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The explosive impact of bacteria and 
their viruses on the elucidation of 
many fundamental aspects of molec- 
ular biology has been extensively docu- 
mented. The versatility of these orga- 
nisms in the study of a variety of 
problems derives from the existence 
of an extensive array of conditional 
lethal mutations which survive under 
a "permissive" set of conditions but 
express a lethal phenotype in a "re- 
strictive" environment. Thus, the re- 
covery of auxotrophic mutations which 
can be supplemented for nutritional re- 
quirements, nonsense mutations which 
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are genetically suppressible, and lethal 
mutations whose viability is tempera- 
ture-dependent have been familiar tools 
for the resolution of various genetic 
and biochemical phenomena. The pau- 
city of such mutants has greatly re- 
stricted the kind and scope of genetic 
studies that are possible in multicellular 
eucaryotic organisms. The apparent im- 
minent resolution of the basic features 
of replication, mutation, coding, gene 
function, and recombination in micro- 
organisms has aroused a new interest 
in the biological phenomena unique to 
multicellular organisms. Thus, problems 

are genetically suppressible, and lethal 
mutations whose viability is tempera- 
ture-dependent have been familiar tools 
for the resolution of various genetic 
and biochemical phenomena. The pau- 
city of such mutants has greatly re- 
stricted the kind and scope of genetic 
studies that are possible in multicellular 
eucaryotic organisms. The apparent im- 
minent resolution of the basic features 
of replication, mutation, coding, gene 
function, and recombination in micro- 
organisms has aroused a new interest 
in the biological phenomena unique to 
multicellular organisms. Thus, problems 

of differentiation, behavior, chromo- 
some structure and function, and ge- 
netic redundancy offer new horizons 
for molecular biologists. It is to be 
hoped that the development of methods 
for the recovery and analysis of con- 
ditional mutations, in Drosophila, which 
are sensitive to changes in temperature 
may provide a powerful technique in 
the analyses of various problems asso- 
ciated with multicellular organisms. 

Background 

At the outset, it may be instructive 
for the "non-Drosophilist" to note the 
life cycle of Drosophila melanogaster 
(Fig. 1). At 22?C, the entire cycle 
from egg to fertile adult takes 11 to 
12 days; at 29?C, 7 to 8 days; and at 
17?C, 22 to 28 days. For a develop- 
mental biologist, it is of great interest 
to note that the organism in essence 
goes through two different lives. The 
larva is differentiated to exploit a spe- 
cific environment, yet must anticipate 
the development of completely different 
structural elements which constitute a 
very different animal, the adult. The 
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Fig. 1. Relative time scale for each de- 
velopmental stage in the life cycle of 
Drosophila melanogaster. 

genetic regulation of these two different 
functional forms poses a fascinating 
problem. Drosophila, the classic orga- 
nism of choice for many geneticists, 
offers an extensive array of mutations 
and chromosome aberrations with 
which numerous problems can be 
studied. Some of the genetic markers 
mentioned below and their significant 
properties are summarized in Table 1. 

Our work at the University of British 
Columbia on temperature-sensitive (ts) 
mutations resulted from a series of 
studies on the genetic and extrinsic 
regulation of crossing over. We were 
led to postulate that genes controlling 

Table 1. Specific features of some of the chrc 

Mutation Chromosome 

Y 

Base X 

In(1)wvO 

Minute 

DTS-lethal 
tra 
N6Ogll 

paratS 
l(1)E6t- 

l( ) E7t 

l(l)E25ts 

1(1)E34ts 

X 

X, 2,3 
and 4 

2 and 3 
3 
X 

X 
X 

X 

X 

X 

many of the steps in cell division are 
located in proximal heterochromatin 
(1), an area of the chromosome known 
to be highly redundant (2). Thus, it 
was suggested that the apparent pau- 
city of functional loci in this region 
could be the consequence of our in- 
ability to detect either recessive muta- 
tions which would be masked by their 
wild type duplicates or dominant mu- 
tations which would be lethal if cell 
division were affected. Therefore, in 
order to demonstrate the existence and 
function of redundant loci genetically, 
a method for the recovery of dominant 
mutations which are conditionally lethal 
was required, and temperature-sensitive 
lethality appeared to be more readily 
demonstrable than either auxotrophy or 
nonsense suppression. In fact, tempera- 
ture sensitivity of mutations has long 
been known in a variety of multicellular 
organisms (3), including Drosophila 
(4). The molecular basis of tempera- 
ture sensitivity was elucidated first in 
microorganisms. In T4 bacteriophage, 
ts lethals map extensively throughout 
the viral chromosome as point mutants 
of the missense type (5, 5a). Tempera- 
ture sensitivity has been shown to be 
the consequence of a single amino acid 
substitution in a polypeptide (6), which 
alters the biological activity of the 
protein at different temperatures (7). 

Before beginning a search for domi- 
nant temperature-sensitive mutations in 
Drosophila, we first set out to deter- 

)mosomes and mutations mentioned in the text. 

Properties of interest 

Two-armed chromosome, factors for male fertility 
identified on the short (two) and long (five) arms. 

Multiply inverted chromosome to suppress crossing 
over, marked by B (narrow eye) and wa (orange eye 
color). 

Ring chromosome which is somatically unstable; its 
loss in X/X zygotes results in X/O patches. 

A class of mutations with similar phenotypic proper- 
ties of recessive lethality, prolonged development 
time, slender bristles, and enhancement of mitotic 
recombination. 

Heterozygotes die at 29?C but survive at 22?C. 
Converts X/X zygotes into sterile, phenotypic males. 

X-ray-induced; maps as a point within the Notch locus; 
recessive lethal; heat-sensitive nicked wing pheno- 
type; cold-sensitive eye facet and bristle phenotype. 

