68-11,223

MARGULIES, Lola, 1930~ |
ACTINOMYCIN D~INDUCED PHENOCOPIES IN
DROSOPHILA MELANOGASTER AND THEIR
RELEVANCE TO DIFFERENTIAL GENE
TRANSCRIPTION, THE GENETIC BASIS
OF ACTINOMYCIN D~-INDUCED PREFERENTIAL
KILLING OF DROSOPHILA MELANOGASTER
MALES, (PARTS I AND 1),

University Microfilms, Inc., Ann Arbor, Michigan

o M Mg gy 8 s e men mire gy e meem Ame mwewts e

68-11,223
MARGULIES, Lola, 1930~

The City University of New York, Ph.D., 1968
Biology-Genetics

University Microfilms, Inc., Ann Arbor, Michigan

WM B e e ke e e e e e o s e p e e e e e



ACTINOMYCIN D-INDUCED PHENOCOPIES

IN DROSOPHILA MELANOGASTER.

AND THEIR RELEVANCE TO DIFFERENTIAL GENE TRANSCRIPTION

" THE GENETIC BASIS

OF ACTINOMYCIN D-INDUCED PREFERENTIAL KILLING

OF DROSOPHILA MELANOGASTER MALES

by

LOLA MARGULIES

A dissertation submitted to the
Graduate Faculty in Biology in partial
fulfillment of the requirements for the

degree of Doctor of Philosophy,

The City University of New York

1968



This manuscript has been read and accepted for the
University Committee in Biology in satisfaction of

the dissertation requirement for the degree of
Doctor of Philosophy.

3/ y 6d <§%wug //, //@‘f 6%46.-

Date Chair of Examining Committee

S/ /(¢

Date

J/M 5 ond (obioge

lnstitutlzﬁ

Institutlon

titutaon

The City University of New York



\many

ACKNOWLEDGEMENTS

I wish to thank Dr. I. H, Herskowitz for invaluable advice

and discussions and for encouragement during the course of this in-

vestigation,



TABLE OF CONTENTS

PART 1I.

List 0f TAbleS  ...vvverereeseossosasasnnsssacsnnons vi
List of Figures R TRPR R PR R PP P PR PR PR RRETRY viii
'Introduction G eeerteeseettesenenatittasrcennrcns 1
Materials and Methods .....ccvccceveevcvccsnccaccsnne 3
Results and Discussion of Specific Experiments ....... 6
General Discussion Cecsecesesrrettsessssactensessns 28
Summary S S .35
Literature Cited ...............;..................;. 36

PART II.

List of Tables ceseseissceacsssesassneserosasossass ii
List of Figures .....................;.............. iv
Introduction S S A 1
Materials and Discussiﬁn of Specific Experiments ..... 3
General Discdssion ..................;...;...... 22
Summary ...........;........................ 28
Literature Cited ‘...m................................ 29

Autobiographical Statement Cesesseestesssssescotesesar s 31



"PART I

ACTINOMYCIN D-INDUCED PHENOCOPIES

IN DROSOPHILA MELANOGASTER

AND THEIR RELEVANCE TO DIFFERENTIAL GENE TRANSCRIPTION



TABLE

TABLE

TABLE

TABLE

(vi)

LIST OF TABLES
1 ' ' 7
Effects of treating 8-day old wild-type larvae with

different concentrations of actinomycin D,

0 = Control,

2 ; . 9
Effects of treating wild-type larvae of different

ages with different concentrations of actinomycin D,

0 = Control, (Statistical comparisons are made of

pergent Abnormal Adultstin treated and control series,

and of percent Abnormal 2 and 8¢ atter different

treatments).

3 | 14
Effecta of treating stock 2 larvae of different
ages with different concentrations of actinomycin D.

Cross: _}:I/B_l_)_i B oc x bb:l _{3_9_9/Y 0 = Control,
4 ‘ 17
Phenocopies induced by actinomycin D treatment

(40 Ag/ml) of wild-type larvae of different ages.

' Data obtained from Experiments 1 and 2 (Table 2).

Percentages of phenocopies given in terms of total

number of flies eclosed.



TABLE 5
Phenocopies induced by actinomycin D treatment
(10 mg/ml) of stock 2 larvae of different ages.
Data obtained from Experiments 6-9 (Table 3).
Percentages of phenocopies given in terms of

total number of flies eclosed.

TABLE 6
" Effect of actinomycin D (50 ,g/ml) on (+/!.YS)
females with three nucleolus organizers and

(+/YLc) males with one, treated as 8~day old larve.

21

27



(vi;i)

LIST OF FIGURES

FIGURE 1
Effect on phenocopy induction and viability of treating
8-day old wild-type larvae with different concentrations -

of actinomycin D. Abn, = Abnormal. Data from Table 1,

FIGURE 2
Effect on phenocopy induction and viability of treating
wild-type larvae of different ages with 40 ug/ml actino-
mycin D, T = Treated series, C = Control series,

Abn, = Abnormal., Data from Table 2,

FIGURE 3

Effect on phenocopy induction and viability of treating
stock 2 larvae with 10 ,ug/ml actinomycin D, T = Treated

series, C = Control series. Data from Table 3.

FIGURE 4
Frequencies of different phenocopies among eclosed flies
after treatment of wild-type larvae of different ages with
40 ,ug/ml actinomycin D, Mis; = Missing, Abn, = Abnormal.

Data from Table 4.

FIGURE 5
Frequencies of different phenocopies among eclosed flies
after treatment of stock 2 larvae of different ages with

10 ng/ml actinomycin D, Data from Table 5.

11

15

19 -

22



ACTINOMYCIN D-INDUCED PHENOCOPIES IN DROSOPHILA MELANOGASTER

AND THEIR RELEVANCE TO DIFFERENTIAL GENE TRANSCRIPTION*

INTRODUCTION

0f paramount importance for understanding the molecular basis of
cell differentiation is the increasing experimental evidence that
genetic information is transcribed differentially during development;
Changes in the populations of IRNA transcripts have been demonstrated
during morphogenesis in the unicelluiar bacterial system of Bacillus
subtilis (Doi'and Igarashi 1964) as well as in such multicellular
organisms as the sea urchin (Whitely et al. 1066; Glisin et al. 1906),
the frog'(Bachvarova et al. 1966; Denis 19066; Crippa et al. 1967),
and the milkweed. bug (Harris and Forrest 1967). The changfng patterns
of puffs in giant chromosomes during the development of such dipteran '
insects as Drosophila (Ashburner 1967) and Chironomus (Beermann and
Clever 1964; Clever and Romball 1966) also provide evidence for differ-
ential gene franscription. In Chironomus, it has been shown that puffs
are sites of RNA synthesis and that the base composition of IINA varies

in different puffs, Actinomycin D causes the inhibition of RNA synthe-

sis, as well as the disappearance of certain puffs. -

*Supported by U, S, Public lealth Service Grant GM11537 to I, I, ller-

skowitz,
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Since the apparently major mechanism of action'oanctinomycin D -
ﬁhe inhibition of DNksdepehdent RNA synthesis -~ is well establishedﬁ
(Reich and Goldberg 1964), one can glso use this antibiotic to gain
evidence about differential gene transcription by studying its effect
at different stages of deVelopment on the morphoiogical traits of a

multicellular organism. In the snail Ilyanassa obsoleta, the inhibi-

tion of RNA aynthesis by actinomycin D has been correlated with the
inhibition of differentiation of particular organs at séecific stages
of embryonic development (Collier 1966). The potential success of
actinomycin D as a phenocopying agent in Drosophila is also suggested
by the evidence that this antibiotic affects the development of sea
urchin embryos (Gross and Cousineau 1963, 1964; Infante and Nemer 1967),
amphibian and chick embryos (Brachet and Denis 1963), and Chironoﬁus
larvae (Laufer gﬁ.gl., 1964). Although various physical and chemical
agents have bheen used previ;ﬁsly'to=produce phenocopies in Drosophila
(see Muller 1939 and Ilerskowitz 1950, 1957, 1964 f;r referen¢es), these
phenoéépy-inducing agents do not reveal differential gene transcription
because their modebof action is unknown,

The experiments reported here were designed to determine in

Drosophila melanogaster the frequency and the pattern of phenocopies

of adult traits after larvae —- cultured in a germ-free, chemically-
defined medium -- are treated at different stages of development with
actinomycin D, The results will be discussed relative to whether differ-
ential gene action occurs during the differentiatiop of imaginal buds,

Some of the results have already been reported briefly (Margulies 1967),
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MATERTALS AND METHODS

The following stocks and genotypes were used: (1) +/+ 9% X
+/Y 88 (Oregon-R, wild-type stock). (2) _l_i/g_(f: _l_)_b_l__ljln_-ﬂ oc M.S_cti
22 X gg_s_"_l_p_bl B In49 oc ptg g._/Y 88. This self-maintaining stock,

with all markers X-linked, is'henceforth referred to, for short, as
yy/p_l_)ip__o_g 99 x_l_)_l_yl B oc/Y 8. M = Minute bristles; &gﬁ -

scute inversion; hhi = bobbed bristles, lethal; B = Bar eye; In49 =
inversion 49; oc = ocelliless; ptg = pentagon; (3) M/ggfi B lg§'!g
!gg 1) )(_535112 19§ !:_EEE/Y 83. This stock is henceforth referred to
~as M/Basc 22 % Basc/Y 8%, ,!f = apricot eye color; InS = inversion S,
(4) +/+ 29 x‘y_.Ys/Yl"c dd. w = white eye color; Ys = ghorter arm of
Y chromosome, here atbached’to the X chromosome, believed to contaiﬁ
the nucleolus organizer; YLc = longer arm of Y, in ring form,

Eggs laid in a two-hour period‘on a sugar-agar medium seeded with
dead yeast were collected and surface sterilized using Geer's method
(Geer 1963), The sterilization of eggs was carried out starting 19-22
hours after the egg laying had begun, at which time all larvae that had
hatched from older eggs were discarded. By insuring that the eggs re-
tained were close in age, this procedure provided larvae moreluniform in
age. (In»addition, other precautions were taken to obtain eggs close
in age: females were relatively young, usually 3-10 days in age, and
fliearwere placed on fresh food 2-3 days before egg layiﬁg to minimize
the holding of develbping eggs by females; eggs laid one hour prior to

. the desired two-hour period were discarded in order to eliminate those
eggs laid in an advdnced stage of deVeloément). The sterilization of

eggs, as well as all subsequent axenic transfers of eggs and larvae, were
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performed in a hood which had been made germ~free by exposure to
uitraviolet‘light. Sterilized‘eggs were transferred with a calibrated
micro-pipette to petri dishes containing about 10 ml of chemically-
defined Géér's medium (Geer 1965). Alfhough the number of eggs trans-
ferred to a petri dish averaged 90-140 in different experiﬁents, the
number of eggs per digh did not vary by more than 20 percent within.
an experiment.

Two different methods were used for treating lafvae with actino-
mycin D (supplied through the courtesy of Merck, Sharp and Dohme). The
first method was used in all experiments except thopg involving stock
2. Actinomycin D was dissolved in A few ml of ethanol and water,
sterilized by passage fhrough a millipore filter, and added to liquid
Geer's medium at 60°C. Known numbers of larvae of a given age (stated
. as the number of days after hatching) were transferred axeﬁically fd
new petri dishes containing’ the actinomycin D medium and.allowed to
" feed on it for one day (usually 22-23 hours). Since the eggs collected
were found to hatch as larvae over, approximétely,>a 4-hour period, and
the larval transfer required 1-4 hours, the ages of thérlafvae in a
population could have variéd by 4 + 4 hours at'the beginning of treat-
ment, After the treatment the number of dead larvae was recorded and
all living larvae were transferred to new petri dishes containing ster-
ile standard Drosophila medium to provide favorable conditions for sur-
vival and the reversibility of the actindﬁycin_D—DNA complex. Cultures
contaminated by fungi or bacteria were detected by subculturing from
each of these petri dishes on suitable media, Contaminated cultures
(usually 5-10%) were(discarded; sterile cultures were kept axenic until

the eclosion of the first flies. Control larvae were treated exactly
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as experimentals, except that distilled water was substituted for
actinomycin D solution, The cultures were kept at 24° * 0.5°C. Since
some of the larvae crawled to the top of the pétri dishes during treat-
" ment and many of thése died, the population size (used to calculate
the percentage of eclosion in.these experiments) is the number of
larvae‘transfepred after treatmeht plus the number found ‘dead in the
medium, In many experiments some untreated larvae were left on Geer's
medium to determine the time of pupation.

