g i c a l , p h y s i o l o g i c a l or 
biochemical techniques. 

Genes which show a sexual dimorphism i n t h e i r m a n i f e s t a t i o n 
have been detected and s t u d i e d i n D r o s o p h i l a . Some mutants on 
the X chromosome of Dr o s o p h i l a melanogaster (eosin eyes, scute 
3, facet) have been discussed by M u l l e r and Kaplan (1966) and 
Goldschmidt (19 53) w i t h respect to the concept of dosage 
compensation and the mechanism of d i f f e r e n t i a l or s e x - c o n t r o l l e d 
expression. S e x - l i m i t e d l e t h a l s and d i s t o r t e d sex r a t i o s have 
a l s o been reporte d p r e v i o u s l y ~ i n D r o s o p h i l a . The mutant, 
Recovery D i s r u p t e r , produces a l a r g e r number of males than 
expected due to an abnormal segregation of the sex chromosomes 
during meiosis i n the male only (Hanks, 1964). Egg counts 
i n d i c a t e d i n t h i s case that a l l progeny su r v i v e d , showing that 
the b a s i s of the d i s t o r t e d r a t i o was p r e z y g o t i c . In Drosophila  
simulans, a r e c e s s i v e t h i r d chromosome f a c t o r causes an 
abnormal sex r a t i o i n o f f s p r i n g of homozygous males only, w i t h 
females being more numerous than males (Faulhaber, 1967). 
This mutant i s t s , the p r o p o r t i o n of males decreasing w i t h 
decreasing temperature, and appears to r e s u l t from the abnormal 
spermiogenesis of Y-bearing gametes. R e d f i e l d (1926) reported 
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s e x - l i m i t e d l e t h a l i t y i n Drosophila melanoqaster due to a 
r e c e s s i v e second chromosome f a c t o r which produces an average 
of 1 female f o r every 5.5 males. Thompson (1921) described 
a s e x - l i m i t e d f a c t o r on the X chromosome which k i l l s 
homozygous females but not hemizygous males, the males 
e x h i b i t i n g a v i s i b l e phenotype a f f e c t i n g the mesothorax. Thus 
a _bs l e t h a l w i t h a .sex-limited e f f e c t i s not without precedent. 
However, c o n d i t i o n a l . l e t h a l i t y has provided a greater i n s i g h t 
i n t o the mode of i t s d i f f e r e n t i a l a c t i o n . In t h i s case, 
p a r e n t a l i n f l u e n c e and m e i o t i c d r i v e can be r u l e d out. The 
l a t t e r i s accomplished by egg and l a r v a l counts which i n d i c a t e 
t h a t the d i s t o r t e d sex r a t i o i s due to a d i f f e r e n t i a l k i l l i n g 
of female zygotes. S h i f t experiments a l s o i n d i c a t e that the 
sex r a t i o can be a l t e r e d p o s t - z y g o t i c a l l y and e s t a b l i s h e s that 
k i l l i n g occurs during development. 

There are two simple explanations f o r the d i f f e r e n t i a l 
a c t i o n : a) two gene doses are more e f f e c t i v e than one i n 
causing a b u i l d up of a l e t h a l product, or b) the gene and/or 
i t s product have a d i f f e r e n t time of a c t i o n i n that male than 
i n the female. The phase s p e c i f i c i t y of the male LP tends 
to argue aga i n s t a simple q u a n t i t a t i v e dosage e f f e c t , s i n c e 
i t i s d i f f i c u l t to e x p l a i n why one dose would take so long to 
accumulate a t o x i c product and k i l l a t only one d e f i n i t e 
time. The mechanism of t e m p e r a t u r e - s e n s i t i v i t y i t s e l f would 
argue f o r hypomorphic r a t h e r than neomorphic p r o p e r t i e s of 
t s l e t h a l s . 
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In order to determine whether the sexual dimorphism of 
l e t h a l 2 i s a f f e c t e d by the p h y s i o l o g i c a l m i l i e u of sex or 
the gene dose, the mutant transformed (tra) was used 
exper i m e n t a l l y . Transformed females, homozygous f o r a t h i r d 
chromosome marker t r a , are p h e n o t y p i c a l l y s t e r i l e males 
(Sturtevant, 1945). The r e s u l t s show tha t t s / t s ; t r a / t r a f l i e s 
behave as t s / t s ; +/tra females w i t h respect to t h e i r growth 
r a t e at RT (both emerge l a t e r than most of the males) and to 
t h e i r response to the r e s t r i c t i v e c o n d i t i o n (both are k i l l e d 
a t any stage). Although a few t r a + females s u r v i v e d 48 hours 
a t 29°C, only 1 transformed female was recovered. 

