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EXPLRIMENTS TO TEST THE VALJ
R-DOSE/MUTATION FREQUENCY RELATION IN DROSOPHILA AT LOW DOSAGE

1, Introduction

Sinee the discovery of Muller (1927) (28) ema svedter (1028) (36)
that x=rays induce ﬁutations in living organisms, & very large body of
data has been accumilated by many workers dealing with the relation-
ship of mubation frequency to dosags intensity. X-rayslof various wave-
lengths, radietions of radium, neutrons and ultra-violet light have all
been employed as causative agents. It is not the intention here to re-
view the voluminous literature which has grown up in this field. The
reader may refer to the general reviews of Schultz (1936) (32), Stubbe
(1987) (38} ana Timerderr-Ressoveky (1937) (40),

On the basis of the accumulated data on Drosophila melancgaster, on p
which most experiments have been conducted, and with allowénce fér vapr-
iables not easily controlled from experiment to experiment, radiation
geneticists are generally agreed that the re-doss/mitation frequency rela.-

tion secems to be a linear one. Furthermore, experiments on fractionation
of dosage and variation in time-intensity relationships wouid seem 0
indicate that this linsar relationship should hold at very low dosages.
While the extrapolation of the curve into the reglon of low dosages is
& reasonable hypothesis, the experimental investigation of this part of
the curve is of interest. From a theoretical point of view the validity of
the extrapolation needs to he checked by observation. From the practical
aspect of the effect of low dosage radiation on man this part of the curve

is of special significance.
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| K4 ' The lovest dosages thus far used have been 385 v fox=)$rays by

oriver (1932) (27) cna 400 r for redium by Reychanduri (1941, 1944)
(50'31). The accummlation of sufficient data to be statistically
| significant for lower dosages then the ones reported is a comslderable task.
‘ Here will be reported data ou controls.’zﬁ r, 50 », 500 p, 1000 », 2000 pr
3000 r, and 4000 r. On the basis of 200,801 test cultures for lethals
i in the X-chromosome of the fruit-fly, Drosopbhila melanogester, of which
| ' 73,901 were controls, 51,907 from flies irradiated at 25 v, 31,560 at
50 r, 83,195 at 150 r, end smaller numbers at the higher dosages used,
Ore is forced, on the basis of these findings, to conclude that there
* is no tolerance dose of radietion by means of x-rays below which mmtation
does not occur, These data indicate that a dosage of about &0 r actually

doublas the natural lethal mutation rete in flies. Less extensive data

on visible mutations show the seme relatiomship.

If thess findings ean be shown o have transfer value %o the effect

‘of rediation on the human race through their corroboration by experiments
on the mouse, & mamnal, then it becomes clear that wradiation in dosages
vhich mey be tolerated by the ﬁody of man may have unfavorable effectsn
upon the human germ-plasm. In terms of soclety amd the humen race the risks
can only be stated when a statistic on the_proportion of individuals of

= reproductive age exposed to low dosage raciamtion is introduced. For the
individual exposed and his descendants the risk is obviously much greater,
These facts should be earefully comnsidered in any proposcd use of atomic
enerzy on a large scale.

= The collection of the data reported here occupied the full time of
three workers in the laboratoxry from October, 1943 to July, 1945. In

addition to the main problem of induced mmbation frequency at low dopages,




4,
some data are presented on the ratio of pure lethals to visibles, semi-
lethals with visible effects, and semi-lethals without visible effectis,
the occurrence of lethal clusters in controls and such clusters at low
dosages, the association of lathals with cross-over modifiers at differ-
ent dosages, ?nd the distribution of let:hals and visibles on the genetie
map of the X=chromosome in Drosophila melanogaster. For the benefit of
future workers in this rield, a sectlon is included omn problems involved

and pitfalls to bé avoided in large scale exneriments of this type}

2, A Description of Technical Methods Tmpleoyed.

2,1, The Genetic Procedure. Through the courtesy of Dr. H. J.