The second method of treatment differed only in that actinomycin
D solution was pipetted directly into the petri dishes containing
Geer's medium in which larvae had hatched and developed, and the lar-
vae were transferred after 18-21 hours., In these experiments, because
the original number of larvae treated and the number dying during the
period of treatment were nqt‘determineq, the ﬁopulation size (used to
. calculate the percentage of eclosion) is the number of larvae trans-
ferred after treatment., (The eclosion percentage obtained, here
especially, is an overestimate which is used io show the relative sur-
vival of larvae treated at differentméges). ‘The céﬁcentration of actino-
mycin D used ranged from 5-50 /ug/ml and depended on the stock and
larval age at the time of treatment (1-10 days old), All élies whicﬁ
eclosed hefore the emergence of the next generation Qere examined under

a standard binocular dissecting microscope,
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RESULTS AND DISCUSSION OF SPECIFIC EXPERIMENTS

Géhérél gﬁenocdéx and mortality effects of actinomycin D: The effects‘

of treating wild-type larvae of a given age with different concentra-
tions of actinoq}cin D are summarized in Table 1 and Figure 1. Treat-
ment.of 8-day old larvae with 10, 20 or 50 mg/ml actinomycin D is
evaluated in terms of the effect on total frequency of phenocopies

and on viability.- The antibiotic clearly induced phenocopies in
experiment B, since the percentage of abnormal flies after treatment
with 20 or 50 ,ug/ml is significantly different from the control, the
effect increasing strikingly with the higher concentration. With all
three concentrations, a significant reduction occurred in the percent-
age of eclosion; the degree of lethality increasing greatly with the
highest concentration. 'Although 10 Jug/ml did not detectably induce‘ -
phenocopies in experiment A, a 22 percent decrease occurred in eclo-
sion as compared to the control., This suggestive independence of the
phenocopy-inducing effect and the mortality effect of actinomycin D -
is confirmed in subsequent experiments, ;

The phenocopy and mortality effects of treating wild-type larvae
of different ages with actinomycin D:are summarized in Table 2, Be-
cause young larvae are more sensitive to the killing effect of actino-
mycin D, different concentrations were used to treat larvae of differ-
ent ages. Varyipg the concentration allowed a sufficiently large pro-
portion of the treated individuals to survive, regardless of age when
treated, permitting a compariéoh of the relative susceptibility of
different stages of larval development to the induction of phenocopies.

Only experiments where eclosion after treatment was more than 8 percent
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TABLE 1

Effects of treating 8-day old wild-type larvae with

different concentrations of actinomycin D. O = Control.

Exper- Act. D No. No. : % % %

iment Aag/ml Larvae Eclosing Eclosion Abnormal Abnormal
Adults* QQ* dd%
A 0 449 405 - 90.2 2.2 1.9 2.6
10 477 . 335 70.2%% 4.8 4.1 5.8

~ |
B 0 420 . 350 - 83.3 1.4 2.0 0.6
20 608 415 68 .2%* 6.5%*% 6.3 6.7
50 548 68 12.4%% 32.4%% 32.5 32.1
* 100 x No. abnormal

Total eclosed of appropriate sex

%%  Significant at the 1% level.
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Figure 1. - Effect on phenocopy induction and viability of
treating 8-day old wild-type larvae with different concentrations of

actinomycin D, Abn, = Abnormal. Data from Table 1.
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TABLE 2

"

Effects of treating wild-type larvae of different ages with different concentrations of

actinomycin D. 0 = Control. (Statistical comparisons are made of percent Abnormal Adults

in treated and control series, and of percent Abnormal g9 and 33 after different.treatments)

Exper- Act. D Age of No. No. % % %
iment ag/ml Larvae Larvae | Eclosing Ecloé ion Abnormal Abnormal
(days) Adultst gg-’- 33 "'
1 0- 1 478 432 90.4 3.0 1.9 4.1
20 1 1400 301 21.5% 3.3 4.4 2.4
40 1 492 0 0 .0*
0 3 166 156 94.0 1.3 2.5 0.0
20 3 879 669 76.1% 3.3 3.6 2.9
40 3 678 11 1.6% 9.1 0.0 14.3
0 5 273 241 88.3 1.2 0.8 1.6
20 5 588 175 29.8 5.74% 8.2 3.3
40 5 1025 78 7.6% 17.9%  25.8 12.8"
0 6 . 244 - 90.0 2.1 1.6 2.6




o 6 . 211 . 24 __ 90.0 2.1 1.6 2.6

20 6 560 277 49 5% 7.6%  11.3%% ° 4.2
, . 40 6 833 93 11.2%  17.2%  16.3 18.2
2 0 T 6 136 123 %04 1.6 - 1.9 1.4

| 40 6 1300 327 25.2%  17.1%  14.0 20.2
0 8 223 206 92,4 1.9 1.8 2.2
40 8 1178 512 43.5% 62.3%*  60.7 64.0
0 10 114 97 85.1 . 4.1 2.2 5.9
40 10 593 155 26.1% 72.9%  70.1 76.6
3 o 2 . 155 . 135 87.1 3.0 2.8 3.1
| 30 2 1540 25 1.6% 20.0%%  33.3 12.5
0 6 319 . 279 87.5 2.9 2.6 3.1
30 6 744 157 . 21.1% 28.6%  28.8 29.7
4 0 4 315 265 84.1 3.0 3.3 2.8
. - 30 R 1800 281 15.6% 7.8%% 6.5 11.1
| 0. 6 234 208 88.8 10.1 9.7 10.5
30 6 1087 399 36.7% 19.3%  18.9 19.3
+ 100 x ) No. abnormal

Total eclosed of appropriate sex

* Significant at the 1% level

*%  Significant at the 5% level




(10)

of the control value are.used for comparison‘of the phenocopy-inducing
effect‘of actinomycin D'on larvae of different ages., To avoid the
assumption that the lower concentrations which allowed enough survival
when young larvae were treated were also high enough to induce pheno-
copies, 6-day old larvae were ordinarily also tested for the phenocopy- * °
inducing action of a given concentration of actinomycin D whenever
larvae of any younger age were treated. Thus, a negative phenocopy
effect on 6-day old larvae would indic;te an unsatisfactory test of
any younger lﬁrvae treated in the same experiment. Data for laryae of
the same age in different experiments are not combined, since the
starting time of pupation was variable, indicating that larvae of the
same age in days were not always at the same hour of development in
differeﬁt'experiments. This variability is indicated by the differén£
eclosion percentages resulting from treatment of 6-gqy old larvae with
40 ag/ml in Experiments 1 and 2, In this 6ase, pupatioh in the control
left on Geer's medium started on day 10 in Experiment 1 and on day 9 in
Experiment 2, The control 8-~day old larvae in Experiment 2 are not
equivalent in age to those in Experiments A and B (Table 1), where
development_was slower (perhaps because of an inferior medium) and pupa-
tion started on day 12; this developmental diftgrenpe probably accounts
for the lower phenocopy and eclosion values in the latter expetiﬁents.

A comparison of the effects_of 40 ag/ml actinomycin D on larvae
of different ages (Table 2) is illustrated in Figure 2, The percentage
of flies with phenocopies is significantly increased over the control
frequency when 5-day old larvae are treated, generally increases with
age at time of treatment and reaches the highest frequency of 73 per-

cent for treated 10-day old larvae, the stage closest to pupation.
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Figure 2, - Effect on phenocopy induction and viability of
treating wild-type larvae of different ages with 40 /ug/ml actino-
mycin D, T = Treated series, C = Control series, Abn, = Abnormal.

Data taken from Table 2.
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(The effect on 3-day old larvae cannot be evaluated because of the
very low percentage of eclosion), Eclosion percentage also generally
increases with age of treatment, but drops in treated 10-day old lar-
vae, probably because of the critical nature of this developmental
period. This decrease in eclosion percentage may be due, partly, to
the occurrence of many lethal phenocopies per individual in the pupal
stagé. This multi-phenocopy explanation is inferred from the observa-
tion that treatment of larvae close to pupation (i.e., on days 8 and
10) results both in larval death and arrested development in pupal
stages, whereas freatment of youhger larvae kills, primarily, in the
larval stage. The effects of 40 Jug/mi actinomycin D contrast sharply
with controls where eclosion ranges from 85-95 percent and relatively
very few flies have abnormalities.

Treatment with 30 Jug/ml actinomycin D (Table 2) results in Qery
poor survival of 2-day old larvae, Altﬁough 5 flies were‘abnormal
(2 of which showed ;n effect which is not uncommon in control flies),
this result cannot be evaluated because of the low eclosion percentage.
When 4-day old larvae are treated,.however, the eclosion percentage is
suitable (15%) and a significant but low frequency of phenocopies is
induced. The incidence of phenocopies increases significantly (to 19%)
‘when 6-day old-larvae are treated with this concentration.

Treatment with 20 ug/ml actinomycin D (Table 2) of 5-day and 6-day
old larvae induced a significant, although'sﬁall, increase in phenocopy
frequency, whereas treatment‘of i-day and 3-day old larvae had no detect-
able effect. (The. eclosion percentage obtained after treatment of 3-day
old larvae is the only exception to the expectation that younger larvae

have a higher mortality than older ones).
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It is noteworthy that in 13 suiﬁable éomparisons (Tables 1 and 2)
only one (G-day old larvae treated with 20 ng/ml) showed a significant
difference in the frequency of phenocopies between the sexes.

To determine the effects of actinomycin D on flies of a different
genot&pe, larvae of a multiple mutant stock (stock 2) were treated at
different ages. Since the mutant stock was more sensitive to the
killing effect of actinomycin D than wild-type, lower concentrations
(5 and 10 aug/ml) were used, The data obtained from five experiments
performed over a short period of time are summarized in Table 3 and Fig-
ure 3. Note that larvae of a gjven age in the wild-type stock and
stock -2- may not represent the same developmental stage, at least in the
case of females, since Minutes are well known to retard development.
_Stock 2 control females eclose at least one day later than males. The
general effects on the percentége of abnormal flies ahd of eclosion
are similar to those obtained in the case of the wild-type stock when
larvae of different ages are treated with 10 .ug/ml actinomyéin D. The
phenocopy effect with treated, 2-day old larvae cannot be evaluated
because of the low eclosion percentage. Phenocopy incidence is not sig-
nificantly increased over the control by treating 3-day old larvae; it
is increased by freating 4-day old of older larvae, rising to 30 percent
in the oldest (9-day old). The control eclosion percentage is lower
in the mutént than in the wild-type stock, doubtless due in part to the
general weakening caused by the markers ;arried. -

Treatment with 5 .ug/ml actinomycin D, which permits enough survival
of leny and 2-day old larvéé, does not result in detectable phenocopy

induction, This concentration does, however, produce a significant
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TABLE 3

M/bbl B oc X I:ob1 B oc/Y. 0 = Control

trations of actinomycin D. Cross:

Exper- Aét. D Age of No.% No. % % % Adult
iment Ag/ml Larvae Larvae Eclosing Eclosion Abnormal Abnormal - Sex Ratio

(days) Adultst ggi a8t Qe/d8

5 0 1 162 101 62.3 3.0 4.9 0.0 1.5

5 1 308 70 22,7% 2.8 2.6 3.2 1.3

10 1 468 2 0.4% 0.0 0.0 0.0 -

6 0 2 350 203 58.0 3.4 4.2 2.4 1.4

5 2 665 176  26.8% 4.5 7.9 0.0 1.3

10 2 418 11 2.6% 0.0 0.0 0.0 -

7 0 3. 331 178 53.7 3.3 6.1 0.0 1.3

5 3 © 433 262 60.5 2.3 3.6 0.8 1.1

10 3 843 14.9% 7.9 8.9 5.6 2.5%

126



6 & 8

7
6

7&9

10

10

10

203

176

11

178

262

126

2 350
2 665
2 418
3 331
3 © 433
3 843
4 309
4 868
6 44h
8 400
9 211
9 137

9 238

173
110
55
129
155
39

56

58.0

26.8*%
2.6%

53.7

60.5

'14.9%

-56.0

12.6%
13.3%
32.3*%
73.4:
28 .4%*

19.3%

3.4
4.5
0.0
3.3
2.3

7.9

1.8

9.1%%
23.6%
26.0%

2.0
17.9%

30.4%

4.2

7.9

0-0

6.1

3.6

8.9

3.3

9.9

30.9

24.2
2.3
20.0

32.1

2.4
0.0
0.0
0.0

0.8

5.6

0.0

6.9’

0.0
20f2
1.3
0.0

0.0

1.4

1.3

1.3
1.1

2.5%

1.1
2.8%
3.2%%
24 .8%
1.3
8.7%

17.7*%

4+ Number of larvae transferred- after treatment

¥ 100 x

No. abnormal

Total eclosed of appropriate sex

* Significant at the 1% level

*%  Significant at the 5% level
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A Figure 3, ~ Effect on phenocopy induction and viability of
treating stock 2 larvae with 10 Jug/ml actinomycin D, T = Treated

series, C = Control series, Data from Table 3,
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frequency of abnormal flies when 9~day old larvae are treated.