Causes paralysis at 29?C, mobility at 22?C. 
Temperature-sensitive lethal; levels of pteridines in 

eyes, testes, and Malpighian tubules are also tem- 
perature-sensitive. 

Sexually dimorphic temperature-sensitive period, female 
temperature-sensitive period in egg and larvae; in 
males the temperature-sensitive period is in the 
pupal stage. 

Mutant with repeated temperature-sensitive periods; the 
lethal phase is modified by time of upward tempera- 
ture shift during the temperature-sensitive period. 

Monophasic temperature-sensitive period in the pupal 
stage. 
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Mutagen 

X/Y C X Basc/Basc 9e 

22?C 

Single Basc/X*y X 

17?C or 22?C 

X*/Yd present 

Basc/Y C5 

4 days at 17?C or 22?C 
then transfer to 29?C 

29?C 

X*/Yeo absent 

Fig. 2. Mating scheme for the detection 
of sex-linked recessive ts lethal mutations. 
The asterisk denotes the mutagenized X 
chromosome. 

mine both the feasibility of the selec- 
tion for sex-linked recessive ts lethals 
and the characterization of their ge- 
netic properties. In order to provide the 
greatest possible opportunity for de- 
tecting ts mutations, we exaggerated the 
temperature difference by using 17? 
and 29?C as the permissive and re- 
strictive temperatures, respectively. Sub- 
sequent tests showed that over 90 per- 
cent of the ts lethals recovered in this 
manner were also sufficiently viable at 
22?C to be scored as temperature-sen- 
sitive, and thereafter that was the tem- 
perature used as the permissive condi- 
tion. 

The protocol for detecting ts lethals 
is shown in Fig. 2. The survival of 
X*/Y males at low temperatures and 
their failure to survive at high tempera- 
tures indicates temperature sensitivity. 
In order to express in quantitative 
terms the relative viability of a muta- 
tion, the ratio of the number of F2 
X*/Y males to the number of Basc/X* 
females was used. Since Mendelian 
expectations predict a ratio close to 
1.0, any depression in this value mea- 
sures the reduced viability of the chro- 
mosome. It was arbitrarily decided to 
designate ts mutations as shown in 
Table 2. 

With these criteria to define ts muta- 
tions, X chromosomes mutagenized by 
ethyl methanesulfonate (EMS), mito- 
mycin C (MC), and y-rays were tested 
for ts lethality (8). It was found that 
an estimated 11 to 12 percent of all 
EMS-induced sex-linked lethals are 
temperature-sensitive, whereas 3.0 to 
3.5 percent of the lethals induced by 
MC and y-rays are temperature-sensi- 
tive. In the case of autosomes, the same 
proportion of EMS-induced lethals is 
temperature-sensitive (9). These re- 
sults, when correlated with the known 
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affinity of EMS to induce missense 
mutations (10), in contrast to the in- 
duction of chromosome rearrangements 
by MC (11) and y-rays (12), suggest 
missense mutation as the most frequent 
basis for temperature sensitivity. This 
contention is further supported by fail- 
ure to detect ts lethals among mutants 
induced by ICR-170, a mutagen as- 
sumed to cause frame shifts (13). Fur- 
thermore, we have recently observed 
that some ts lethals in Drosophila are 
very tolerant of a high salt diet (14), 
an observation resembling the observed 
resistance to osmotic shock of ts mis- 
sense mutations in yeast (15). Prob- 
ably the best test of the assumed mis- 
sense basis of ts lethality will come 
from a study of EMS-induced mutants. 
In Drosophila, very few EMS-induced 
lethal mutations are associated with 
chromosome rearrangements or dele- 
tions (16), and, in striking contrast to 
x-ray-induced lethals (17), most lethals 
induced by EMS are single site point 
mutants (18). While it could be argued 
that temperature-sensitive lethality 
might result from single locus amorphs, 
this hardly seems an acceptable ex- 
planation for the bulk of mutants. The 

12 (a) 
X 10 

. 9 

5. 

(U 
0 

4) 

t. 

- 5 

-0 
C-) 0 

C% 5- 

Table 2. Designations of ts mutations. 

ts (lts/Y 8 ) /(Basc/lts Q ) 
type 290C 22?C or 17?C 

Lethal 0.0 > 0.20 
Semilethal 0.01-0.05 > 0.30 

critical test will be a comparison of 
revertibility of nonconditional and ts 
lethals. These experiments are now in 
progress. 

The genetic distributions of 95 EMS- 
induced, 45 MC-induced, and 10 y- 
ray-induced ts lethals on the X chro- 
mosome were determined in the follow- 
ing manner. Each mutant was first lo- 
cated within a "segment" delineated by 
the markers (19) followed by their 
genetic positions on the X chromosome, 
y (0.0), cv (13.7), v (33.0), f (56.7), 
and car (62.5). Any mutant falling be- 
between y and cv was then mapped to 
a "region" relative to wa (1.5) and rb 
(7.5). Similarly, mutants falling be- 
tween cv and v were mapped with sn 
(21.0) and lz (27.7), and those be- 
tween v and f were mapped with wy 
(41.9) and g (44.4). Large regions 
were then subdivided into genetic "sec- 

8 9 10 11 12 13 14 15 16 17 8 

Genetic section of the X chromosome 

(b) 

tions" on the basis of relative genetic 
size. 

The distributions of 95 ts lethals 
and 163 non-ts lethals induced by EMS 
are shown in Fig. 3a. A "row X 
column" contingency test showed that 
the overall genetic distributions of the 
two types of mutants are not different. 
The distributions of 37 ts and 488 non- 
ts lethals induced by MC and of 10 
y-ray-induced ts lethals are shown in 
Fig. 3b. Again, the distributions are 
not statistically different. It should be 
noted that, whereas all EMS- and MC- 
induced ts lethals were readily localized 
to an interval, three out of the ten 
y-ray-induced ts lethals were found to 
be associated with chromosome re- 
arrangements; this suggests that radia- 
tion-induced ts lethals may be a 
heterogeneous group of mutations (20). 