Muller, now of Indiana University, whose cooperation and advice have been
invaluable, a tool stock was secured for use in making tests of lethals
and visibles in the X-chromosome of control and irradiated flies. This
stock we have designated for convenience as Muller S, and this name will
be used throughout our report. The complete formula for the stock is
scSI B In-S w® 5¢8. Imller (written commnication) explains the genetic
content of the stock as follows: "The expression scsz...sc8 refers to a
chromosome vhose left end is derived from the scute®! inverted X-chromo-
some vhose right end is from a'scute8 chromosome., Such a chromosome is
easily obtained by single crossing-over between the two scutes, Sinee

- ¢hese inversions are sensibly identicel except for the fact that the left
break of scutesI is just to the right of the scute locus ané that of
scute® just to the left of it, this chromosome has two scute genes,

I

scutes neayr the left end and scute® near the right end, but is otherwise

8

sensibly identieal with either a scute®l op a seute” chromosome, "In=S"

- designates Inversion-S (s - Sinitskaya), en inversion slightly smaller




So
tan snd in very nearly the same position as “"delta 49," which erose in

the scuteSI chromosome by irrediation at the same time as the scuteST
{tself arose. I made up this particular chromosome for the purpose of
studying nutations in the female, beceruse there is needed for this\pbjecﬁ
a chromosome having (1) very little crossing-over throughout its length,

- {2) suitable markers, both dominant and rece551Ve; and (3) comﬁaratively
high viability and fertility. Condition (1) is here fulfiiled by the

two inversions, ome included within the other, tho&gh rarely (less often,
I velieve, than in the case of C1B) dpuble crossing=over doea‘oceur: thie
usually separates the Bar from the rest, so if both 35r and apricot loei
are followed, one can be virtually certain of what oné has. Gonditién {(2)
has been provided by ﬁar and apricot. Condition (5)Jholds because the

dﬁﬁlication of the scute locus largely prevents the lovering of fertility

and viability that scute® or scuteS! alome would give."

For the purpose of the initial detection of mutations in the X and
for their subsequent testing and retention in stock, the »resent authors
have found this chromosome distinctly-superior for the following reasons
to the C1B chromosome used widely in such experiments. Crossing-over is
practically eliminated throughout the length of the X, In a test experi-
ment involving aoicultures in which female parenis were Muller 8/ scute-
erossveinlqss-Vermilion-forked-carnafion,-no cross-overs were observed
among 2622 wale offspring. In other cultures, the rare double cross-
overs involving Bar have been seen on an éverage of only one in several
thousand flies examined, but the presence of two markeré readily identifiea
€ these. The stock is viable in homogygous form, and this zives it a

cdistinet advantage over any C1B balenced stoek in procuring large numbers
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of virgin femples for initial crosses., Homozyzous Muller 5 females have
a lower viability and fecundlty than femeles heteroszyzous for Muller 5
and any sex-linked mutant either lethal or visible, except a few weak
dominants such as "Minutes.” This makes possible the retention of any new
lethal or weak recessive visible indefinitely in stock in a psscudo-balanced
@ condition with Muller 5, provided the stocks ars cultured in half-pint
bottles and enough parents are used in each gensration to eliminate the
chance selection of only Muller § females when flies are shaken into a
fresh stock bottle. Such stocks could, of course, be carried in smaller
culture bottles if heterozygous females were selected as parents cach gen-
eration,

The use of this stock in testing for cither lethals br visibies which
have arisen in the X-chromoxome of control or trecated males is illustrated

in Pigure 1. Treatecd or control males (A) are mated to Muller 5 females

(B)o: The Fy meles are Muller 5 (C) and the Fy females are heterozyzous

Bar (D). After the Fl flies have becn aged together for several days, each

female is placed in a separate test culture hottle with one or msre Maller
5 males. Four classes of Fg flies generally appear in such a test culture,
Muller 5 females (E) end males (F) vhich are apricot Bar, beterozygous
apricot Bar females (G) which carry one X from the control or treated
grandfather, and wild-type males (H) carrying the X from the control or

treated grandfather. If a new lethal has arisen in the control or trsated

sperm cell fipured, all of class (M) »ill fail to appear. If a new visible |
haﬁ arisen, @ll of class (H) will show it. A further test of the lethal
or visible is made by mating females (G) which cerry the new mutation to