A significant difference was found between the wild-typé‘and the
multiplé mutant stock in the effect that actinomycin D produces on
the adult sex ratio (99/88); this effect is discussed in detail else-
where (Margulies, submitted for publication). Since the mutant stock
shows a steadily increasing adﬁlt sex ratio from larvae treate& on
successive days in the 3-9 day period, most abnormallflies are females.
It should be noted that after tréatment af 6-day ol& larvae with
16 ag/ml actinomycin D none of the 13 surviving males and 13 of 42
surviving females wefe abnormal. This difference in phenocopy
production between males and females ébproacﬁes significance; 1if real
it may be due to males having a greater sensitivity to the lethal than
to the phenocopy effect of the antibiotic as compared to females.
This explanation is suﬁéortéd-by the observation that many treated
maleg die in the larval stage, regardless of how close to pupation

they are treated.

Specific ghenocng effects of actinomycin D: The results for the speci-
fic‘types of phenocopies induced in the ﬁild-type stock by 40 g/ml
actinomyciﬁ D at different stages of development are summarized in

Table 4. The phenocopies obtained were variable in expressivity aq¢ were
often asymmetrical. Some flies showed more than one phenocopy; some
phenocopies tended to appear together. These concurrences included,

for example, rough eye and aristaless as well as eyeless and double
antenna or arista. Véry rare phenocopies (Bar-like eye; malformed eye,
head or proboscis; bubbled wing) as well as abnormalities which seem

to be just as frequent in control flies (abdominal defects; missing or
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TABLE 4

Phenocopies induced by actinoﬁycin D treatment (40 mg/ml) of wild-type larvae of dif-

ferent ages. Data obtained from Experiments 1 and 2 (Table 2). Percentages of pheno-

copies given in terms of total number of flies eclosed

Phenotypes

Observed

Eye, rqugh

Aristaless

Genitalia; missing ér abnormal
Halteres, missing

Thorax, bithorax or other
abnormalities '

Age in days
' Combined
Controls . Treated
Experiment 1 Experiment 2
]

5-10 5 6 6 8 10
0 1.3 0 2.1 44 .9 57.4
0 0 0 0 2.3 7.7
0.3 2.6 5.4 3.7 1.9 0
- 0.1 3.8 4.3 3.4 1.4 1.9
0 1.3 2.2 1.5 3.1 1.3



Aristaless 0 0 0 0 2.3 7.7
Genitalia, missing or abnormal 0.3 2.6 5.4 3.7 1.9 0
Halteres, missing - 0.1 3.8 4.3 3.4 1.4 1.9
Thorax, bithorax or other 0 1.3 2.2 1.5 3.1 1.3
abnormalities
Legs, missing T 0.2 2.6 3.2 8.9 9.2 7.7
Legs, malformed or crippled 0.1 2.6 2.2 1.5 3.1 3.9
Eye, erupt-bulge | 0 0 0 0 2.7 3.9
Eyeless 0 1.3 1.1 0.3 1.6 0
Antenna & arista, double 0 0 0 0 0.8 0
Antennaless 0 0 0.3 0.2 0.6 0
Palp, double, missing or 0 2.6 1.1 0 0.6 0.6
mlfomed
Total flies eclosed 911 93 327 512

78

155
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abnormal bristle) are not included in Table 4, Phenocopies, such as
grossly malformed head; with one or both eyes missing, wé;é seen in
fully formed, dissected pupae; these malformations probably prevented
eclosion, Dissected pupae or partially eclosed flies are, however,
not included in the results presented here.

The controls showed few phenocopies and no pattern among these;
accordingly! all controlp are combined in Table 4. In the experimentals
the pattern of phenocopies can be analyzed only within the same experi-
ment; that is, where samples of larvae treated at different ages are
taken from one growing population, In Experiment 1, no detectable
difference occurred between the frequency with which any specific
phenocopy appeared after tfeatment on days b and 6. In Experiment 2
Mthe last four types of phenocopies listed in Table 4 occurred in fre-
quencies too low for meaningful comparison. The frequencies of the
other phenocopies in Experiment 2 (Table 4 and Figure 4) increase, de-
crease or remain the same in the 6-8~10 day age period. For example,
rough eye —~ the most frequently occurring phenocopy -- increases signi-
ficantly when 8-day old larvae are treatéd as compared to day 6, but
_ does not increase significﬁntly between day 8 and‘day 10, A similar
pattern is found for erupt-bulge. (The erupt-bulge phenocopy includes
erupt eyes, bulged eyes and combinations of both), Aristaless is signi-
ficantly increased in 10-day old larvae as compared with either day 6
or day 8, On the other hand, a comparison of days 6 and 10 shows a
significant decrease in genital phenocopies. Thorax, haltere, and leg
phenocopies are found in siﬁilar frequencies on all three days,

The significance of differences in phenocopy frequencies listed in
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tﬁe preceding paragraph was ugqally based on obtaining values of

P .05, both when the total number of eclosed flies and the total
number of abnormal flies were used as the total fiy population, Erupt-
bulge was the only exception to this double test of significance; in
this case only the test using the number of eclosed flies was.signifi-
cant in comparing days-ﬁ and 8. The number of eclosed fliés is really
the better criterion, asince the frequency of abnormal flies‘goes up
greatly when 8-day and 10-day old larvae are treated due, mainly, to
the high frequency of rough eye. Although the percentages of flies
with different kinds of phenocopies in Experimenté.s and 4 are not
shown, the treatment of 6-day old larvae with 30 ,ug/ml produced simi-
lar results to those in Experiments 1 and 2 for this age. Moreover,
other experiments, qot reported here, involving treatment of 8-day and
" 10-day old larvae witﬁ‘SO Jug/ml (wheré bupation starting time differed
only by about a half day from that in Experiment‘é) confirmed the
pattern of all the phenocopies described here for days 8 and 10.

. 'No _difference was usually found in the frequencies with which
differentbbhenocopies oécurred among wild-type males and females, The
exceptions include a significantly higher incidence of genital pheno-
copies among males for 6-day old larvae in Experiment 2, and a higher
frequency of missing halteres among females for 8-day old larvae in the
same experiment. Since the latter finding also applies after treatment
of 6-day old larvae with 30 ,ug/ml and 5-day old larvae with 20 and
40 ,ug/ml (when~the results of the last two concentrations are combined),
it may represent a real difference,

The pattern of the main types of phenocopies in the mutant stock

(stock 2) can be seen in Table 5 and Figure 5, During the 6-8-9 day age
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TABLE 5

Phenocopies induced by actinomycin D treatment (10 ug/ml) of stock 2 larvae of dif-

ferent ages. Data obtgined from Experiments 6-9 (Table 3). Percentages of pheno-

copies‘given in terms of total number of flies eclosed

Phenotypes - | Ages in days
Observed | '
Combined
T Controls - Treated
g 3-9 3 4 6 8 9
Legs, missing ' ' 0 0 0 7.3 6.2 3.6
Legs, malformed or crippled 2.0 4.0 0.9 . 10.9 12.4 12.5
Eye, erupt-bulge 0 0. o 1.8 6.2 17.9
Eyeless 0 . 0 0.9 1.8 1.6 0

Antenna & arista, double 0 . 0 ’ 0 1.8 1.6 3.6



WUl LU

i Controls Treated
g 3-9 3 4 6 8 9
Legs, missing 0 0 0 7.3 6.2 3.6
Legs, malformed or crippled 2.0 4.0 0.9 . 10.9 12.4 12.5
Eye, erupt-bulge 0 0 0 1.8 6.2  17.9
Eyeless 0 0 0.9 1.8 1.6 0
Antenﬁa & arista, 'double 0 0 0 1.8 1.6 3.6
or triple - -
Wing, cut 0 0.8 2.7 0 0 1.8
Total flies eclosed’ 506 . 126 110 55 129 56
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period, a pattern similar to that found in the wild-type stock occurs
with respect to erupt-bulge aﬁd leg phenocopies (all leg abnormalities
were combined in Figure 5 under one type, crippled); that is the
frequency of erupt-bulge increases befwéen day 6 and day 9, whereas
crippled does not change significantly. Rough eye could not be scored
in this Qtock, since Minute females normally tend to have this pheno-
type. Aristaless, and phenocopies affecting genitalia, halteres and
thorax induced in the wild-type stock did not occur in the mutant stock,
To test whether the absence of these phenocopies was attributable to
the lower concentrations used in the case of the mutant stock, or to a
stock—dependeni feaponse, larvae of stock 2 were treated with 40 ,ug/ml
actinomycin D, Although very few flies eclosed, haltere and thor#x
phenocopies weré‘found, indicating that the absence of certain pheno-

copies after 10 _ug/ml treatment is attributable to low concentrafion.

Comparison of frequencies of specific phenocopies in different stocks:

~ Are certain types of phenocopies induced with actinomycin D in greater
frequencies in certain genotypes? Such a dependence was demonstrated
for other phenocopying aéents in Drosophila (Goldschmidt and Piternick-
1957; Herskowitz and NortoﬁA1963). The frequency of erupt-bulge in
stock 2 on days 8 and Q.is significantiy higher (P<.01) than in the
wild-type stock on days 8 and 10. Another indication that certain
genotypes are more easily phenocopied with respect to certain traits
was obtained in another experiment in which 8-day old larvae of stock 3
M/Basc 99 X Basc/Y 88) were treated with 20 .ug/ml actin(;mycin D, A
felatively high frequency of double or triple antenna and arista was

found in the non-Minute progeny —— 4.8 peréent for Basc/Y plus Basc/Basc
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individuals. - The 0,7 percent frequency for the !/Qggg progeny was. sig-
‘nificantly lower (P<.056). Although the lower frequency mgi be correla-
ted with the slower developmen£ of M/Basc as compared with.nonﬁgigggg
larvae, this is probably not the explanation for the significant differ-
ence, For the 4.8 percent antenna-arista phenocopy frequency in Basc/Y
andlgggg/gggg individuals treated with 20 _ug/ml is significantly higher
(P<.01) than that for wild-type flies treated at different larval

ages (4, 5,_6, 8, and 10 days) with concentrations of 20-40 ;ug/ml, and
is significantly higher (P<(.05) jn 8ix out of seven experiments in
which wild-type: larvae 8-10 days in age were treated with 50 ,pg/ml.
Since the time of pupation is similar for stock 3 and wild-type, the
difference is probably best explained as being due to a difference in
phenocopying susceptipility of different genotypes at the same develop-

mental stage.

Effect of actinomycin D treatment on the frequency of X-linked recess-

ive lethals: It is possible that the "phenocopies" reported here are
the result of actinomycin D-induced somatic mutations. Assuming that
germ and somatic cells would be affected in the same way by actinoﬁfcin
D, the frequency ofAX-linked recéssjve lethals was determined in the
gqggtes of treated males. Although Burdette (1961) and Mukherjee (1965)
demonstraied tha£ actinomycin D has no detectable effect on the sponta-
neous frequency of X-linked recessive lethals in sperm, it was necessary
to' test this finding under the present experimental conditions, which
differ greatly from theirs, Wild-type males treated as 6-day old and
8-day old larvae with 40 zug/ml actinomycin D and control males

~(Experiment 2) eclosing over a period of 5 days were mated on the day of
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eclosion tolgégg virgin females (1 9:1 8). Using the Basc technique,
no difference was detected in mutant frequency between the experimental
(3 lethals/1220 tested sperm; 0.24%) and control flies (3/920; 0,33%).
Since the somatic mutation explanation is not supported ﬁy this germ-
line mutation study, it is concluded that actinomycin D is producing

a phenocopy rather than a mutational effect.

Effect of different doses of the nucleolus organizer region on pheno-

copy frequency: Assuming that the induced phenocopies are a conse-
quence of the inhibition of DNA-dependent RNA synthesis by actinomycin
D, the possibility exists that they result from a preferential inhibi-
tion of ribosomal RNA synthesis. Such a differential effect of actino-
mycin D on the synthesis of the RNA class has been indicated in work
with other organisms (Perry 1962; Georgiev 1963). An experiment was
performed, therefore, to test thé frequency of actinomycin D-induced
phenocopies in females with three nucleolus organizer regions as com-
pared to males with one such region, since it has Seen demonstrated by
Ritossa ;nd Spiegelman (1965) thaf DNA of the nucleolus organizer region
codes for rRNA in Drosophila melanogaster., On the assumption that the
' concentration of actinomycin D is relativély low and, therefore, limit-
ing in the nucleus, there should be a greater chance of inhibiting one
nucleolus organizer region than three such regions.