Most attempts to d i s t i n g u i s h between transformed females 
and normal males i n d i c a t e that there are no gross morphological 
d i f f e r e n c e s between them. However, Sturtevant (1945) p o i n t s 
out that both the s i z e and the r a t e of development of the 
transformed f l y are more s i m i l a r to normal females than to 
males. He a l s o s t a t e s that i n transformed females the 
s e x - l i n k e d mutants showing sexual dimorphism (eosin, scute 3, 
fa c e t ) behave as i f they were present i n normal females. Thus 
i t has been suggested that the transformed f l y i s r e a l l y an 
extreme female i n t e r s e x (Sturtevant, 1945; Goldschmidt, 1953). 
C y t o l o g i c a l s t u d i e s of transformed females show that nurse 
c e l l s c h a r a c t e r i s t i c of oogenesis develop i n X/X. ; t r a / t r a 
gonads (Seidel, 1963, see summary). Other s t u d i e s by Brown 
and King (1961) showed that transformed females have 20% 
fewer t e e t h i n t h e i r sex combs than normal males and that they 
resemble normal females i n t h e i r wing s i z e and d i f f e r e n t i a l 



36 

growth of the wing a t 18°C and 25°c. They a l s o p o i n t out 
that transformed females resemble females w i t h respect to 
dosage compensation, sexual dimorphic expression of c e r t a i n 
genes, and i n the o c c a s i o n a l sex c e l l undergoing a process 
reminiscent of oogenesis r a t h e r than spermatogenesis. Thus i t 
can be seen that t h i s s e x u a l l y dimorphic gene behaves i n a 
way s i m i l a r to the : other genes described above, and provides 
another example to support the idea that transformed females 
are r e a l l y p h y s i o l o g i c a l l y or developmentally female (Goldschmidt, 
1953). Although no d e f i n i t e c o n c l u s i o n as to the mechanism 
of d i f f e r e n t i a l gene a c t i o n can be made, i t can be suggested 
that a) the gene f u n c t i o n s a t d i f f e r e n t times i n males and 
females, or b) that the product i s v i t a l to females a t a l l 
times, but to males only at one time. 

Examples of maternal i n f l u e n c e on the phenotype of the 
progeny have been reported i n many organisms, such as Ephestia  
k u h n i e l l a (Kuhn, 1941), Limnea pereqra (Sturtevant, 1923; 
Diver , 1925), Paramecium (Beale, 1952) and Drosophila (Lynch, 
1919; R e d f i e l d , 1926). The maternal e f f e c t on the progeny's 
phenotype may be a t t r i b u t e d to the f a c t that the female u s u a l l y 
c o n t r i b u t e s more cytoplasm to the zygote than does the male. 
Thus any c h a r a c t e r i s t i c which depends on o r g a n e l l e s w i t h i n 
the egg cytoplasm or on the s t r u c t u r e and composition of the 
egg cytoplasm may be determined by the maternal r a t h e r than 
the z y g o t i c genotype. In Drosophila melanogaster the 
s e x - l i n k e d r e c e s s i v e f a c t o r fused (fu - 59.5) produces s t e r i l e 
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homozygous females and f e r t i l e males, both w i t h the same 
d i s t i n c t v i s i b l e phenotype (Lynch, 1919). Lynch showed that 
f u / f u females develop and l a y fewer mature eggs than w i l d type 
females and tha t none of the eggs i n crosses w i t h fu/Y males 
hatch, so that fused appears to be an egg l e t h a l . However, 
crosses of f u / f u females to +/Y males produce o n l y fu/+ 
females and no fu/Y males. Crosses of fu/+ females to fu/Y 
males produce a l l four expected types of o f f s p r i n g i n equal 
numbers. Thus the l e t h a l i t y of fused eggs i s determined by 
the maternal genotype and r e a l i z e d by the z y g o t i c genome. 
This case i n d i c a t e s that the normal a l l e l e may f u n c t i o n a t 2 
d i f f e r e n t times: a) during oogenesis i n the female, as i n 
fu/+ females which are f e r t i l e ; and b) i n the zygote, the + 
a l l e l e donated by the male gamete, i n which case i t may 
redeem an egg produced by a f u / f u female. 