their Muller 5 brothers (F), The new mutation can be carried indefinitely ‘
in this manner as the Muller 5 chromosome eliminates crossing=over. The ‘

oceurrence of none-disjunction males among the Fg flies will never obscure
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the presence of a new lethal as such males will be Muller 5 and not wild=-
type. The genetic set-up is particularly convenient because only at one
stage in the entire procedure is it ﬁeeessary to use virgin females, the
Fl Muller 5 females_(B). Even here the inclusion of an occasional none
virgin Muller 5Afemﬁle has no gegidés consequences as her homozygous apricot
Bar daughters are éESily sepaﬁated from the red heterozygous Bar Fl females
used for the test matings. This is an iwportant item in a large scale ex-
periment.

About one fourth of the lethais and visibles found were tested for
linkage relations. Fg feﬁales (G} or Fgz heterozygous Bar females were
mated to the multiple rceessive males, scute (0.0)=crossveinless (13.7)=
vermilion (33.0)=forked (56.7)-carnation (62.5), Their non-Bar daughters,
carrying the new mutant in one X and the recessive tester genes covering
the genetic map in the other X, were mated to their Muller 5 sons. From
five to seven such pair matings were made for each gene tested, and a lower
limit of 200 males to be classified was set. The use of Muller 5 fathers
in these tests agein eliminated errors vhich might have arisen from non-

disjunction males,

2.2 Choice of Stock for Testing Mutation Rate, For irradiation work

at low dosages, it was desirable to use a stock of flies with a low control
mtation rate and one which would not proveﬁﬁighly variable; Canton-Special
was tentatively chosen as the stock'g% be used, provided it showed on test
a low control mutation rate suspected from previous experience. The fol-
lowing deseription is taken from Bridges end Brehms (1944) (4). %A stand-
ard wild-type phenotype, obtained from a stock collected in Canton, Ohio,
Selected by Bridges. The salivary chromosomes were found by Bridges to be

normel, The stock contains & recessive for mulitiple thoracic and scutellar
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bristles; which overlaps wild-type in most of the flies but epnears spore
adically in strains in which Canton~S has been used in crosses.™ The sbock
had originally been made isogenic by Bridges, and about four years before
these experimenis were atarted,- the process 'had been repeated by one of the
present authors (C. S.).

During the sutwm and winter of 1945, preliminary tests on control
mutation rates in Canton-S and seven other stocks were rTun, A data acen-
mlated, it became evident that Canton-5 had a low natural mutation rate,
considerably lower than the average of the other seven stocks and possibly

as low or lowsr than sny of the others.* The results

*For & discussion of the variebility of spontaneous mutation rates, compare

Moller (1928) (20),

'of these tests are given in, Table 1. The figures for the ssven stocks in-
clude about 3000 tests run during the spring and summer of 1944, As Cantone

S .15 a wild-type stock, it kas the advantags over any stock homozygous for‘
visible mutaticns which might. mask new visibles; for instance, a stock con-
taining while would eliminate work om all other eye cblors at the white and
other loei. During the course of these tests, a routine was gradually evolved
@ whereby large numbers of test cultures could be run through on a uniform

acheduie o

2.3 Culture of Muller § and Canton Special Stocks, Each week om

Fridey ten or eleven haif-pint cultures of Muller § were started. The
usual molasses-cornmeal medium, enriched with dry brewer's yeast was used
for these and sll other cultures. Moldex vwas added to keep down mold growth.