Cross 4 (+/+ g9 x ;v_.YS/YI"c 88) generates +/_v_v_.Ys 99 (wild-type fe-
males with 3 nucleolus organizers) and ﬁ/YLc 34 (wild-type males-yith
one nucleolus organizer). The expectation which is thus being tested
is that a greater frequency of phenocopies should be induced in the

male (having fewer nucleolus organizers) than in the female, if pheno-
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copies result mainly from a selective inhibition of fBNA synthesis,
Treatment of 8-day old larvae with 50'/ug/m1 actinomycin D produced

no detectable difference in the percentage of phenocopies among males
and females (although females were more sensitive to the killing
effect of'actinomycin D) (Table 6). Since pupation in this experiment
started é days after hatching, i.e., 1-2 days earlier than in the
inbred wild-type stock (perhaps due to heterosis), the stage of
‘development of these 8-day old larvae probably corresponds to that of
10~day old wild-type larvae in Experiment 2, The types and freduencies
of phenocopies obtained confirm this, The finding that over 50
.percent of the treated larvae eclosed as adults indicates that the
concentration of actinomycin D used is relatively low, The results

of this experiment suggest that the actinomycin D-induced phenocopies
of adult traits are not due mainly to a preferential inhibition of

transcription teo rRNA,
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TABLE 6

; S
Effect of actinomycin D (50 ug/ml) on (+/w.Y ) females with three

Le
nucleolus organizers and (+/Y ) males with one, treated as 8-day old larvae

No. No. Eclosing %

% Adult
S /YT‘C

Larvae +/w.Y + Eclosion Abnormal Abnormal Sex

29 33 Adults -]- 294 33 + Ratio

I 22/33

Control 497 224 241 93.6 3.2 0.4 5.8 0.93
Treated 744 167 248 55.8% 69.4% 73.6 66.5 0.67%%

1- 100 x No. abnormal

Total eclosed of appropriate sex
* Significant at the 1% level

** Significant at the 5% level
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GENERAL DISCUSSION

The importance of using axenic conditions for Drdaophila research
cannot be overestimated, Sang and McDonald (1954) found manf complica-
tions due to microbial, especially yeast symbionts, of Drosophila when
they tried to reproduce the results of Rappoport on the induction of
phenocopies with chemical agents, It is equally desirable to grow
Drosophila melanogaster in a chemically-defined medium in order to
reduce the variabiiity which might result from known or unknown con-
stituents of the standard culture medium, In the work presented here,
it was importantkto have a medium free of DNA to prevent the binding
of actinomycin D to this nucleic acid. Another advantage of using
germ-free, chemiéally-defined conditions for larval growth is that
larval development is slower. This provides a longer period of ex-
perimentation -~ making the treatment of different stages more easily
distinguishable.

Two main types of results were obtained which indicate that actino-
mycin D does not persist in the larval cells for many days after larvae
afe transferred to an actinomycin D-free medium:. 1) phenocopies absent
when younger larvae were treated occurred after treatment of older
larvaég 2) survival increased then decreased with increasihg age of
treatment, This reversibility agrees with the results of Clever and
Lombard (1966) who have demonstrated the reversibility of actinomycin
D-inhibition of RNA synthesis in Chironomus larvae.

Although the percentage of eclosed flies with phenocopies was high
(ranging from 17 to 72 percent of adults eclosing from 6 and 10 day-old

wild-type larvae treated with 40 Jug/ml actinomycin D), with the ex-



(29)

céption of rough eye the frequencies of specific types of phenocopies
were relatively low, Thus, there seems to be a correlation between the
number of known loci affecting the development of an orgah in a partic-
ular way (Bridges 1944) and the occurrence of actinomycin D-induced
phenocopiés of the particular type. For example, rough eye, which can
be produced by 26 loci, can be induced by actinomycin D in more than

50 pércent of the eclosed flies, whereas eyeless and aristaless, each
of which can be produced by 2-3 loci, occur in about 2-7 percent of
treated flies,

A normal or nearly mormal phenotype is usually obtained in
Drosophila when the eqﬁivalent of one member of a gene pair is opera-
tive -- that is, most Drosophila mutants are recessive. It is expected,
therefore, if actinomycin D acts at the tramscription leyel, that
phenocopies usu&lly-result only when both members of a gene pair are
affected simultaneously. In the case of rough eye, however, some
phénocopies might be produced by affecting two or more single members
of the numerous pairs thatiéan affect eye texture,

After treatment of wild-type larvae 1 and 3 days in age and mutant.
larvae 1-3 days in age with actinomycin D,lthe percentage of abnormal
adults was not significantly higher than in the control. Since two
sepafable effects of actinomycin D have been observed, larval death
(which may be thought of as the phenocopy of the effect of larval-lethal
genes) and induction of phenocopies of adult traits, the semsitivity of
larvae to both effects must be considered in the conclusions drawn.
When somewhat older larvae (4-6 day old wild-type, and 4 and 6-day old
mutant larvae) are treated, phenocopies of adult traits appear in a
significanf percentage of the flies that eclose, even though substantial

killing occurs in the larval stage, It is reasonable to assume, there-
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fore, even though lethality was high after treatment of younger larvae,
that a significant number of the adult survivors should have had pheno-
copies had such changes been induced. The results suggest, therefore,
that these phenotypic changes are not inducible in the early stages
(1-3 days) of larval development. (The results of one ekperiment,
treatment of 2-day old wild-type larvae with 30 ag/ml actinomycin D —-
seemingly contrary to this conclusion -- are not evaluated because they
do not meet the criterion for minimum eclosion percentage. This result
can be explained, however, in two ways consistant with the bypothesis
under discussion, First, this in the only one of 9 experiments done
with young larvae of stocks 1 and 2, 1-3 days in age, that gavevn
significant frequency of phenocopies, Second, although actinomycin D
ordinarily does not persist in larval tissues, it-iay have persisted

in this case and produced phenocopies at a later, phenocopy-inducible '
stage of development., All three atypically abnermal flies iﬂ this
experiment had genital phenocopies and might _have been produced if
actinomycin D persisted to the 5 or 6-day old stage, the time of highest
induction of genital abnormalities).

The results presented here demonstrate a differential ptenocopy
effect at different stages of development vhen larvae of wild-type or
mutant stocks are treated with actinomycin D, The differential production
of phenecopies of adult traits is indicated, both by the absence of
phenocopies when young larvae, 1-3 days in age, are treated, and by the
different pattern of pﬁenocopies whose ffequencies increase, decrease,
or remain the same when larvae of different, older, ages are treated.

The changes in sensitivity of larvae of different ages to the separable,
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lethal effect of actinomycin D indicate, ihdirectly, differential
phenocopyipg of the effect of larval-;ethal genes,

The popsibility of a differential permeability of the imaginal
discs‘to ;étinomycin D at different developm;ntal Qtages must be
considered, sin?e this might be the cause of the qbserved differential
phenocopy effect, This explanation is unlikely because different
phenotypes of the same orgén can be effected at different developmentél
stages., For example, the phenocopy eyeless occurs in similar, low
frequencies on days 5-8, whereas rough and.erupt-bulgé eye are found
"mainly on days 8 and 10 (Table 4). The phenocopy double antenna-arista
and antennaless occurs in low‘frequencies when 6-10-day old larvae are
treated (the former phenocopy was induced in Experiments 3 and 4,

Table 2; Experiment B, Table 1, and in other experiments not reported
here); aristaless, however, has not been induced in 6-d§y old larvae in
any of the experiments, although it is consistently found after treat-
ment of 8 and 10-day old larvae. Moreover, Perez-Davila and Baker (1967)
have reported that actinomycin D treatment of second instar larvae re-
sults in the inhibition of mitosis in the eye-antenna imaginal disc,

Under our experimental éonditions the second instar probably includes days
3-4, a developmental period during which actinomycin D has either no
detectable effect or induces few phenocopies respectively.

In addition to the inhibition of DNA-dependent RNA synthesis, other
possible effects of actinomycin D must also be éonsidered. It has ﬁeen
reported that rélatively high concentrations of actinomycin D induce
chromosome breakage in locust spermatocytes (Jaiﬁ and Singh 1967). It

is unlikely that the phenocopies induced by actinomycin D in the present
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‘work are due to a mutagenic effect of the antibiotic, since the rela-
tively low concentrations used to induce phenocopies had no effect on
the frequency of X-linked recessive lethals, Burdette (1961) and
Mukher jee (1965) had earlier failed to detect an increase in X-linked
recessive lethals in Drosophila exposed to actinomycin D,

The inhibition of energy metabolism by actinomycin D (an effect
unrelated to that on RNA synthesis) can also, indirectly impair protein
synthesis (Revel and Hiatt 1964; Laszlo et al. 1966). Since the effect
on energy metabolism was prevented by glucose (Honig and Rabinowitz
1965), it is possible that the sucrose in the chemically-defined N
medium used in the present work might act in a Qimilaf fashion,

That the mode of action of actinomycin D may be complex and that
experiments using this antibiotic as a tool should be interpreted with
caution, is also indicated by the findings that 1) actinomycin D
exposure causes degradation of RNA synthesized prior to exposure in
mouse fibroblasts (Wiesner et al. 1965); 2) the synthesis of certain
pfoteins can be stimulatéd by actinomycin D (Papaconﬁtantinou et al,
1966); and 3) actinomycin D can inhibit the synthesis, as well as the
degradation, of an enzyme (Kenney 1967).

Although the effect of actinomycin D on RNA and protein synthesis
has been studied in the larval salivary glands of Drosophila husckii
(Ritossa and Pulitzer 1963), the‘effect of the antibiotic on macro-
molecular synthesis in the imaginal discs of Drosophila melanogaster
larvae has not been investigated., Thus a causal relationship between
actinomycin D-induced phenoéopies of adult traits and the effect of
actinomycin D on nucleic acid and protein synthesis can, at present,

only be inferred.
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If the actinomygintnbindueed phenocopies are a consequence of the
inhibition of RNA synthesis, the differential phenocopy effects provide'
‘evidence for differential transcription of the genome during the
“development of Drosophila melanogaster. The results indicate that:

'1) genes which affect the differentiation of imaginal discs are acti-
vated in the third larval instar (days 5-10); 2) a different develop-
mental timing of transcription occurs in different imaginal discs;
for example, genital disc primarily on days 5-8 and eye disc on days
5-10; 3) differential transcription occurs within the differentiating
imaginal disc as seen by the different eye and antenna-arista pheno-
copies induced at different larval stages.

If, on the other hand, the phenocopies are due mainly to the in-
hibition of protein synthesis, the differential phenocopy induction may
indicate a differential translation of messenger transcripts which hud
beenlsynthesized early in development, i.e., the egg stage or very early
larval stages, The latter possibility has to be considered in view of
the evidence, that RNA templates synthesized at one stagé of embryonic
development of the sea urchin are stored and translated in a later
stage (Iﬁfante and Nemer 1967),

The experiments presented here can not distinguish between these
two alternatives., Evidence from the work of other investigators, how-
ever, suggests that the phenocopies induced by actinomycin D in the
present work mayAbe due, primarily, to the inhibition of RNA synthesis,
since: 1) concentrations of actinomycin D which inhibit INA synthesis
almost completely, but have little effect 6n protein synthesis produce
gross abnormalities in sea urchin embryos (Gross and Cousineau 1963;

. 1964); concentrations of actinomycin D which reduce RNA synthesis by
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90 percent in rat liver do not affect protein synthesis (Revel and

Hiatt 1964); in Drosophila busckii, RNA synthéais was completely blocked
in the larval salivary glands, but protein synthesis was not detectably
affected by actinomycin D (Ritossa and Pulitzer 1963); in the.snail, Ilya-
nassa, a concentration of actinomycin D which represses RNA syntheéis

by 72 percent, and protein synthesis only by 24 percent affects the
differentiation of specific organs during different embryonic stages
(Collier 1966) ; 2) the concentrations of actinomycin D which induce
phenocopies in the preﬁent experiments are relatively close to the
threshold level, since reducing the concentration to one half

(10 aug/ml) in wild-type produces no detectable adult phenocopy effect;
3) using four different kinds of inhibitors of protein synthesis,

Marzluf (1967) found that three of the inhibitors produced no phenoéopies
in Drosophila meldndgaster and ‘one inhibitor had a limited effect in

one strain only,

The alternative is favored, therefore, that the actinomycin D-
induced phenocopies result from the inhibition of DNA-dependent RNA syn-
thesis, If this alternative is valid, the differential production of
phenocopies~p£ovides supporting evidence for the hypothesis that differ-
ential gene action occurs during the differentiation of imaginal buds
in Drosophila melanogaster,

Although the present results with a variable number of ;ucleolus
organizer regions éuggest that phenocopies are not due to a selective
inhibition of rRNA synthesis by actinomycin D, they élearly do not re-
veal the relative role or extent of the inhibition of synthesis of the

various classes of RNA,
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SUMMARY

Dfosophila melanogaster larvae of a wild-type and several mutant
stocks, cultured in an exenic chemically—defined medium, were treated
for one day with different concentrations of actinomycin D at different
stages of'deveIOpment. Phenocopies affecting various organs of the
adult occurred in different frequencies and in different patterns
depending on the age of treatment. Assuming that the phenocopies
were due primarily to the inhibition of DNA—dpendent RNA synthesis by
actinomycin D, the differential phenocopy effect indicates that:

1) genes which affect the differentiation of imaginal discs are acti-
vated iﬁ the thifd larval instar. 2) transcription of these genes in
different imaginal discs occurs at different times.in the third instar.
3) différential'transcription of the genome Jccurs within an imaginal
disc; i.e.; genes having different phenotypic effects on an organ are

.activated at different times.