Sex-linked ts lethals, then, (i) are 
readily detectable in Drosophila; in- 
deed, Wright (21) recovered three ts 
mutations at the lethal (1) myospher- 
oid locus among 1500 EMS-treated X 
chromosomes; (ii) are more frequent 
among EMS-induced lethals than 
among MC-, y-ray-, or ICR-170-in- 
duced lethals; (iii) map primarily as 
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point mutants within a genetic section, 
rather than as structural rearrange- 
ments; (iv) are located extensively 
throughout the X chromosome in a dis- 
tribution similar to that of non-ts 
lethals; and (v) occur in the same pro- 
portion as among EMS-induced auto- 
somal mutations. We conclude, there- 
fore, that chemically induced ts lethals 
have genetic properties similar to those 
of microorganisms and that tempera- 
ture sensitivity is not a property con- 
fined to a particular chromosome or 
limited to a few sites within a chro- 
mosome. 

Biological Properties 

The criterion used to define sex- 
linked ts lethal mutations is the sur- 
vival of lts/Y males at the permissive 
temperature. It was observed that a 
number of these surviving males have 
an obvious visible phenotype. This 
characteristic of some of the ts muta- 
tions indicates that, while the mutation 
is sufficiently leaky to permit survival, 
it is not without biologically altered 
properties. Routinely, lts/Y males sur- 
viving at permissive temperatures were 
crossed to their heterozygous sibs. Of 
83 stocks, males in 57 were fertile, and, 
of these, 53 yielded females homozy- 
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earliest upward shift in which survival occurs. 
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the stocks with to high temperatures ("shift-up") and 
fertile at per- vice versa ("shift-down") at different 

nd, therefore, successive intervals after these cultures 
true-breeding are started. An example is shown in 

Fig. 4, which is a study of a mutation 
gous male and having a lethal phase during the early 
:h at low tem- pupal interval. It can be seen that the 
n environment earliest shift-down which begins to de- 
:he stocks the crease viability marks the initiation of 
I fertile. Thus, the temperature-sensitive period (Fig. 
netic constitu- 4a). Similarly, the first shift-up which 
lop into adults permits survival beyond the lethal 
es are immune phase defines the end of the tempera- 
Therefore, in ture-sensitive period (Fig. 4b). 
:e of tempera- The temperature-sensitive period thus 
must occur at derived is inferred from two different 
ment prior to experiments, shift-ups and shift-downs. 
-ggs deposited In order to demonstrate that the in- 
h temperature terval so defined is a meaningful period 
train. In some in the developmental cycle of a mutant, 
tch; in others, continuous growth at high temperature 
roceed through except for the interval defined by the 
specific stage, shifts should yield viable adults (Fig. 
urs. This peri- 4c), and the reciprocal experiment 
as the "effec- should be lethal (Fig. 4d). This is, in 
f the mutation fact, observed. For example, mutant 
end result of l(l)E7ts, in which the temperature- 

estrictive tem- sensitive period in males was delineated 
ase, however, in the early pupa, yields male sur- 
icide with the vivors after a shift-down-and-up during 
,itive period the temperature-sensitive period (23). 
be established As might be expected with a biological 
rnts in which system as complex as Drosophila, the 
Ire are shifted demarcation of this period by shift 

studies is not clear-cut: shifts made 
around the temperature-sensitive pe- 
riod yield progressively more or fewer 
survivors, but the numbers fluctuate 
considerably (23). This can be seen in 
the results for 1(1)E34ts, a pupal 
lethal mutant (Fig. 5). In part, the 

' scatter is due to the heterogeneity in 
..._...... development within each culture. 

Another point of interest is the mod- 
ification of the lethal period by geno- 
typic or environmental changes, which 
has been noted for nonconditional 

. ......... lethals (22, 24). Thus, 1(1) E25t8, 
which was found to have a tempera- 
ture-sensitive period during moulting 
from first to second larval instars and 
a lethal period during the second instar 
if a shift-up was made at 30 to 35 
hours of the culture, survived to the 
third instar and pupal stages if the 
shift-up was made at 35 to 60 hours 

Adult (23). Thus, although the temperature- 
sensitive period for lethality occupied 
a specific interval, the time of exposure 

ature-sensitive to restrictive temperatures modified the 
; TSP; (TSPs) lethal period. An example of genotypic 
a, at different modification of the lethal period is 
s 

the earliest illustrated by the autosomal mutant 
able and the DTS-L2 (25). In the original stock, all 

mutants died as late-third-instar larvae 
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or young pupae. Upon outcrossing to 
a balancer stock, the lethal period was 
shifted to the late pupal stage, and a 
further cross to another stock yielded 
a lethal period in the newly eclosed- 
adult stage (25). 

We must ask, then, what is the 
molecular basis for the temperature- 
sensitive period? At present, our ex- 
periments have not been designed to 
answer this question. We have assumed 
that the primary effect of temperature 
is on the protein regulated by a given 
ts mutation. The temperature-sensitive 
period, we assume, corresponds to the 
interval during which the gene product 
controlled by the ts locus is biologically 
active-an assumption that makes no 

commitment as to the time of tran- 
scription or translation. 

On the basis of preliminary tem- 
perature-shift studies on a number of 
ts lethals, several facts were established. 