Cerragay, @ spociaelly prepared extraction of the marine seaweed, Chondrus
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c¢rispus, was subatituted for agar because of the difficulties in securing

adequate supplies of the latter. About £ifty pairs of parent flles were

" used in each balf-pint 6ﬁlture.- On the following Tuesday, two double sheets

of'Kleenex, soaked in a suspension of about 100 grams of baker's yeast in
ch ec, of water were added to sach half-pint culture. The stocks woere kept
in en ineubator at 24-28 G and ﬂieé were emerging at this temperature 1l-
lz.days after the cultures were started., ZXFach Wednesday virgin females to
be use& as parents for one week's supply of flies for test matings were
‘iaolated. All flies were shaken out of the stock bottles Tuesday night end
.collected-ubdneséay moraing, or flies were shaken out Wednesday morning and
‘virgins collect=d Wednesday afternoon. Each week 400 or 440 virgin females
were isclated. With the culture methods outlined aﬁové this required about
one-hglf hour. The following rgcord was kept to illustrate this point.
From seven half-pint kuller 5 cultures, the flies were shaken cut at 10:00
Aglie Kewiy emerged flies were shaken out ap 3:30 P.M., etherized, and 625
virgin females, maximum age five and one-half hours, isclated by 4:00 P.M.
The Muller 5 females wers placed in ten or 'eleven half-pint culture bote
tles, 40 flies per bottle and aged until Friday,.two days, at which tims
the Canton-S control or irrediated males were added to these bottles., Om
Friday, flies vhich had emerged the two previous days in the Muller S5 stock
bottles were used to start fresh stocks and the old ones disecarded. Gen-
erﬁily these flies were slmply shaken into the ne% stock bottles, but about
once a month the parents were selected under the binocular microscope to
-eliminate any round eyed males or heterozygous Bar females due to Bar re-
version in the Muller 5 stock.

Stock of Canton-5 was started each week on Wednesday by shaking new-

ly emerged Cantom=-S flies into six half-pint culture bottles. These
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i

flies wore all shaken on Friday imto ome helf-pint etherizer and etherized

together. The botitles from which they had been shaken were set back as
fresh stock and yeasted on Monday. The flges which had beeg shaken out
and etherized were two to four days olg, and from them 400 or 440 meles were
selected under the binocular microscope and placed in gelatin capsules, 20
flies per capsule, for irradiation or as controls., These males were examined
@ to meke certain that they showed no new visible mutations at the time
they were isolated.‘ The capsules were then placed in viels, each vial marked
@ vith the radiation dosage to which th> males were exposed; after irradi-
ation, the flies were immediately placed with the virgin Muller 5 females,
40 males per half-pint bottle, and each bottle marked with the dosage re-
celved. The Cantomn-S stock was thus carried in six lines and ths flies
| from the six lines thoroughly mized and sampled for each week's lot of
parent meles to be irradiated or to serve as controls. The Canton-S stocks
were purposely ralssd under aomewhat erowded conditions in order to elimi-
nate semi-lethals vhich might arise in the stocks. Such ssmi-lethal flies
are gemerally wesker them wild-type, and by some larval snd asdult erowding,
it was hoped that thoy wbuld largely be killed off. It may be argued that
_erovding the Canton=S stock might "have a;fected in some way the natural
mutetion rate. This might be true, but this possible objection ssemed to
be outweighed by the necessity of eliminating as far as possible any semi-
lethal males which might otherwise be used as parents for ihe experimental
cultures.

On Tuesday, the parent flies from the ten or eleven crosées of Muller
5] fémales to Canton-S meles started the previous ¥riday were shaken into &
fresh set of marked half-pint culiure bottles and the first set yeasted

with Elesnez-ysast suspension. On Thursdsy, the perent flies from the
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second set of cultures made up on Tusasday were discarded and these
cultures yeasted.

Ae the F; flies (C) and (D) of Figure 1 began emerging, they were
shaken into marked half-pint aging bottles. Thess Fy flics generally
started emerging twelve days after the cultures were started; i.6., On
Wednesday. Emergence from the two sets of cultures spread over about
one week's time; the first flies emergling alfter having been aged for
several days were used on the following Monday for the pair mating test
cultures of which the flies (E), (F), (G), and (H) of Figure 1 were the
offspring. All test matings for a given week were made from the offspring
of one lot of irradiated and control malss. From 40 to 60 helf-pint aging
bottles were used each week. It was found that the use ;f aging bottles
cut the numbey of failures in the pair mating test cultures fr%p around 10%
to lees than 5%, Fomales aged with Muller 5 males were geonerslly already
impregnated and.ready to lay fertile eggs when'placéd in the test culturs

containers. The small amount of work involved in eging the fliss was well

repaid in results attalned.