\36)

LITERATURE CITED

Ashburner, M., 1967 Patterns of puffing activity in the salivary gland
chromosomes of Drosophila. 1. Autosomal puffing patterns in a

laboratory stock of Drosophila melanogaster. Chromosoma 21: 398-428,

Bachvarova, R., E. H, Davidson, V. G. Allfrey, and A. E. Mirsky, 1966
" Activation of RNA synthesis associated with gastrulation, Proec.

Natl, Acad. Sci, U: S. 55: 358-365.

Beermann, W,, and U, Clever, 1964 Chromosome puffs. Scient. Amer,

210 (April): 50-58, 156,

Brachet, J., and H, Denis, 1963 Effects of actinomycin D on morpho-

genesis, Nature 198: 205-200.

Bridges, C. B., 1944 The Mutants 2£.Drosbnhiia Melanogaster,. Carnegie

Inst. Washington Pubn. 552, Washington, D. C. 257 pp.

Burdette, W. J., 1961 Alteration of mutation frequency by treatment

with actinomycin D, Science 133: 40,

Clever, U., and C, G. Romball, 1966 RNA and protein synthesis in the
cellular response to a hormone, ecdysone. Proc. Natl. Acad. Seci.

‘U, S, 56: 1470-1476.

Collier, J, R,, 1966 The transcription of genetic information in the

spiralian embryo, Current Topics in Develop, Biol. 1: 39-59.

Crippa, M., E, H, Davidson, and A, E, Mirsky, 1967 Persistence in early

amphibian embryos of informational RNA's from the lampbrush chromosome



\37)

stage of oogenesis, Proc, Natl. Acad. Sci. U, S, 57: 885-892,

Denis, HI,, 1966 Gene expression in amphibian development II, Release
of the genetic information in growing embryos, J, Mol, Biol., 22:

285-304,

Doi, R, H,, and R, T, Igarashi, 1964 Genetic transcription during

morphogenesis, Proc. Natl, Acad. Sei. U, S, 52: 765-761,

Geer, B, W,, 1963 A ribonucleic acid-protein relationship in Drosophila
nutrition, J. Exptl. Zool. 154: 353-304.
1965 A new synthetic medium for Drosophila., Drosophila Inform.

Serv, 40: 96,

Georgiev, G, P,, O, P, Samarina, M, I, Lerman, M, N, Smirnow, and
A, N, Severtzov, 1963 Biosynthesih of messenger and ribosomal
ribonucleic acids in the nucleolochromosomal apparatus of animal

cells. Nature 200: 1291-1294,

Glisin, V., R., M, V, Glisin, and P, Doty, 1966 The nature of messenger
RNA in the early stages of sea urchin development. Proc. Natl,

Acad. Sci. U, S, 56: 285-289,

Goldschmidt, R, B., and L. K, Piternick, 1967 The genetic background
of chemically induced phenocopies in Drosophila, J., Exptl. Zool,

135: 127-202.

Gross, P, R., and G. H, Cousineau, 1963 Effects of actinomycin D on
macromolecule synthesis and early development in sea urchin eggs.

Biochem, Biophys, Res, Commun, 10: 321-326,



(38)
1964 Macromolecule synthesis and influence of actinomycin on early
development, Exptl. Cell Res, 33: 368-395,

Harris, S, E,, and H, S, Forrest, 1967 IINA and DNA synthesis in

developing eggs of the milkweed bug, Oncopeltus fasciatus (Dallas).

“Science 156: 1613-~1615,

‘Herskowitz, I, H., 1953 Bibliography on the Genetics of Drosophila.

Part II. Alden Press, Oxford. 212 pp.

1958 Bibliography on the Genetics of Drosophila. Part III.

Indiana University Press, Bloomington. 296 pp.

1963 Bibliography on the Genetics of Drosophila. Part IV.

McGraw-Hill, New York. 344 pp.

Herskowitz, I, H., and I. L, Norton, 1963 Increased incidence of

melanotic tumors in two strains of Drosophila melanogaster following

treatment with sodium fluoride, Genetics 48: 307-310,

Honig, G. R., and M. Rabinovitz, 1965 Aqtinomycin D: Inhibition of
protein synthesis unrelated to effect on template RNA synthesis,

i

Science 149: 1505-15006,

Infante, A, A,, and M, Nemer, 1967 Accumulation of newly synthesized

RNA templates in a unique class of polyribosomes during embryogene-

sis, Proc. Natl. Acad. Sei. U, S, 58: 681-688,

Jain, n. K., and U, Singh, 1967 Actinomycin D induced chromosome

breakage and suppression of meiosis in the locust, Schistocerca

- gregoria, Chromosoma 21: 463-471,



(39)

Kenney, F, T,, 1967 Turnover of rat liver tyrosine transaminase:
Stabilization after inhibition of protein synthesis. Science 156:

526-527.

Laszlo, J,, D, S, Miller, K, S, McCarty, and P, Hochstein, 1966
Actinomycin D: Inhibition of respiration and glycolysis,

Science 151: 1007-1009,

Laufer, H,, Y, Nakase, and J, Vanderberg, 1964 Developmental studies
of the dipteran salivary gland I, The effects of actinomycin D
on larval development, enzyme activity, and chromosomal differ-

entiation in Chironomus thummi, Develop. Biol. 9: 367-384,

Margulies, L., 1967 The effect of actinomycin D on the develobment
of Drosophila melanogaster. (Abstr,) Genetics 56: 576,
(Submitted for publication) The genetic basis of actinomycin D-

induced preferential killing of Drosophila melanogaster males, 256 pp.

Marzluf, G, A,, 1967 Development of Drosophila melanogaster'on-medium
containing inhibitors of protein synthesis, (Abstr,)

Genetics 56: 576,

Mukherjee, R., 1966 Actinomycin D effects on the frequency of radiation-

induced mutations in Drosophila. Genetics 51: 363-367,

Muller, H, J,, 1939 Bibliography on the Genetics of Drosophila. Part I.

Oliver and Boyd, Edinburgh, 132 pp.

Papaconstantinou, J,, J, A, Stewart, and P, V, Koehn, 1966 A localized

stimilation of lens protein synthesis by actinomycin D. Biochim,



(40)

Biophys. Acta 114: 428-430,

Perez-Davila, Y., and W. K.‘Baker, 1967 Effect of actinomycin D on the
development of the early imaginal discs of Drosbnhila melanogaster,

Develop. Biol. 16: 18-35, -

Perry, R. P.,, 1962 The cellular sites of synthesis of ribosomal and

48 RNA, Proc. Natl. Acad. Sei. U. S, 48: 2179-2186,

Reich, E., and I. H, Goldberg, 1964 Actinomycin and nucleic acid

function, Prog. Nucleic Acid iles. and Mol. Biol. 3: 183-234,

Revel, M., and H, H, Hiatt, 1964 Actinomycin D: An effect on rat liver
homogenates unrelated to its action on RNA synthesis. Science 146:

1311-1313.

- Ritossa, F, M., and'J. F, Pulitzer, 1963 Aspects of structure of poly-
tene chromosome puffs of Drosophila busckii derived from experiments

with antibiotics, J. Cell Biol. 19: 60A,

‘Ritossa, F. M., and S, Spiegelman, 1965 Localization of DNA complementary
to ribosomal RNA in the nucleolus organizer region of Drosophila

melanogastér. Proc. Natl. Acad, Sei. U, S, 53: 737=744.

Sang, J. H,, and J. M, McDonald, 1954 Production of phenocopies in
Drosophila using salts, particularly sodium metaborate, J, Genetics

52: 392-412,

Whiteley, A. H,, B, J. McCarthy, and H. R. Whiteley, 1966 Changing popula-

tions of messenger INA during sea urchin development, Proc. Natl., Acad.



\41)

Sci, U, S, 66: 519-526,

Wiesner, R,, G, Acs, E. Reich, and A, Shafiq, 1965 Degradation of
ribonucleic acid in mouse fibroblasts treated with actinomycin,

J, Cell Biol. 27: 47-52.



PART IIX

THE GENETIC BASIS

OF ACTINOMYCIN D-INDUCED PREFERENTIAL KILLING

OF DROSOPHILA MELANOGASTER MALES



(ii)

LIST OF TABLES

TABLE 1
Effect of actinomycin D on the adult sex ratio
(22/33) after treating wild-type larvae of dif-

ferent ages, 0 = Control.

TABLE 2
Effect of actinomycin D on the adult sex ratio
(33/33) after treating stock 2 larvae of differ-
ent ages;‘ Cross: M/ﬂ}_ B oc % Lb_l_g oc/Y.

0 = Control.

TABLE 3
Effect of actinomycin D (20 ,ug/ml) on the via-
bility of Basc/Y males as compared to M/Basc
females, Cross: M/Basc > Basc/Y. 8-day old

larvae treated,

TABLE 4
Effect of actinomycin D on the viability of males
hemizygous as compared to females heterozygous for
ocelliless., Cross: +/oc 3¢ oc/Y. 8-day old larvae

treated. 0 = Control,

TABLE 5
Effect of actinomycin D on the viability of 39:‘2'
(F1?) oc/Y males as compared to M/bb® B (F1?) oc

females. 0 = Control.



—~
[
e
[

S’

TABLE 6 ‘
Effect of actinomycin D (10 ,ug/ml) on the via-
bility of males with or without the Ll:{_. All

males were crossed to Y/y I :— females.

TABLE 7
Effect of actinomycin D (10 /ug/nil) on the via-
- bility of Ind9 Fl v g/Y males as compared to

Y/y w £ := females. 8-day old larvae treated.

TABLE 8
Effect of actinomycin D (10 Axg/ml) on the via-

bility of the X0 and XY male carrying bb* B F1M

lo
o

relative to the attached-X female, Y/y v bb .

TABLE 9
A model showing Muller's dosage compensation l\lypo-
thesis and our postulated effect on X-limited geneé
of actinomycin D alone, _E_ﬂ alone and E_I_Lf in combina-
tion with actinomycin D, g = dosage compensatéd X~

limited gene, c¢ = dosage compensators in the X

chromosome, Act. D = actinomycin D,

17

19

21

25



LIST OF FIGURES

FIGURE ‘l
Effect of actinomycin D on the adult sex ratio
(22/68‘) after treating wild-type larvae of dif-
ferent ages with different concentrations
(20-40 .ug/ml). Data taken froﬁ: Table 1. When
more than one value occurs for a given day, the

line is drawn through tfleir average,

FIGURE 2
Effect of actinomycin D on the adult sex ratio
(99/86) after treating stock 2 larvae of dif-
ferent ages, (Cross: Wmﬁ B oc ‘x _b_b}_ B oc/Y).
1 and 2-day old larvae treated with 5 ug/ml and

all other ages with 10 ,ug/ml. Data taken from
Table 2.



THE GENETIC BASIS OF ACTINOMYCIN D-INDUCED

PREFERENTIAL KILLING OF DROSOPHUILA MELANOGASTER MALES*
INTRODUCTION

" In the c;urse of investigating actinomycin D-induced phenocopies
in Drosophila melanogaster (Margulies, submitted for publication),
males of a particular genotype were found to be killed preferentially
by actinomycin D, The high sensitivity of these males to the anti-
biotic increased yith larval age and resulted in an adult sex ratio
(33/33) as high as 25:1 when older larvae were treated.