A s i m i l a r s i t u a t i o n , i s found w i t h the p a r e n t a l l y i n f l u e n c e d 
t s l e t h a l , C, under the r e s t r i c t i v e c o n d i t i o n . The 
r e s t r i c t i v e c o n d i t i o n was shown to a f f e c t o n l y the homozygous 
female parent. No e f f e c t was found on heterozygous females 
or hemizygous males, which were f e r t i l e as i n the case of 
fused. The ts+ a l l e l e i ntroduced from the male parent was 
found to redeem some of the eggs l a i d by 29c homozygous 
females, again as i n the case of fused. Thus the t s + a l l e l e 
can act both during oogenesis and during embryogenesis, and 
can overcome the maternal i n f l u e n c e i n 1 to 10% of the eggs. 
R e d f i e l d (1926) s t a t e d t h a t some dis c r e p a n c i e s noted i n 
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maternal i n h e r i t a n c e could be a t t r i b u t e d to the e f f e c t of the 
progeny's genotype as w e l l as the maternal genotype. 

Presumably i n t h i s jts_ l e t h a l some process i n the 
maturation of the egg i s a f f e c t e d by the r e s t r i c t i v e c o n d i t i o n . 
King, et. a_l. (1956) estimated t h a t the time r e q u i r e d f o r an 
egg to develop from stage 7 to 14 (mature egg i n prophase I) 
was about 14.5 hours under optimal c o n d i t i o n s . David and 
Merle (1968) found that the time r e q u i r e d was 21.0 hours. In 
order to determine e x a c t l y what stages are being a f f e c t e d , the 
egg l a y i n g r a t e and o v a r i o l e number of the t s / t s females 
would have to be a s c e r t a i n e d so t h a t i t could be estimated how 
long egg maturation takes i n t h i s stock. The c o n d i t i o n i n g 
e f f e c t i s imposed oh the eggs over a p e r i o d of 12 to 24 hours 
and appears to be complete by 50 hours. By a rough c o r r e l a t i o n 
w i t h the above published data i t could be suggested that the 
process a f f e c t e d i s a c t i v e a t some time before and/or during 
stage 7. Thus a t 29°C eggs developing from at l e a s t stage 7 
on would be p o t e n t i a l l y d e f e c t i v e . 

The TSP of eggs from 24 to 36 hour 29c females was 
defined w i t h i n the f i r s t 2 hours of development (Figure 7). 
Two p o s s i b i l i t i e s to e x p l a i n the increased s u r v i v a l of 
eggs which were s h i f t e d ' t o RT w i t h i n the f i r s t 2 hours of 
embryogenesis are: a) the i n a c t i v a t e d gene product i s only 

o 

r e v e r s i b l y i n a c t i v a t e d and a t RT the product i n the egg can 
become a c t i v e and f u n c t i o n a t the r e q u i r e d time, or b) the 
gene i s a c t i v e . i n the zygote and a l s o during oogenesis and 
the e f f e c t of r e t u r n i n g the eggs to RT i s to a l l o w -an a c t i v e 



39 

gene product to be formed and used i n the zygote, the 

previously inactivated product alone not being s u f f i c i e n t i n 

amount or a c t i v i t y to increase the s u r v i v a l . The second 

p o s s i b i l i t y suggests that the gene i s "turned on" i n the zygote 

i t s e l f at some time i n early embryogenesis. The above 

discussion on the e f f e c t of the t s + a l l e l e suggests that the 

gene can act i n the zygote at some time; whether the a c t i v i t y 

i s within the f i r s t hour, or whether the eggs that are redeemed 

by the t s + a l l e l e just manage to reach a developmental stage 

when the gene could act, cannot be stated. 