2.4. The Test Cultures, During the period from Decembsr 1, 1944,
through June, 1945, approximately 127,000 test cultures were made up; of
these, 121,355 (an average of 17,356 per month) developed and were exemined
& for lethals without etherization ('sae below). In the earlier part of
the work, fewer test culturee were reared as they were 21l etherized and
éxamined both for leothals and visibles, The following routine was followed
yor the period mentioned above. Test cultures were reared in one 3unce
culture vottles ("creamers”)., The medium was the seme as that used for
half-pint cultures. Creamers were arranged in rows on tin trays; three

fourths of these trays held 95 creamers each and one forth held 120
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creamers. Hot medium was poured into four $rays of creamers each morning
and afternoon, a total of 810 creamexrs per day. On cooling, the culture
bottles were inoculated with a drop of heavy yeast suspension and the four
trays placed in the refrigerator without capnring the bottles., The lot
made up in the morning was used that afternoon and the lot made in the
afternoon was uscsé the followiné morning. On Saturday only one lot of
culture bottles waslprepared and these bottlea were used the following
Monday morning.

Yhen a tray of creamers was removed from the refriperator, it was
covered with cheese=cloth. Flies {rom the aging bottles rere etherized
and meles and females separated and placed in dry vials vhere they could
easily be re-etherized. One femele and one or more males were placed in
each creamer which was immediately covered with paste=board cfeamcr caps
in which three short cuts were made with & dental scglpel for ventilation,
‘An socn as oreamers were removed from the rarrigerator,the air vithin
them began to warm up with consecquent drop in relative hunidity and evapo-
ration of moisture from the food surface., Few flies became stuck in the
medium and there was less contemination with mold than i1f paper or other
materials had been added. Fallure of a culture to develop vas, however,

: generelly Gue to the parent female becoming mired in the food medium,
often in the spot of yeast. In order to svoid this as much es possible,
the yeast was placcd at omne side of the creamers 'Actually. many trays
came fhiough with no failures, and the pegcentags ofvfailureslwas definite~
@iy correlated with atmospherie humidity. A library card was placed on
each tray with date and x-ray dossge merked in two waye to avoid errors
in recording. 'The‘trays were then placed in order on shelves in open

cabinets im the laboratory and not disturbed until the cultures wers
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examined for lethals exactly two vweeks after they vere mwde up. Parent
‘flies were not removed, for their phenotypes were such that they did
not interfere with the identification of the lethals. Thus at all
times there were 88 trays and 8,910 test cultures arranged in sequence

on the cabinet shelves.

2.5, Examination of Test Cultures for Lethels, On Monday through

Friday eight trays of test cultures per day were examined for lethals
and on Saturday four trays. As the culturés were arranged in rows om
the trays, they could always be examined in the same order. On the
average, more .aan 100 flies were present per culture. These were
examined by placing the creamer on its side under the low power of

the binocular microscope, megaification 7X, and checking for wild-

type males which could readily be identified at this magnification. The
810 cultureé could be examiped accurately in this manner in less than two
hours. Each culture without offspring was set out of tﬁe tray and also
each culture with no wild-type males, a potential lethal bearing culturs.
The total number of fertile cultures and of failures was recorded on the
card, and this card set in a small tray with any potential lethal cul-
tures or filed if there were none of these present. FPotential lethal
cultures were set back for two more days and then the flies stherized
and each class of flies recordeé on a lethal card together with the

date on which the lethal was found. A% this time two new cultures of
three heterozygous apricot Bar females and five Muller 5 males were