The presen£ study was designed to elucidate the relationship
between the preferential killing effect of acfinomycin D and the
genotype of the "sensitive" male. It will be demonstrated that this
selective detrimental effect of actinomycin D is dependent on the
presence in the male of an X-limited gene which is hypothesized to
inhibit the action of other X-limited genes.

MATERIALS AND METHODS

The following stocks and genotypes were used: (1) +/+ 22 X +/Y

88 (Oregon-R, wild-type stock), (2) Ll/scs1 .l_)_lﬂ'_ B In49 oc ptg ;s_;czf, 22 X

3081 bbl B In49 oc ptg sc8/! 88. This stock is henceforth referred to as

* Supported by U, S, Public Health Service Grant GM11537 to

I. H, Herskowitz.

(1)



(2)

ybb1 B oc 99 x _l_)_b_l_ B oc/Y 88, M = Minute bristles; sc81 19_8_ = gcute

inversion; _bl)il_ = bobbed bristles, lethal; B = Bar eye; In49 = inversion 49;

s;es1 B InS _\ﬁ sc8/Y 88, henceforth referred to as M/Basc 99 X Basc/Y ﬁ.

®

w_ = apricot eye color; InS = inversion S. (4) +/oc ptg 9¢ X
oc ptg/Y 88, henceforth referred to as +/oc 9o X oc/Y 88, (5) Y/y £ :=

29 X 3081 bb* B In49 oc pig acB/Y 88. The males are henceforth referred

to as _1_3_13: B gg/Y. y = yellow body color; £ = forked bristles;

1= = attached X's; _lﬁ = wild-type bobbed locus., (6) Y/x ¥fi=g99 X
In49 F1 v g/Y 88, w = white eye color; F1 = Female lethal; v = vermillion
eye color; g = garnet eye color, (7) Y/x £ = 22 X l)_'gl_ﬂ _@/Y (stock 2)

88, (8) Y/y ¢t =99 X ¥ sco L B In49 ct"® sc>/Y 88. The male is hence-

forth referred to as y B ct™ /Y, ct"® = cut wings. (9) y v bb =99 X

YS'X InNENBfy x'YL ﬁ 88. .—-= attached X's; Ys = gshorter arm of Y

chromosome, here attached to the X; InEN = inversion entire; YL = longer
. arm of Y, here with x: marker and attached to the X chromosome,

Eggs laid in a 2-hour period were surface sterilized using Geer's
methéd (Geer 1963) and distributed axenically into petri dishes contain-
ing sterile, chemically-defined Geer's mgdium (Geer 19@5). -Larvne of a
given age (stated as the number of days after hatching) were transferred
axenically in known numbers to new petri dishes containing actinomycin D -
Geer's mgdiuﬁ on which they were fed for about one day (usually 22-23
hours), (The actinomycin D was supplied through the rourcesy of Merck,
Sharp and Dohme)., After this treatgent, dead larvae were counted and sur-
viving larvae were transferred to sterile, standard Drosophila medium,

This method of treatment was used in experiments presented in Tables 1 and
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3-8; (Since some larvae crawled out of the.actinomycin D—medium, the
larval population on which the‘percentage of eclogion is based is the
number of dead larvae plus the number transferred after treatment).
The method of treatment used in the experiments recorded in
‘Table 2 differed in that actinomycin D solution was pipetted directly
into the petri dishes in which larvae were developing and the duration
of treatment was usually 18-21 hours, (The larval population on which
the percentage of eclosion is based in these experiments is the number
of surviving larvae transferred after treatment). All cultures were
kept at'24° ¢.0.5°C, and only those were used which remained axenic

until the first adults were examined under narcosis.

RESULTS AND DISCUSSION OF SPECIFIC EXPERIMENTS

Effect of actinomycin D on the sex ratio of adults of different geno-

types: Table 1 and Figure 1 summarize the effect of different concen-
trations of actinomycin D on the adult sex ratio (22/33) of the wild-
type stock after treatment of larvae of different ages., Only once did
a significant difference occur hetween the experimental and control sex
ratio —— after 4-day -old larvae were treated with 30 /ug/ml. No signi-
ficant incfease in the sex ratio was found in the wild-type stock in 8
additional experiments (not reported here) which treated 6-10 day old
larvae,

The effect of actinomycin D on the adult sex ratio of stock 2 is
shown in Table 2 and Figure 2. No difference is detected between control
and experimental flies after 1 and 2-day old larvae are treated with
5 /ug/ml actinomycin D, The sex ratio increases significantly after treat-

ment of 3-day old larvae with 10 )ug/ml; remains at about this level on
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TABLE 1

Effect of actinomycin D on the adult sex ratio (33/66) after

treating wild-t di 2 =C
Act. D Age of No. ‘ No. % % Adul;
ug/ml Larvae Larvae Eclosing . Eclosing Abhormal Sex Ratio
(days) 99 | - 38 ‘ o Adults (/38
0 1 - 478 214 218 90.4 3.0 0.98
20 1 1400 137 164 .21 ,5%% 3.3 - 0.84
0 3 . 166 80 76 94.0 1.3 1.05
20 3 879 359 310 76.1%% 3.3 1.2
40 | 3 678 . 4 7 1.6%* 9.1 -
0 4 315 120 145 84.1 3.0 0.83
30 4 1800 201 80 15.6%* 7.8% 2. 5%%
0 | 5 273 118 123 88.3 1.2 10.96
20 5 588 85 90 29, 8%* 5.7% 0.94
40 : 5 1025 31 47 7.6%% 17.9%% 0.66
0 6 . 23 103 - 105 . 88.8 10.1 0.98
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90
47
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116
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69
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93
242

- 51

68

88.3

29 .,8%*

7.6%%

88.8

36.7%%

90.0
49, 5%%
11.2%%
90.4
95, 9%k
92.4
43 . 5%%
85.1

26.1%*

1.2
5.7%
17.9%*

10.1

2.1
7.6%%
17.2%%
1.6
17.1%%
1.9
62.3%%
4.1

72 ,9%*

rg gk

0.96

0.94
0.66

0.98

|

o

1.
1.1
0.92
1.1
0.78
1.0
1.2
1.1
0.9

1.3

* Significant at the 5% level

** Significant at the 1% level

T



ADULT SEX RATIO (29/4%v)

4
3
2 TREA‘I‘ED

CONTROL

123456‘78.910
AGE IN DAYS

Figure 1, - Effect of actinomycin D on the adult sex ratio
(92/63) after treating wild-type larvae of different ages with differ-
ent concentrations (20-40 /ug/ml). Data taken from Table 1., When
hore than one valﬁe‘occurs for a given day, the lihe is dyawn through

their average.
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TABLE 2

Effect of actinomycin D on the adult sex ratio (gﬂ“) after treating stock 2

larvae of different ages. _Cross: M/bb:l B oc X bbl B oc/Y. 0O = Control

Act. D Age of No-. + , No. Eclosing % % Adult

ag/ml Larvae =~ Larvae M/ﬁ_ B oc ﬁ B oc/Y Eclosing Abnormal Sex Ratio
. (days) 29 | a8 ‘ Adults (gg/@@)
} . ‘
0 1 162 6L 40 62.3 3.0 1.5
5 v 1 308 -39 3 22.7%% 2.8 1.3
10 1 - 468 2 0 . 0.4%% 0.0 --
0 2 350 120 83  58.0 3.4 1.4
5 2 665 101 . 75 26.8%* 4.5 1.3
10 2 418 P 5 2.6%% 0.0 --
0 3 331 - 99 79 53.7 3.3 1.3
5 3 | 433 140 122 60.5 2.3 1.1
10 - 3 843 90 36 14.9%% 7.9 2.5%%
0 4 309 91 ‘ 82 56,0 1.8 1.1

10 4 868 81 29 12.6%* 9.1% = 2.8%%
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10 2 418 6 5 2.6%% 0.0 -
0 3 331 99 79 53.7 3.3 1.3
5 3 433 | 140 122 60.5 2.3 1.1
10 - 3 843 90 36 14.9%% 7.9 2. 5%%
0 4 309 91 ‘ 82 56,6 1.8 1.1
10 4 868 81 29 12.6%% 9.1%  2.8%k
T T S 7) 42 13 13.3%%  23.6% 3.2%
10 8 400 124 5 32,3%% 24.0%% f24.é¥*‘”'rmp
0 o 211 87 68 73.4 2.0 1.3
5 9 137 35 4 28 4% 17.9%* - YA
10 9 238 53 3 19.3%% 20.4%% 17.7%%

* Significant at the 5% level
*% Significant at the 1% level

f Number of larvae transferred after treatment



ADULT SEX RATIO (22/5%7)
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§
|
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Figure 2, - Effect of actinomycin D on the adult sex ratio
(99/6‘3‘) after treating stock 2 larvae of different ages. .(Cross:
y/b_bl. B oc x 1)_131 w). 1 and 2-day old larvae treated with
5 ag/ml and all other ages with 10 aug/ml, Data taken from

Table 2,
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days 4 and 6; risés sharply to 25:1 when 8-day old larvﬁe are treated;
and remains at about this level on day 9. \

The subseﬁuent experiments were designed to elucidate the genetic‘
basis for the preferential killing by actinomycin D on stock 2 males,
Since the results fith the wild-type stock indicate that maleness as
such does not result in a detectable differential sensitivity to acti-
nomycin D, the possible involvément of the markers carried by stock 2

‘was investigated. Stock 2 males are hemizygous for the X-limited

markers gcsl scs, B, In48, oc pig fog which the females are heterozy-
gous, Both males and females are heterozygous for the mutant.hgl
(in this stock the normal allele 22: is in the X chromosome in females
and in the Y in males), Since "late" male larvae, i.e,, those close to
. pupation, were found to be most sensitive to the lethal effect of acti-
nomycin D, all subsequent experiments treated larvae 8 or 9 days of age.
In each experiment the test of the effectiveness of a given concentration
of actinomycin D is indicated by the percentage of treated larvae that
subsequently eclose and by the percentage of abnormal flies,

The first experiment tested whether the hemizygosity for the Bar
marker and/or the inversions is reéponsiblq for the high sensitivity of

stock 2 males to actinomycin D, Stock 3 (M/Basc 22 X Basc/Y 34) has

these markers (the InS in Basc is very similar to the Ind49 in stock 2)

and also !:. Stock 3 tests the effect of actinomycin D on the relative
survival of males hemizygous for the Basc chromosome as compared to the
females hetefozygous for this chromosome and for the Minute-containing
X of stock 2 females. As can be seen in Table 3, treatment of 8-day old
larvae with 20 _ug/ml actinomycin D had no detectable effect on the sur-

vival of Basc/Y males as compared to the !VBasc females. (The third type
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TABLE 3

‘Effect of actinomycin D (20 nug/ml) on the viability of Basc/Y males as

compared to M/Basc females, Cross: M/Basc X Basc/Y. 8-day old larvae treated

]

No. Number Eclosing % %
Larvae Basc/Y M/Basc Basc/Basc Eclosing Abnormal
a3 Q9 Y] Adults
Control 601 158 145 169 78.5 5.9
Treated 1165 189 153 215 47.8% 17.6%
1% level.

* Significant at the
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TABLE 4

Effect of actinomycin D on the viability of males hemizygous as compared to females

heterozygous for ocelliless. Cross: +/oc X oc/Y. 8-day old larvae treated, 0 = Control

Act. D . No. Number Eclosing ' % S 1
Aag/ml Larvae +/oc oc/Y oc/oc +/Y Eclosing Abnormal
.99 38 (1] 38 Adults
o 625 149 111 119 130 81.4 3.7
30 1054 171 84% 100 150 47,9%* 38, 2%%
50 1491 99 49 68 : 95 20, 9%* 35, T**

*  149/111 and 171/84 differ significantly at the 5% level.