1) The bulk of ts mutations studied 
had .a temperature-sensitive period or 
lethal phase at one of two intervals 
during development, either the embry- 
onic egg stage or the interval from the 
late third larval instar through the 
pupal stage. These two developmental 
stages represent times of great mor- 
phogenetic activity and undoubtedly 
involve the activation of large numbers 
of developmental genes (26). 

2) There is no predictable temporal 
correlation between the temperature- 

sensitive period and the lethal phase 
(27). Thus, in some mutants, the two 
coincide, while in others the tempera- 
ture-sensitive period may be an inter- 
val preceding the lethal phase by from 
several hours to several days. 

3) Among lethals located through- 
out the X chromosome there was no 
tendency for mutants at different posi- 
tions to have temperature-sensitive 
periods around the same developmental 
stage (27). Four different ts lethals 
located within less than 1 map unit 
were found to have widely divergent 
temperature-sensitive periods (23), 
unlike closely linked phage cistrons, 
which are functionally as well as tem- 
porally related. 
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including the adult stage, a shift to 
the restrictive temperature results in 
an arrest in development, followed 
by death (Fig. 6d). Such a pattern 
may indicate continuous genetic activ- 
ity of a locus or the formation of a 
thermolabile structural element that is 
necessary for viability at all times. 

Detailed Analyses 

Egg I 1st ' 2nd ' 3rd Instar 
Instar Instar 

Pupa 

Developmental stage 

Fig. 6. Patterns of temperature sensitivity of different mutations as de 
temperature-shift experiments. Dark blocks denote the interval or inter 
temperature-sensitive period. 

4) In an analysis of whole embry- 
onic mounts of 12 different "egg leth- 
als," 11 were found to have a lethal 
phase long after gastrulation-6 after 
segmentation and 5 just prior to hatch- 
ing-and one showed apparently ar- 
rested development prior to gastrula- 
tion (28). 

In analyzing a number of stocks by 
the temperature-shift method, several 
different patterns of temperature-sensi- 
tive period emerged. The bulk of ts 
lethals were found to be monophasic 
with a single temperature-sensitive 
period occurring during the embryonic 
or pupal stages (Fig. 6a). Polyphasic 
mutants have also been detected in 
which several defined temperature-sen- 
sitive periods separated by non-tem- 
perature-sensitive intervals can be dem- 
onstrated (Fig. 6b). The polyphasic 
pattern may be interpreted in a number 
of ways: (i) it may indicate repetitive 
gene activation and inactivation; (ii) 
a locus may be activated and repressed 
in one tissue, then activated and re- 
pressed in a different tissue, and so on; 
or (iii) a gene product may be syn- 
thesized once and utilized at different 
successive times during development. 

One mutant (Fig. 6c) exhibited a 
striking sexually dimorphic tempera- 
ture-sensitive period. Males carrying 
the lethal gene had a single tempera- 
ture-sensitive period of about 40 hours 
during the pupal stage. Females, on the 
other hand, were continuously sensitive 
to high temperature, from the egg stage 
to the pupal period. One might ask 
whether the difference in tempera- 
ture-sensitive periods between the sexes 
is a consequence of gene dosage or 
of physiological differences. In order 
to determine this, 1ts/lt8 individuals 
homozygous for the autosomal reces- 

700 

sive gene transformer ( 
which converts X/X flies 
typic "males," were raised 
24 hours, then at a lowe 
ture. It was found that It 
"males" were killed, just a 
males were. This result is no 
however, since the flies wer 
high temperature during ear 
ment at a time when the tra 
not yet have been acting. 

A fourth pattern of se 
one which might be called 
able." At any stage of de 
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A-dult 
Detailed analysis of ts mutants with 

special properties can yield insights 
into specific biological phenomena. 
Shift studies of an EMS-induced late 

termined by pupal lethal (E6) showed a single tem- 
rvals of the perature-sensitive period in the early 

part of pupation. The eyes of flies sub- 
jected to upward temperature shifts 

tra) (19), immediately after the temperature-sen- 
into pheno- sitive period were found to be pheno- 
at 29?C for typically mutant in color, whereas 
:r tempera- those of flies grown continuously at 
ts/ltS;tra/ tra low temperature were wild type in 
Ls lts/lts fe- color (29). The lethal factor in E6 
)t definitive, mapped genetically just to the left of 
:e grown at vermilion (v, 33.0). In order to deter- 
rly develop- mine whether the ts lethal and eye 
i locus may color phenotypes were the consequence 

of mutation at a single locus or of a 
nsitivity is double mutation, scores were kept on 
"indispens- eye and wing phenotypes of male off- 

wvelopment, spring, raised at 29?C, and of females 
heterozygous for E6 and miniature 
(m, 36.1). If, in fact, lethality and the 
eye phenotype result from two muta- 
tions, viable recombinants whose eyes 
are phenotypically mutant would be 
expected at 29?C. Of 3432 progeny, 
only wild-type crossovers were re- 
covered, indicating that, if the eye 
color phenotype is, in fact, distinct 
from the site causing lethality, it is 
very tightly linked (29). 