made up to test the lethal through another genmeratisn. A later couat

of the original lethal culturs end covnts of the tuo Fa generation tests

were made and recorded on the lethal card. 'n cas. of linkage tests,
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heterozygous apricot Bar femsles from the Fs cultures were mated to the
multiple recessive males mentioned above.‘ The few cultures coming throuch
with less than a dozen flies were scored ms failures and were not included
'1n the total. With the food medium enriched vith brewor's yeast, the.num~
ber'or such cultures was extremely low and could not have introduced any
"large error. Howevar, to be sure that such low yielding cultures were n;t
due to some dominsnt effect of a lethsl carried, many cultures of a few
fliaa conta;ning no wild-type males were‘teated through another generation
uging the heterozygouq Bar females present. The results of such {ests
indicated fhat there was no selection against lethal bearing chromosomes
by the discard dr the small group of cultures with only a few flies per
culture. In such cultures, génerally onc or both parents mere found dead, .
thus explaining the low yield. The procedure outlined above vas specifical-
ly designed for the discovery of pure lethals, which experience had shown
was by far the largest class of mmtants that conld he recovered ranidly and
with 1little subjective error. No ettempt was made to save semi-lasthals
and a culture was discarded as soon as one vild«type mele vwas seen. AsS
such a malg could not be due to non-cisjunetion ani as cross-ovefs were
practically eliminated, no pure lcthals woulc be discarded om this criter-
ion; All of the checking for lethals without etherization of flies was
done by one of the present suthors (W. P. S.).

Until mid Jniy; 1944, all control and radiation test cultures were
etherized end examined under the binocular microscope for both lethals
and visibles. As this method required much more tiue, all three workers
helped. During this period another step was included in the routine,
About five days after the test cultures were mede up, parent flies were

removed and a small piece of Kleenex paper soaked in yeast suspension was
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put in each eresmer. This increased the yield somewhat, and the presence
of the paper mﬂda.it easy to shake out adult flies at the time of ether=-
izatlon sinee, espacially ig warn weather, carragar wusdium begomes soft
and it is difficult to shake flies from the culture. Lethals and visibles
found were tested in the some way ga deseribed above for lethals.

During the period from December 1944 to July 1945; one of the assist-
_ anta (Dr.M Harland) also exemined most of tho eultures from flies receiv-
ing radiation of 150 r or mors for visidbles after they had first been
checked for lethalas. These cultures were etherized in checkins for vis-
ibles. Problems involved in scoring hoth lethals and visibles vill be

discussed below,

2,6, The XeRay Treatments. In an ideal radiation experiment, all

lots of flies receiving different dosages world be irradiated on the sems
apparatus on the same day and the output of the apparatus checked during
the radiation with a dosimeter which had itself been standardized immediate-
ly before the radiation. Obviously, these conditions could not be adhered
to in a large scale experiment invelving elght different dosages and hun-
dreds of thousands of test cultures. It was impossible to predict at the
beginning of the experiment how many points on the dosage curve could be
profitably investigated. It has been the present aim to‘apread the low
dosages over as many lots of flies and as mich time as practicable and

to spread the control lots over the entire period of the experiment.

A lot refers to control or irradisted flies used for one week's test
cultures. These mey thersfore be referred to as véckly lots. Teble 2
gives the number of weekly lots for each dosage. The weekly loﬁgiét S0 r,
150 r, and 1000 r given at 10 r per minute were irradiated on a ﬁachine

vhose output was checked with a dosimeter at six-week intervals. In all,
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these lots account for 7,535 test cultures at 50 r, 13,595 test cultures
at 150 r, and 3,938 test cultures at 1000 »r. For all of the other lots,
whieh include the bulk of the wérk, dosimetor readings were taken each
week at the time the flies were irradiated. As thils vork was a small part
of a mmch larger radiation program, the dosimet-rs vere being checked from
time to time for accuracy. In spite of this fact, small errors in dosi@-

meter recadings occur. It is felt that these errors would tend to be equal-
ized by the large nwibers of treatments given at dosages from 1000 » dowm.
Data secured at Gosages above 1000 r had relatively little bearing om the
maeln problem being investigated. A% the beglnning ‘of the experiment end
before any flies were irradiated, some 20,000 Cen ton-S control cultures

were reared but not recorded in weekly lots.