#*  Significant at the 1% level.
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of offspring, gggg/gggg females, was just as abundant as either of the
other types). That the concentration of actinomyciﬁ D used constituﬁes
an éffective dose is shown by the significantly reduced ﬁ;f;entage of
eclosion of all progeny and byAthe significantly increased percentage

of abnormal flies produced as compared to the control. It is concluded,
therefore, that the Bar mutant and the inversions in hemizygous condi-
tion are not responsible for the high sensitivity of stock 2 males to

actinomycin D,

The possibility that hemizygosity for the ocelliless and pentagon

mutants is the cause of the high sensitivity of stock 2 males relative

to females heterozygous for these‘markers.wns tested by treating 8-day

old larvae generated by cross 4 (+/oc 29 X oc/Y 88) with 30 or 50 mg/ml
actinomycin D (Table 4), 30 /ug/ml treatment resulted in a significant
increase in the ratio of +/oc females to oc/Y males. This sex ratio

(2.0), however, is clearly smaller than that (17,7-24.8) opserved using
comparably aged stock 2 individuals. Morgover, no detectable difference
was found between the expgrimentals treated with 50 /ug/mi and the control .
sex rafio (the survival of all four types of progeny is similarly affect-

ed). It is concluded, therefore, that ocelliless and pentagon are not

responsible for the preferential killing of stock 2 males by actinomycin D, -
The‘preferentiul killing might be caused by a preferential inhibition
of the 99: allele, in the Y chromosome of the male as opposed to the QQ:
allele in the X chromosome of the female, This effect would allow the
th in the X of the male to express itself relatively more frequently than
the ygi mutant in the female. (Such a breferential inhibition of a locus
in the Y chromosome could be brought about, for example, by a relatively

greater affinity of the Y chromosome than the X for actinomycin D,
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Since stock 5 males (22: g‘gg/Y) differ from stock 2 males only in
having a ygj gene instead of ggl in the X chromosome, they can be used
to test the involvement of pgphgg'lgﬁhgl in the preferential killing.
To have the same basis for comparing the viability of males to females
as in stock 2, stock 5 males have to be compared to females, M/hh: B oc,
which carry the M-containing X of stock 2, When the stock,.M[hQ:‘g oc¢
22 X l)_lﬁ B oc/Y 88, was constructed, only two of three expected types
of progeny ~~- the parental pypés -— were viable, The absence of the
homozygous Bar daughter indicated the presence (not mentionéd in the
stock list) of a "lethal” in the stock 5 Qﬁ:‘g,gg X chromosome, Moreover,
a cross of stock 5 males to attached-X females wifhout a free Y (from
stock 9) showed that the males are viable in the X0 condition., This find-

ing indicated the presence of a Female lethal (F1) in the X chromosome

of stoék 5 males, similar'to the Fl mutant discovered by Muller and
Zimmering (1960), ;hich has a killing effect on females (ranging from no
dominance to complete dominance depending on the presence of modifiers in
the rest of the genome) but no detectable effect on males. Stock 5 will
now be referred to as Wyg:_]}_ (F1?) oc 22 xmﬁ_l} (F17) oc/Y 88,

_The survival of bb* B (F1?) oc/Y males relative to M/bb* B (F1?) oc
females was tested by treating 8 or 9-day old stock 5 larvae with 30 or
10 ,ug/ml of actinomycin D, The results, summarized in Table 5, clearly
show that the malé is killed preferentially by actinomycin D, (The in-
crease in the sex ratio resulting from treatment with the two concentra-
tions is not significantly differents. Since stock 5 males are sensitiv§

to actinomycin D even though they do not have a bobbed lethal allele, it

is concluded that the presence of the bbl in stock 2 males is not responsi-
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TABLE 5

- +
Effect of actinomycin D on the viability of bb B (F1?) oc/Y
[

males as compared to M/bb+ B (F1?) oc females. 0 = Control

Act. D , Age of No. Number Eclosing % pA Adult

ng/ml " Larvae Larvae . oot 384 Eclosing Abnormal Sex Ratio
(days) | Adults gg/ 38
0 8 202 82 57 68.8 9.4 1.4
10- | g 484 105 15 25.4% 30.0% 7.0%
o 9 207 90 _ : 48 66.7 5.8 1.87
30 9 338 56 2 17.2% 32.8% 28.0%

-i- Does not include crossovers -- 2 B/B 1] and 1 B/Y &

* Significant at the 1% level
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ble for the preferential killing of these males by actinomycin D. The
.Lli-carrying male, however, seems to be less sensitive than the _b_l_)_l_—
éarrying male, since the sex ratio of stock 5 (7:1) ’is significantly
lower than that of stock 2 (25:1) when 8-day old larvae are treated with
10 .ug/ml actinomycin D.

A genetic factor common to stock 2 and stock 5 males méy be causing

the actinomycin D "sensitivity". Since the preceding experiments ruled

out the involvement of B, sscs'1 scs, In49, oc ptg -- markers present on

both actinomycin D-"sensitive" X's -~ the possible involvement of a

Female lethal gene, probably present in the chromosome of the stock 5
male, became an important consideration, Does the stock 2 male X

chromosome also have an F1 gene, whose presence, however, is masked by

the bobbed lethal? .

The following crosses were performed to test for the presence of

a Female lethal in the stock 2 _l_)_l_)_l_ _Ij oc X chromosome and to confirm the
presence ;)f the F1 gene in the stock 5 b’ B (_I_“_y?) oc X:

1) M/’ B (_Iﬂ_?) oc 99 X mw_l_ B oc/Y #8. No homozygous Bar daughters,
bt B (F1?) g:/_lgl_)i B oc, were obtained; suggesting either that the |
p_b_{ B oc X chromosome carries an allele of Fl which acts as a recessive
lethal and kills the homozygous Bar daughter, or that the suspected F1
in the _lzli X chromosome acts as a recessive lethal in the presence of a
stock 5 M-containing X and as a dominant lethal in the presence of a
stock 2 _l&_l_-containing X.

2) M/bh’ B oc and M/bb" B (F1?) oc go X Indd Fl v g/Y 88 —
stock 6 males carrying the Fl of Muller and Zimmering., No heterozygous

Bar daughters were obtained from either cross. This result is considered
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to confirm the presence of an Fl allele in the bb’ B (F1?) oc X chromo-
some, The result also suggests the presence in the stock 2 mle X ,
chromosome of an allele of the known Female lethal, although-the
possibility still re'mains that the known Fl acts as a completely
dominant lethal in combination with .the hl_g_l_ B oc X chromosome.

3) An Fl1 gene present in the _lzlll-containing X chromosome may be

detected if the bobbed lethal masking the presence of Fl is removed by

crossing over, For this reason, _Lj/bb1 B oc females were crossed to

stock 8 males, y B ctns/x , and the F, homozygous Bar virgin females,

1
_b_l;_l_ B oc/y B ctns, crossed to _l_)_l_)_l_ B oc/Y males., Since _Ef_, an allele

of F1, was mappe(i at position 19,1 (Zimering and Muller 1961), the
markers ﬁ, at 20, and oc, at 23, (as well as the yeliow marker) were
used to detect the reciprocal crossover products in B gﬁ/Y and y B oc/Y
‘males, One male of each type was oi)tained and stocks were started by
crossing each male to Y/y £ := (attached-X) females, Sons of these
males were then tested for the presenée of _llb_l. by crossing them to
attached-X females without a free Y chromosome (stock 9). No X0 sons
were obtained from the B gthY fathers whose genotype was, therefore,
QLI_ B _ggn_sjY; X0 sons were obtained from the other croésover male, indi-
‘cating the absence of bﬁ in his X, y B _9_9_.' This chromosome can now be
tested for F1, and is written as y B (F1?) oc. These males were crossed
to stock 2 females, now also represented as possibly having an Fl gene,

4/bb! B (F1?) oc and the F, scored. No y B (E1?) oc/bb! B (F1?) oc daugh-

1
ters were found; the progeny consisted of 63 ]_)l;_{ B (F1?) oc/Y 88 and

2 M/y B (F17) oc $9. Moreover, when females of M/y B (F1?) oc type were
backcrossed to y B (F1?) oc/Y no homozygous y B oc females were obtained.

These findings, together with the results of the preceding experiments,
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‘su'pport the conclusion that the stock 2 male X chromosome (and the y B oc
crossover X) carry an Fl gene, (The poor viability of the females heter—
ozygous for Fl in the above-mentioned result indicates that our Fl allele,
just as the>El of Muller and Zimmering, can have a paftially dominant
effect), It is suggested that F1 is the common factor in the stock 2

and stock 5 male X chromosomes which may be responsible for the prefer-
ential killing of these males by actinomycin D,

To obtain more evidence for the dependence of the actinomycin D
preferential killing effect on the presence of the Fl gene, tests were
made of the effect of 10 mg/ml actinomycin D on the viability of the
following four types of mnle as compared to the same type of attached-X
female (Table 6): 1) the original actinomycin D-"sensitive" stock 2
male with F1; 2) the male whose X was used to obtain the crossovers;

3) the crossover male without F1; 4) the complementary drossoverwpale
with F1. Table 6 shows that treatment of older larvae produced a signi-
ficantly marked increase in the adult sex ratio over the control only in
the case of males 1 and 4 ~- which have an F1 gene., The treatment of
larvae from males 2 and 3 decreased the percentage of eclosion and in-
creased the percentage of abnormal flies as compared to the control values.
Although these changes were not at a levei which is statistically signifi-
cant, it is highly likely that actinomycin D did penetrate larval tissues of
males 2-apd 3, since some of the treated male flies of fhese types showed
the phenocopy erupt, which occurs only ﬁuch more rarely in control flies,
(Note that rough eye could ndt be scored in hemizygous Bar eyed males,

thus decreasing the total phenocopy frequency). These tests offer more

supporting evidence that the preferential killing of stock 2 and stock 5



Effect of actinomycin D (10 ;ug/mll on the viability of males with'

a7
TABLE 6

‘or without the FlM. All males were crossed to Y/y £ :=— females

Aée of No.

Significant at the 1% level

No.- % % Adult
Larvae Larvae Ecloging Eclosing Abnormal | Sex Ratio
Type of Malet (days') Q9 33 Adults (gg_/as)
1. bt BFM oc/Y  Control 9 364 158 97 70.1 4.7 1.6
' Treated 9 - 630 175 28 32.2%% 6.4 6.3%*
2. yBethSyy Control 8 29 11 11 75.9 9.1 1.0
Treated 8 126 35 39 58.7 13.5 . 0.9
3. bbl B ctMSyy Control 8 68 29 30 86.8 6.8 0.97
Treated 8 79 35 30 82.3 13.8 1.17
4. B EL oc/Y Control 8 67 18 22 59.7 0.0 0.82
Treated 8 170 60 5 38.2%%  15.4% 12.0%%
Experiments involving males 2, 3 and 4 were done simultaneously
* Significant at the 5% level '
*%
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males by actinomycin D is dependént-upoﬂ the presence of a Female
lethal gene_in these males.

In order to defermine whetﬁer the presence of the F1 of Muller and
Zimmering also causes a preferential killing of the maies, stock 6 lar=-
vae (In49 Fl v g/Y 3 % Y/yw £ ::‘gg) were treated with 10 ug/ml
actinomycin D, Thus the survival of males carrying the Fl of Muller
and Zimmering was being compared to attached-X females very similar
(having an additional yhigg_marker) to Ehose used in the tests just
described (Table 6). The results summarized in Table 7 show that the
adult sex ratio in the treated series is not detectably different from
that of the control, although the antibiotic produced a significant -
number of flies with phenocopies. It is concluded that the Fl allele
of Muller and Zimmering does not make males sensitive to actinomjcin D.
Since’' the newly, discovefed Fl allele behaves differently (there being
no known difference between the alternatives in stock 2 and stock 5),

it is designated FlM, Female lethalMargulies.

Fl kills homozygotes in the egg stage (Muller and Zimmering 1960).
Since only 2 (probably nondisjunctional X0 males) instead of about 90
yellow larvae hatched from 370 eggs produced by the cross, M[1'§<Elf.gg
99 X ¥ B 1t oc/yt ¥ 88, _FL]E probably kills all female homozygotes
in the egg stage.

Is the Y chromosome instrumental, either in a beneficial or
detrimental way, in the survival of stock 2 and stock 5 Elg-containing
males under conditions of actinomycin D treatment? The possibie involve-~

ment of the Y chromosome is suggested by evidence that certiin X-limited

lethals (Lindsley, Edington, and Von Halle 1960) and the ggg‘léthal factor
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TABLE 7

Effect of actinomycin D SlO Ag/ml) on the viability of In49 F1 v g/Y males

as compared to Y/y w f :=— females. 8-day old larvae treated.
i
No. No. Eclosing % f Adult
Larvae 99 ) Eclosing Abnormal Sex Ratio
Adults (99/88)
Control 182 13 75 81.3 4.1 0.97
Treated 339 97 152 73.4 37.3% 0.64

* Significant at the 1% level.
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(Hgss 1962) are suppressed by the Y chromosome, If the Y helps the
survival §f E;!}containing males treated as older larvae, then the X0
male should be even less viable, and the resulting adult sex ratio even
higher, If, alternatively, the Y chfomosone doeé not have a saving
effect in older larvae, but has such a beneficial effect in younger
larvae, this might explain the relatively much smaller killing effect
of actinomycin D on young males of stock 2 (3-6 days in age, Table 2).
If the latter alternativé were true, young X0 males would be more
sensitive to actinomycin D than young XY males.