Pigmentation of Drosophila eyes re- 
sults from a spectrum of fluorescent 
pigments some of which are also found 
in larval and adult Malpighian tubules 
and adult male testis sheaths; further- 
more, the presence of several of the 

E6 29?C fluorescent compounds in the three 
tissues is affected by the same genes 

J. (30). Thin-layer chromatographic anal- 
ysis of pigment distributions in testes 
(Fig. 7), Malpighian tubules, and eyes 

E6 22?C of E6 flies exposed to a temperature of 

- , 

+290C Fig. 7. Spectrofluorometric assay of thin- 
layer chromatograms of fluorescent pig- 
ments in the testes of E6 and wild type 
stocks raised at different temperatures. 
The arrow indicates the compound 
measured to determine the temperature- 
sensitive period. 
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29?C at different stages of development 
indicated altered levels of pteridines in 
all three tissues. Thus, it could be de- 
termined whether the temperature-sen- 
sitive period for mutant pigment syn- 
thesis by the E6 allele occurs at the 
same time in all three tissues or 
whether the time of appearance of the 
pigment is, in fact, tissue-specific. By 
appropriate temperature-shift experi- 
ments and spectrofluorometric deter- 
mination of the amount of pigment 
present, the temperature-sensitive period 
for the amount of pteridine was deter- 
mined in each tissue (Fig. 8). It was 
found that a temporally distinct tem- 
perature-sensitive period for the mutant 
can be readily demonstrated in each 
tissue, although the separation of the 
periods for eye and testis was too short 
to be completely convincing (29). 
However, on the assumption that the 
tissue in which lethality is induced is 
different from the three organs chro- 
matographed, at least three periods for 
E6 could be clearly delineated. Al- 
though the data clearly suggest tissue 
specificity of the temperature-sensitive 
period, the possibility that pteridines 
are, in fact, accumulated rather than 
synthesized in the organs assayed com- 
plicates the interpretation. The depend- 
ence of phenotype upon the actual 
genotype of the cells analyzed was ex- 
amined in the eyes, by means of the 
somatically unstable ring X chromo- 
some, ln(1)wvc (31). Females geno- 
typically wvC,+/E6 were grown at 
29?C and inspected for the presence 
of patches of mutant eye color in a 
wild-type background. The ready de- 
tection of such patches, in which the 
unstable ring has been lost, shows that 
the pteridines are not accumulated 
from surrounding tissue (29). The in- 
cidental observation that phenotypically 
wild-type E6 adult flies, when shifted 
to a temperature of 29?C and left for 
4 weeks, lose no pigment indicates 
(on the assumption that pigment pro- 
duction remains autonomous) that eye 
pigments are extremely stable with re- 
spect to turnover. 

The radiation-induced allele of the 
sex-linked Notch locus, N60?:., has been 
reported to have a temperature-sensi- 
tive eye phenotype in heterozygous fe- 
males (32). We observed that the facet 
arrangement in the eyes of N60?g:/ + 
females that had been raised cont.inu- 
ously at 29?C was wild type (Fig. 
9A), whereas facets in the posterior 
four-fifths of the eye were irregularly 
arranged (giving a rough appearance) 
when the flies had been grown at 22?C 
13 NOVEMBER 1970 

(Fig. 9B) (33). The temperature-sen- 
sitive period for the mutant eye pheno- 
type was marked by the latest down- 
ward temperature shift and the earliest 
upward shift that produced the extreme 
mutant phenotype. This period was 
found to occur during the third larval 
instar stage. When the exact interval be- 
tween the time of a temperature shift 
and pupation of a given individual was 
recorded, an interesting pattern emerged. 
The eyes of the flies subjected to an 
upward shift early in the temperature- 
sensitive period had a vertical strip of 
mutant tissue in the posterior portion 
of the eye (Fig. 9C), and the width 
of the mutant strip increased anteriorly 
with upward shifts at closer progres- 
sively later times in the temperature- 
sensitive period (Fig. 9D). The recip- 
rocal downward shifts at progressively 
later times yielded a vertical strip of 
wild type facet arrangements in the 
posterior part of the eye; the margin 
of the strip advanced anteriorly with 
progressively later temperature shifts 
(Fig. 9E). These results are summar- 
ized in Fig. 10. Thus, the locus appar- 
ently regulates facet arrangement in a 
polarized fashion that begins in the 
posterior part of the eye and proceeds 
forward. 

A number of points merit attention. 
The temperature-sensitive period oc- 
curs during a time when the prospec- 
tive facet cells are found in undifferen- 
tiated imaginal disks prior to eversion. 
The pattern of facet control is unre- 
lated to the clonal derivation of the 
facet cells (34). It may be relevant to 
look at the pattern of innervation of 
the imaginal disk at different tempera- 
tures and developmental times, since 

the regulation of nerve synthesis is de- 
fective in N/N and N/Y individuals 
(35). It is of interest to note that, while 
the mutant eye phenotype is expressed 
at 22?C, the nicked wing margins 
characteristic of N/?+ heterozygotes 
are present in most females at 29?C 
but absent in all but a few at 22?C. 
A number of molecular interpretations 
can be constructed within the context 
of Welshons' (36) model explaining 
pleiotropy of the Notch locus. 

The maximum usefulness of ts mu- 
tations in developmental problems will 
be realized when genetic, cytological, 
and biochemical techniques can be 
used to define the primary biological 
defect of such lesions. Ideally, then, 
ts mutations in loci known to act at 
a specific time in specific cells wonld 
be most useful. The Y chromosomal 
loci offer an opportunity for such 
study. The demonstration of a number 
of different sites necessary for male 
fertility (37), the mutability to sterility 
of such loci by EMS (38), the forma- 
tion of lampbrush-like functional struc- 
tures by the Y chromosome in primary 
spermatocytes (39), and the localiza- 
tion of Y chromosome-specific mes- 
senger RNA to testes (40) all indicate 
an ideal system for the molecular anal- 
ysis of temperature sensitivity. 