Later s h i f t s of the RTc culture indicate that the product 

of the same gene i s important i n other developmental processes 

and i s involved i n the egg, second and t h i r d instar, and pupal 

stages, as well as i n oogenesis. The function of such a gene 

could be i n the regulation of a process which i s necessary at 

more than one developmental stage, for example, moulting. The 

ef f e c t of thi s mutant could also be interpreted as providing 

evidence for successive i n a c t i v a t i o n and ac t i v a t i o n of a gene 

during development. 

This study of the developmental aspects of ts_ lethals 

indicates that although the eff e c t s of the mutants detected 

may not be unique, conditional l e t h a l i t y provides a means of 

obtaining more information on developmental processes and gene 

action than do similar non-conditional l e t h a l s . However, 

using the methods and concepts reported, these analyses remain 

r e l a t i v e l y crude and general. The limitations are: a) one i s 

s t i l l working at a morphological l e v e l far removed from the 
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primary gene product and i t s e f f e c t s , b) although assumptions 
can be made as to what the TSP represents, there i s no easy 
way to determine what the gene product a c t u a l l y does, and c) 
o n l y one r e p r e s e n t a t i v e of each type of l e t h a l i s a v a i l a b l e 
f o r study. A combination of both c y t o l o g i c a l and biochemical 
techniques w i t h the use of jts_ mutants promises to provide 
c r i t i c a l i n s i g h t s i n t o the r e g u l a t i o n of c e l l d i v i s i o n and 
development. 

Numerous problems may now be amenable to the use of r e c e s s i v e 
and dominant ts_ mutants. The genetic p o s i t i o n and f u n c t i o n of 
a l a r g e number of mutants can be analysed to determine i f 
there i s a r e l a t i o n s h i p between the f u n c t i o n s and times of 
a c t i o n s of gene products and the genetic l o c a t i o n . Indispensable 
mutants may hold the key f o r the recovery and study of defects 
i n very b a s i c c e l l f u n c t i o n s , such as c e l l d i v i s i o n . Dominant 
ts l e t h a l s perhaps provide the only method f o r d e t e c t i n g genes 
w i t h f u n c t i o n s necessary f o r v i a b i l i t y or f e r t i l i t y which 
are d u p l i c a t e d w i t h i n a genome and of determining the molecular 
b a s i s of dominance (Suzuki and Procunier, 1968). These mutants 
a l s o provide valuable a i d s i n s e l e c t o r systems (Chovnick, 1966) 
and i n the f i n e s t r u c t u r e a n a l y s i s of mutants. These are 
o n l y a few of the many p o s s i b l e ways i n which ts_ mutants . . 
w i l l provide a wealth of genetic and developmental in f o r m a t i o n . 
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SUMMARY 

1. Temperature-sensitive mutants present a means of studying 
the a c t i o n of l e t h a l mutations. Due to t h e i r c o n d i t i o n a l 
l e t h a l i t y they can provide more informat i o n on 
developmental processes than s i m i l a r n o n - c o n d i t i o n a l 
l e t h a l s . 

2. Four s e x - l i n k e d r e c e s s i v e _ts_ l e t h a l s were e x t e n s i v e l y 
analysed and t h e i r TSP's and LP's determined. 

3. The l a t e pupal l e t h a l i n d i c a t e s t h a t the TSP may not 
d e l i n e a t e the only time of gene or gene product f u n c t i o n . 

4. The exist e n c e of genes w i t h an indis p e n s a b l e f u n c t i o n was 
p r e d i c t e d and l e t h a l PD-8, an example of such a gene, was 
found and st u d i e d . This i s one type of l e t h a l f o r 
which there i s no detectable n o n - c o n d i t i o n a l counterpart. 

5. A mode of a c t i o n of s e x u a l l y dimorphic genes was i n d i c a t e d 
by l e t h a l 2. 

6. The study of l e t h a l c i n d i c a t e d that a gene may be 
i n v o l v e d at more than one time during development. 
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