Y ¥ bb ,— females with a Y were obtained as Fl virgins from the
cross of stock 9'attached-x females without a Y to stock 5 males,
Y Y bb ,— females with or without a Y chromosome were crossed to

'gg:‘giglf,gg/y (stock 5) males to generate in F stock 5 XY and X0 males,

1
respectively, The Yiability-of XY and X0 males after actinomycin D treat-
ment could thus be compared to the same type of female; The fesults of
treating 4-day and 8-day old larvae with 10 ug/ml actinomycin D are shown
in Table 8. There was no detectable difference in the survival of the XY
and X0 males when 4-day old larvae were treated and no increase in the
adult sex ratio was observed as compared to the control. (It should be
noted, by way of comparison, that t¥eatment of 4-day old larvae of stock 2
males gave a 2:1 adult sex rétio when measured against Y/y £ := females,
and a 2.8:1 sex ratio when measured against stock 2 Minute females, (Table
2), It seems, therefore, éhat the thrcarrying stock 2 male is more sensi-
~ tive to actinomycin D than the Qh:rcarrying stock 5 male when 4-day old

larvae are treated. Possibly, the higher sensitivity of the Qpl—carrying

male, also observed in the case of 8-day old larvae, may be attributed
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TABLE 8

Effect of actinomycin D (10 ug/ml) on the viability of the X0 and XY male

M ‘
carrying bb+ B F1 oc relative to the attached-X female, Y/y v bb .=—

\Age of No. No. Eclosing % % Adult
‘:Larvae Larvae ' Eclosing Abnormal Sex Ratio
(days) ' Adults (gg/ 38)
Y/.— XY
v %
Control 4 ©107 35 43 72.9 3.8 0.81
Treated 4 387 | 48 53 26.1% 7.9 0.91

Control . 8 260 87 93 69.2 4.4 0.94

Treated 8 370 112 25 37.0% 34,3% 4 .48%



Control ‘ 4
Treated 4
Control . : 8
Treated | 8
;

I

Control 4
Treated 4
Controi 8
Treated 8

107

387

260

370

128
368
142

465

Y/.—
¥

35
48
87

112

Y/.=—=

42
55
40

132

2]

43
53
93

25

X0

43

41

55

49

20

72.9
26.1%
69.2

37.0%

64.8
29.9%
62.7

32.6%

3.8
7.9
4.4

34.3%

15.7
12.7
3.4

36.8*%

0.81
0.91
0.94
4.48%

1.02
1.0
0.82

6.67%

* Significant at the 1% level
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to a genéfal weakening due to the presence of the additipnal mutant gene),

A pimilar, preferential killing of stock § X0 and XY m;les occurred
when older, 8~day old larvae were treated. It is concluded, therefore,
‘that the actinomycin D-caused preferentiél killing of older, !ﬂﬂi—

containing males is independent of the presence of the Y chromosome,

GENERAL DISCUSSION

What mechanism can be suggested to explain the hypothesis that the
EEE gene is responsible for the much higher actinomycin D "sensitivity"
of males that are hemizygous relative to females that are heterozygous
for this gene? (Note that the effect of E!E was never detected in'the
absence of the markers ggfl ggg; In49, B and oc gﬁg). Assuming that
the actinomycin D-caused preferential killing of males is due to the
inhibition of DNA-dependent RNA synthesis, it is highly unlikely that
it can be attributed to the inhibition of gene action of the EAE locus
itself, for the following reasons: Elf is a harmful mutant (when
hetero~ or homozygous) in females and probably produces its damagé
either beéaﬁse it fails to make mRNA or produces a modified ;hNA. Assum-
ing that E!E acts in males as in females, the antibiotic should have no
effect or a beneficial effect, respectively, in ELE males. Moreover,
it is improbable that actinomycin D affects the single locus, EAE,
freqﬁently enough to account for the observed magnitude of male lethality.
It is more likely, therefore, that the inhibition of more-than one gene
by actinomycin D is involved in the preferential killing of males, What
genes can be implicated? It is hypothesized that these are other

" X-limited genes whose action is already partially inhibited by Elf and
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which, when further inhibited by actinomycin D, cause the death of
males, The pr;ferential lethdlity of El!—containing males relative
. to heterozygous females m;y be due to the fact that genes inhibited By
E;E are present in pairs in females, only one member of which is ex-
pected to be further inhibited by actinomycin D if the antibiotic were
present in the nucleus in limited amounts, Our results on phenocopy
induction by actinomycin D (Margulies, submitted for publication)
suppoft the assumption that both homologous loci are affected simulta-
‘neously by actinomycin D ;elatively rarely. This conclusion ;s suggest-
ed by the relatively low frequencies of most types of phenocopies ob-
tained, since the phenotypic,ghanges'probably result from the inhibi-
tion by actinomycin D of both alleles of the gene or genes controlling
the development of the particular adult trait. Rough eye, the one
phénocopy which occurs in high frequencies (in about 50% of the adults
when'&late" wild-type larvae are treated with actinomycin D), is a trait
which is affected by many autosomal and X-limited loci. Thus ihe inhi-
bition of any one of the pairs of genes controlling this trait (or com-
binations of single members of different gene pairs) may result in the
réugh eye phenocopy.

| ELE and the other X-limited genes whose action is hypothesized to
be inhibited hy’El! can be considered in the light of dosage compensa-
tion, One dose of the E;E gene in males shoﬁld have the same effect as
two doses in females if this mutant showed dosage compensation. When dos-
age compensation does occur modifiers in the X chromosome, feferred to as

"compensators", are hypothesized (Muller 1950) to inhibit the effect of
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other X-limited genes (to be dosage compensated) so that their product
is equalized in both sexes, This equalization would be accomplished if
compensators, ¢, in single dose in the X of a malé reduced’the potential
product (1) of a gene being compensated, g, by 4, each of the two.doées
of ¢ in the two X's of a female reducing the effect of each of the two
doses of g by 4, as indicated by the afrpws (representing compensative

action) in the following diagram,

X
C———> g

S

cCE——r

The effect of actinomycin D on the adult sex ratio of the wild-
type st;cﬁ and the'postulated mechanism for the action of Elg alone
and in combination with actinomycin D is summarized in Table 9. When
wild-type feﬁale larvae are treated with actinomy;in D, it is expected
that most of the time only one of the two alleles of the compensated
locus, g, will have the synthesis of its product inhibited by actino-
mycin D (By a fraction l/a). In such a case the gene product per in-
dividual would be greater in females than in mﬁles (_(l_i_é) is greater
than 1/2a, respectively, for all values of "a" greater tﬁ:n 1), assum-
iﬁg that the probability of inhibiting one X-limited g locus in males
is the same as that of inhibiting either one of the two g's in females.
It might be expected, therefore, that actinomycin D-treated females
would survive better than males, Combining the data of 18 experiments
with the wild-type stock, the adult sex ratio (99/38) in the experimental

flies was increased as compared to the control (1,17 and 1,04 respective-

ly), but this was not a statistically significant difference. It is
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TABLE 9

A model showing Muller's dosage cowpensation hypothesis and our postulated effect on X-limited genes of actinowycin D alome, F1™ alone ang P in

in D

Actusl g
Potential Beduction Factor im Product per X Product per Sex Ratio ;"-g
Product Due to Due to - Due to Approximate Typical
of g per X' c's Fl_u's Act. D X Individual Expected Found
Wild- ¥ e g 1 ) &) - - -
type ¢ L
: + o g 1 ®»® - - -
. . 1:1 1.04:1
L S-S 1 ®) - v - - .
4 . ~
+ e £ 1 (63 ¢)) - .- (1/a) 1/4a
[ 4+ Act. @ ¢ . l /4 (1 +a)lba
+ e g D 1 ) &) -— - - 1 .
v @ »1: 1.17:1
&+ c_g+Act. 1 @ - B V5 1/2a 1/2a
N L} 2 ! '
4 FL c & 1 W & @/ a/m - 1/4 v - 01
T 1 L@ we amn - 1746 ) )
M .
Fl 8 1 &) &) Qrf) -- -~ 1/4¢ - .
% < . D & 1/2¢ 1:1 1.3:1*
* ¢ 3 1 M & ar - -~ 1/4f .
en" o r ® - WH - - 1728 1/2¢
P 1 ®»® W - (/a) 1/4fa
g + Act. i Q1 + a)/afa
o+ e g D 1 ®W W e - - 1/4£ »ia#* 2s5:ad
et ¢ gaac. 1 ® - Qe - 1/a) 1/2fa 1/2fa
P |

* Based on all controls in Table 2.
» + From Table 2.
+ Much gten;'e: than 1:1
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possible, however, that because of the equal killing of males and fe-~
males due to the inhibition of genes in tﬁe autosomes ~- which contain
about 75% of the total nuclear chromosomal material (see Herskowitz
and Muller 1954) — it may be difficult to detect any preferential
killing of wild-type males, Moreover, it is not known how much of .
the killing by actinomycin D is due to its inhibition of energy metab-
olism (Lawzlo et al. 1966) which probably affects females and males
equally and which, being'hnrelated to the inhibition of RNA synthesis,
may further obscure a ‘possible differential effect on X-limited genes
in males and females.

As shoin in Table 9, it is suggested that in the case of El!—
containing individuals g genes are inhibited by ggﬂ, the product of
leach £ being reduced ﬂy a fraction (l/f). This results in the death
of females with two doses of the mutant, but permits viability of
males and females with one dose. (The actual g product per individual
for a compensated locus inhibited by Z doses of E!E, 1/2f2, is smaller
than 1/2f, calculated for males and females with one'glg, for all
values of "f" greater than 1), |

It is suggested that treatment of females heterozygous for E;E
with actinomycin D permits much greater survival than treatment of males
hemizygous_for Elf, because in females only one allele of a dosage
compensated and f!f}inhibited pair of genes is further inhibited‘by
actinomycin D (by fraction l/a) -- agssuming again that the concentra-
tion of actinomycin D is limiting., The gene product per individual
female (1 + a) is greater than that per individual male (1/2fa) for all

4fa
values of "f" and "a" greater than 1. Therefore, the inhibition by
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actinomycin D of the one g in the oné X of the male results in a gene
product which is too small for survival, thus killing the male. Since
ELE is hypothesized to affect the activity of a number of X-limited
genes, an Elg}carrying male might be killed any time one of those
unpaired genes is inhibited by actinomycin D. It is easy to see,

M
therefore, how actinomycin D could cause a preferential killing Fl -

carrying males relative to heterozygous females.

Maies carrying the Fl allele of Muller and Zimmering are not
sensitive to actinomycin D. It may be speculated that Fl inhibits the
action of fewer genes than Elf, the chances of an inhibited locus
being affected by actinomycin D being so small that the Fl-carrying
- males are not detectably more sensitive to actinomycin D than treated
Eli stocks. The discovery of Eli (Zimmering and Muller, 1961) --
which causes. females ﬁo be sterile when homozygous and to die when
heterozygous with Fl1 -- supports the existence of multiple alleles
at thé Fl locus. It is suggested that the wild-type allele of the
Female lethal mutants, Eli, may be a gene which regulates the activity
of other X-limited genes, and that Fl mutants (recessivg to the wild-

type allele in the absence of modifiers) have resulted in an excessive

inhibition of these genes.
The preferential killing by the combination of ELE and actinomycin
D affects mainly older male larvae. Such an effect might be explained
.by differential gene transcription (see Margulies, submitted for publi-
cation), that is, if many of the genes hypothesized to be inhibited by

FlM were activated later in larval development.
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SUMMARY

ﬁrosoghila nelanogastér males of two exceptional stocks were

: shoyn to be preferentially killed by actinomycin D; the adult sex
ratio (29/83) rising as high as 25:1 when older larvae were treated.
This actinomycin D-induced effect is independent of the presence of
various genetic markers and of the Y chromosome, but is dependent on
the presence of a non-dosage-compensated gene, Female lethaluargulies
(Ely), detected in the X';vof both exceptional stocks, This gene
behaves allelic to Muller and Zimmering's F1 although males carrying
the latter allele are not preferentially sensitive to actinomycin D. -
The preferential killing of hemizygous g;f males (rélative to heter-
ozygous Ei! females) is hypothesized to result from the inhibition

by.£l¥ of other X-limited, dosage compensated, genes which cause

lethality when further inhibited by actinomycin D.
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