Since most wild-type flies raised con- 
tinuously at 29 ?C are sterile, a tem- 
perature-resistant strain was derived 
from an Amherst wild-type stock. Y 
chromosomes of this stock were muta- 
genized with EMS, and eight mutagen- 
ized Y chromosomes that caused males 
to be sterile when the flies were raised 
at 28?C but allowed males to be fer- 
tile when the flies were raised at 22?C 

-_ Malpighian tubules 

~~~~ ~Lethality 

_ -~ ~Eyes 

Testes 

I 
Egg 1st 

Instar 
2nd 
Instar 

3rd Instar Pupa ' Adult 

Developmental stage 

Fig. 8. Temperature-sensitive periods for lethality and levels of pteridine in different 
tissues of E6 stock. 
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were recovered (41). These eight mu- 
tagenized chromosomes were combined 
with various Y chromosome fragments 
and deletions and tested for comple- 
mentation at 28?C. All eight mutations 
were localized in the long arm of the 
Y chromosome and fell into at least 
four different complementation groups. 
The cell stages in the mutant testis 
affected by high temperature could be 
determined by exposing fertile males 
reared at 22?C to a 29?C heat shock 
for 48 hours. If males were then ex- 
haustively mated at daily intervals to 
deplete the sperm supply, a decrease 
in fertility could be seen. While the 
patterns of sterility varied after a heat 
shock, sterility was generally significant 
by the fourth day after heat shock 
and lasted for 3 to 4 days (Fig. 11). 
It has been calculated that primary 
spermatocytes require at least 4 days 
to proceed through spermatogenesis to 
yield mature sperm (42), and it is 
thus suggested that the temperature- 
sensitive period of this class of mu- 
tants occurs in primary spermatocytes. 
Exposure to ts-mutation-bearing males 
to pulses of high temperature at differ- 
ent developmental stages provided good 
evidence that primary spermatocytes 
and perhaps later stages are tempera- 
ture-sensitive (41). Electron micro- 
scopic examination by B. Kiefer of 
the testes of ts-mutation-bearing males 
raised at 29?C reveals no cytological 
abnormalities which are not seen in 

various Y chromosome deletions (43). 
The abnormalities observed included 
loss of paired fibrils in the axial fila- 
ment, nonassociation of the axial fila- 
ment with the mitochondrial element, 
and nonmotile sperm. The possible ap- 
plication of cytological and biochemical 
methods of analysis to Y chromosome- 
linked mutations that cause tempera- 
ture-sensitive sterility promises to pro- 
vide a fruitful area for further study. 

Two other classes of temperature- 
sensitive mutations are worthy of men- 
tion. A number of stocks having the ts 

lethal mutation are seen, when ex- 
amined at restrictive temperatures, to 
manifest a temperature-sensitive pheno- 
type of melanotic pseudotumor forma- 
tion prior to death. The size and loca- 
tion of the tumors vary from stock to 
stock, and it cannot be stated whether 
tumor formation is the primary cause 
of death or a secondary response to 
the mutant environment. A mutant 
stock which is viable at 29?C but is 
temperature-sensitive for melanotic 
pseudotumor formation has also been 
recovered (44). 

Fig. 9. Scanning electron micrograph of eyes of N60911/+ females (A) at 29?C and (B) at 22?C; when temperature was raised 
(C) early and (D) late in the temperature-sensitive period; and (E) when temperature was lowered late in the temperature-sen- 
sitive period. The anterior rim of the eye is at the right. 
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In a search for mutations affecting 
either muscle (45) or nervous tissue, 
adults have been screened for a rever- 
sible temperature-sensitive paralysis. 
Recently, a sex-linked recessive mu- 
tation, paralytic-temperature-sensitive 
(parats), was recovered (46). Paralysis 
of the mutants occurs at 29?C, in 
adults only, and is complete within 5 
seconds of a shift from 22? to 29?C. 
The flies survive in a state of paralysis 
for at least 2 hours at 29?C. They re- 
cover mobility immediately upon being 
shifted from 29? to 22?C, and paralysis 
can be induced and removed repeatedly 
with the same individuals. This class of 
mutations promises to yield an exciting 
approach to muscle and nerve study. 

While the potential of temperature- 
sensitive mutations for studying de- 
velopment remains to be fully exploited 
through biochemical and cytological 
analysis, some points of importance 
have already emerged. The usefulness 
of temperature sensitivity as a means 
of probing specific aspects of develop- 
ment is indicated by the sterility mu- 
tations on the Y chromosome and by 
the paralytic mutation. The mutant 
N60911 has revealed a temporal effect 
on the pattern of eye facet organiza- 
tion not previously described; more- 
over, heat sensitivity of the wing pheno- 
type and cold sensitivity of the eye 
phenotype of N60911 provide an inter- 
esting puzzle. The tissue specificity of 
genetic activity of the l(1)E6 locus 
points to an important problem in the 
regulation of activation. The disparate 
temperature-sensitive-period patterns of 
closely linked loci reemphasize the ab- 
sence of any major chromosomal ar- 
rangement into groups activated se- 
quentially or coordinately. 

Table 3. Data on recovery of DTS lethal 
mutations. 

Chromosome No. of No. of DTS chromosomes tested chromosomes lethals tested 

X 1,440 0 
2 17,000 48 
3 26,000 8 

and clot. The functional relatedness of 
the mutations in the cluster was indi- 
cated by the appearance of recessive 
lethality at 22?C when the mutations 
in the cluster were combined with cer- 
tain mutants! in trans heterozygotes. 
Thus far, 28 mutations have been as- 
signed to the cluster on the basis of 
the complementation patterns, and a 
complementation map similar to those 
determined in yeast has been con- 
structed (Fig. 12). While circular com- 
plementation maps have been estab- 

2nd Instar I 3rd Instar I 

lished for a number of loci (49), the 
genetic significance of these operational 
constructs has yet to be determined 
(50). Moreover, we have to determine 
the genetic size of the cluster and the 
relationship of the "locus" to a cistron. 
Fine-structure mapping of the alleles 
in the cluster should be readily accom- 
plished in trans heterozygotes, since 
only recombinants between DTS alleles 
will survive at 29 ?C. The functional 
relatedness of mutants in the cluster 
was further indicated by a temperature- 
sensitive period 18 to 24 hours after 
egg deposition for all alleles tested 
(48). All of the second-chromosome 
DTS lethals were developmental lethals. 

Each of the third-chromosome DTS 
lethals maps as a point within a cross- 
over region (25). They are distributed 
extensively along the chromosome and 
all have a temperature-sensitive period 
and effective lethal phase during de- 
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Dominant Temperature-Sensitive 
Lethals 

The characterization of the general 
properties of recessive ts mutations and 
the demonstration of their potential as 
tools for a variety of analyses encour- 
aged us to turn to the question of 
whether dominant ts (DTS) lethal mu- 
tations could be recovered. The results 
shown in Table 3 were obtained (47). 

The reason for the disparity in the 
frequency of recovery of DTS lethals 
on the second and third chromosomes 
became apparent when the second- 
chromosome mutants were mapped 
genetically (48). Of 15 mutants 
mapped, 11 were localized to within 
2.0 units between the mutations dumpy 
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Fig. 10. Facet arrangement in eyes of N`611/+ females in temperature-shift experi- 
ments. (A) Anterior; (P) posterior; (D) dorsal; (V) ventral. 
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Fig. 11. Average daily fertility per male after a 48-hour temperature shock (29?C) 
administered 1 day after eclosion. (Dashed line) Amherst temperature-resistant stock, 
Am'r; (solid line) ts mutant Y stock, A145's. 

cally discount the tRNA-Minute rela- 
tionship, since ts tRNA mutants are 
known in Escherichia coli (51). 

The mechanism of dominant tem- 
perature sensitivity may be the con- 
sequence of several possible lesions: 
incorporation of defective polypeptides 
in either a structural element (52) or 
a polymeric enzyme (53); a defect in 
a regulatory protein (54); or an ab- 
solute requirement for more than one 
gene dose of product. The use of DTS 
lethals may be the only means of de- 
tecting and making genetic studies of 
highly redundant loci. The potential of 
DTS lethals as a means of making 
genetic studies of organisms not readily 
amenable to extensive genetic manip- 
ulation is tremendous. Recently, Chu 
(55) reported the recovery of lethal 
mutations in human cell cultures which 
are probably DTS lethals. Temperature- 
sensitive mutations which may be DTS 
lethals have also been reported in L 
cells (56). 

Cold-Sensitive Lethals 

velopment. Two of the mutants are 
worthy of note. By all criteria that 
could be applied (bristle phenotype, 
developmental time, recessive lethality 
at 22?C, mitotic "recombinagenesis," 
interaction with Dl), they are Minute 
mutations. K. C. Atwood (see 19) has 

suggested that Minutes represent mu- 
tations at sites for transfer RNA 
(tRNA) synthesis. Our ts mutants in 
Drosophila may provide a means for 
testing Atwood's suggestion. It should 
be stressed that the detection of ts 
Minute mutations does not automati- 

Fig. 12. Complementation map, at room temperature, of functionally related DTS lethal mutations clustered in one region of chromosome 2. Complementation was 
indicated by viability of DTS-a/DTS-b heterozygotes at 22?C. 
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Although Edgar and Lielausis (5a) 
found that ts lethals which die at high 
temperatures but survive at lower tem- 
peratures (heat-sensitive lethals) do 
not map randomly in T4 phage, their 
sample nevertheless was distributed ex- 
tensively around the chromosome. In 
contrast, lethals which die at low tem- 
peratures but survive at high tempera- 
tures (cold-sensitive lethals) are strik- 
ingly clustered in a small number of 
cistrons (57). Whereas heat-sensitive 
lethals are defective with respect to a 
wide range of functions (58), cold- 
sensitive mutations involve changes 
primarily in regions of proteins con- 
cerned in regulatory functions (59). 
The remarkable property of self-as- 
sembly of ribosomal proteins is highly 
dependent upon temperature, an ob- 
servation which led Nomura to the 
brilliant decision to screen cold-sensi- 
tive lethals of Escherichia coli for de- 
fects in ribosomal proteins (60). It 
was found that a significant proportion 
of cold-sensitive lethal mutations in 
this organism do indeed encode defec- 
tive ribosomal proteins, and, more- 
over, that such cold-sensitive defects 
are dominant. 

On the basis of these observations in 
microorganisms, we decided to examine 
cold-sensitivity as a possible means of 
selecting ribosomal mutants. Recessive 
cold-sensitive mutations had been de- 
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tected by chance earlier (9) and were 
recovered in a specific screen in 0.8 
percent of 3583 X chromosomes tested 
(61). Since it was highly unlikely that 
loci regulating ribosomal proteins 
would be exclusively or primarily sex- 
linked, autosomes were screened for 
dominant cold-sensitive lethals. Among 
5046 second chromosomes tested, 22 
dominant cold-sensitive lethals have 
been recovered. This is in striking con- 
trast to the failure to detect any dom- 
inant cold-sensitive lethals among 3200 
mutagenized third chromosomes. Pre- 
liminary tests for ribosomal defects are 
in progress, and it is hoped that this 
screening technique will yield ribo- 
somal mutants amenable to analysis 
of both structure-function relationships 
and biosynthetic control mechanisms of 
the organelle. 

Conclusions and Prognosis 

The findings reported here strongly 
suggest that, given a proper screening 
protocol, temperature sensitivity is a 
property that can be readily detected 
for a wide spectrum of loci throughout 
the genome. Thus, the detection of ts 
alleles at specific loci, recessive and 
dominant heat- and cold-sensitive le- 
thals on the X chromosomes and auto- 
somes, Y chromosome sterility muta- 
tions, and a ts paralytic provides an 
extensive array of mutants for genetic 
contrivance to facilitate certain analyses 
or to probe biological phenomena. 

The general properties of the ts mu- 
tations studied in Drosophila resemble 
the known missense basis for temper- 
ature sensitivity in microorganisms. 
Thus, ts alleles are most frequent (11 
to 12 percent) among mutants induced 
by the alkylating agent EMS, less com- 
mon among MC- or y-ray-induced le- 
thals (3.0 to 3.5 percent), and not de- 
tected among ICR-170 mutations. All 
of the chemically induced ts lethals 
map readily within a genetic interval as 
points. Preliminary analysis of osmotic 
sensitivity suggests that DTS lethals are 
resistant to high salt concentrations. 

The usefulness of ts mutations for 
analysis of a number of different kinds 
of problems in cell biology has been 
suggested, and the use of ts mutations 
amenable to genetic, cytological, and 
biochemical techniques of analysis 
should give great insights into the mo- 
lecular biology of eucaryotic organisms. 

The restrictions in the extent to which 
the primary effect of a ts lesion may be 
determined depend upon the mutants 
chosen for study; the most profitable 
approach involves the detection of ts 
lethals affecting a known process or 
definable product amenable to analysis. 
The feasibility of using DTS mutations 
to study problems in organisms, such 
as cells in culture, for which there are 
no genetic methods of analysis is now 
being recognized in other laboratories. 

In addition, conditional lethal genes 
can be used as a means for increasing 
genetic resolution, as has been done in 
the case of microorganisms. Thus, rare 
single or multiple recombinants be- 
tween closely linked ts lethals can be 
readily detected at the restrictive tem- 
perature. Similarly, rare reversions or 
suppressors of ts lethals may be easily 
recovered as the sole survivors at the 
restrictive temperature. Further char- 
acterization of the specific develop- 
mental effects of different ts mutants 
(for example, DTS lethals or ts Y 
chromosome steriles), when coupled 
with the elegant genetic contrivances 
possible in Drosophila, allow the con- 
struction of special selective procedures 
for the recovery of specific classes of 
mutations. 

Finally, the survival and fertility of 
adult insects carrying ts mutations 
which cause death during immature 
stages suggests a method for pest con- 
trol. Adult organisms bearing dominant 
heat- or cold-sensitive lethals could 
act as vectors for the spread of muta- 
tions which would ensure death of 
offspring at restrictive temperatures 
normally encountered daily or sea- 
sonally. In fact, several laboratories 
have begun work toward such a means 
of biological control (62). 
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The City of New York, by reason 
of its size, its geographic position in 
the midst of the world's most densely 
populated region, and decades of ne- 
glect, has been beset acutely with en- 
vironmental problems. As has been 
generally true at all levels of govern- 
ment, a comprehensive approach to 
environmental protection had been 
handicapped in the past by traditional 
organizational separation of responsi- 
bilities, with inadequate coordination 
among the organizational units. To pro- 
vide a unified approach, Mayor John V. 
Lindsay created the Environmental 
Protection Administration (EPA) in 
March 1968 to consolidate former ad- 
ministratively separate functions con- 
cerned with environmental hygiene. 
With its formation, EPA became re- 
sponsible for street sanitation, water 
supply, water pollution control, air 
pollution, and noise abatement. It is an 
organization of more than 20,000 em- 
ployees, with an annual operating 
budget of about $275 million, and a 
construction program of more than 
$2 billion during the next 5 years. 

This article will deal with some of 
the pitfalls and successes of the pro- 
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gram during its first 2 years of exist- 
ence. Although no two communities are 
alike in all respects, the pollution prob- 
lems of all cities do have many charac- 
teristics in common, and one generali- 
zation that can surely be made is that 
problems of urban pollution control 
present aspects of enormous legal, tech- 
nical, sociological, and political com- 
plexities. No substantial progress can be 
made without huge expenditures of 
money and many years of sustained 
effort. 

Air Pollution Control 

The present active program of air 
pollution control began in the mid- 
1960's in response to widespread public 
interest. In 1965 Councilman Robert 
Low and the then mayoral candidate 
Lindsay began campaigns to strengthen 
the local laws governing air pollution 
control. A series of hearings before the 
City Council developed the first com- 
prehensive report (1) of the problems 
of air pollution control in New York 
City, and early in 1966 a second report 
was published by a mayoral task force 
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chaired by Norman Cousins (2). These 
two reports laid the groundwork for the 
energetic program developed by Com- 
missioner Austin N. Heller, who headed 
the Department of Air Resources (3) 
from the late spring of 1966 until Feb- 
ruary 1970. 

A new air pollution control law (Lo- 
cal Law 14) was passed by the City 
Council early in 1966 and mandated 
certain basic requirements among which 
were the following. (i) The sulfur con- 
tent of all fuels burned in New York 
City would be limited to 1 percent by 
the 1969 to 1970 heating season. (ii) 
No incinerators could be installed in 
newly constructed buildings. (iii) All 
existing apartment house incinerators 
were to be shut down or upgraded 
according to a specified timetable. (iv) 
Emission controls were to be installed 
as soon as possible on all municipal 
incinerators. (v) All open burning of 
leaves, refuse, and building demolition 
materials would be banned within city 
limits. 

The overall emissions of sulfur di- 
oxide to the city's atmosphere were 
reduced by 56 percent by the end of 
1969. This has been reflected by pro- 
gressive reductions in the hourly peak 
concentration of SO2 (Fig. 1). The an- 
nual maximum hourly concentration, 
which was 2.2 parts per million (ppm) 
in 1965, was reduced to 0.8 ppm by 
1969, and further improvement has 
been observed in the early months of 
1970. 

Dust and soot are the most annoying 
form of air pollution in many cities. 
The sources of the particulate emissions 
in New York City are shown in Table 
1, which indicates that space heating, 
municipal incineration, apartment house 
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