2,7. The Kutationsl Category Chosen for Quentitative Study, It seems

pertinent at this point %o consider briefly the kinds of mutations occurring
in Drosophila and their adsptability to a quantitative study of the type
undertgken, and to Gefine carefully the category of mutation chosen,

Mutations occur im both autosbmes znd sex chromosomes, and there is
abundant evidence that more of them are occurring in the autosoms complex
than in the X-chromoscme. Tovever, there is ne breeding procedure by which
newly erisen autoscmal rutants can be founc as easily and effectively as
can sex-linked mutants by ‘the method outlined in Figurc 1. Althoush the
daeta are as jret fragmentary, it vould seem that comparative studies on
sex=-linked and autosomal mﬁtation should make -poasible a transfer of find-
ings on X-chromosome mutation rate to the mutation picture in the auto-
somes, - | |

Mutations are known to occur at differsnt stages in the development

of the orgamnism. The study of mutation rate in mature sperm has certain
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technical advantages when it comes to securing large quantities of wvslid
data. In extensive exﬁeriments on natural mutation rate, uiler (1945,
1946, (23, 24) has shovn that "overall mutation frequency is two or three
timee higher in the first crop of spermatozos, accumilated during a mele's
pre-imaginal life, than in thosse of a woek later derived from a non-virgin
male,” (Muller, 1945) (23), It should be noted that all of the Canton~S
spermatozoa used in our control end radiation experiments were from males
a vesk or less old.

Mutations may be somevhet arbitrarily erouped into the following over-
lapping categoriss: dominant lethals, recessive lethals, recessive lethals
with visible @ominant dcfects, sterility mutants, recessive semi-lethals
_without visible effects, recessive semi-lethals with visible effects,
deleterious or lowered viability mutants without visible effects, deleter-
ious or lowered viavility mutants with visible effects, recessive visibles,
dominent visibles, and iso-elleles (mutants vhose presence can only be
deteqted by special genetic or enviromuental todlg).‘

Catcheside and Lea (1945) (3) review fhe data on cominant lethals in
Drosophila melanogaster and present new data. "hile these cen be shown
by statistical :eans,>uaing relatively high X-ray dcsages, to have a higher

incidence than eny of the other categories quantitatively studied, their

use in experiments at low dosages is out of the question because of relative=

ly khish control variables. Furthermore, while they are well adapted to
the study of eertain theoretical problems, their significance can hardly be
compared with that of certein of the other categories.

Iso~alleles of the normal alleles present in the original stock may,
and probably do, constitute the largest group of genetic changes, but the

obvious difficulties in demonstrating thelr presencs climinates them from
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consideration. Another large group of mutations is represented by genes
with lowered viability. Their occurrence was first noted by Muller (1928a)
(19)ang their abundance proven by Muller (1934) (21), Kerkis (1935, 1938)
(13, 14) 44 Pimotéets-Ressovoky (195¢) (39), Thase suthors ocame to the
conclusion that the class of viability mutants is from two to three times
as numerous es the lethals, lore recently, Ives (1945) (12) ena Dobzhensiy
ahd Spassky (1944) (9) nave reported similay results. This heterogeneous
group of genetic changes, readily influenced in expression by genectic and
environmental modifiers, is not amenable to quick detection and objective
classification and is therefore not favorable for the kind of guantitative
study here undertaken.

Visibles, both dominant and recesaive, occur in much smaller numbers
than any of the previously discussed categories or tham pure lethals,
Furthermore, they are subject to the traditional objection that their
discovery depends upon the trainigg of the investigator and is less Ob-
jeetive than the discovery of pure lethals vhere the proper genetic tools
are used. In any case, the time involved in finding them is very much
greater than that in finding pure lethals,

This leaves lethals and semi-lethals with and ~ithout visible effects.
Unfortunztely for a purely objective study, there is a sizeable border-
line group betveen the pure lethals and semi-lethels. In this group are
found mutants rhich may - in one generation or culture apnear to be\pura
lethals while in another generation or culture either by the vagaries of
statistical sempling or through changed}eulfﬁre conditions a few flies
may come through and they must then be secored as semi~-lethals. About
Lhelf or a little over half of these extreme semi~lethals which we have
found show visible effects.. This visible effect forms an objective

criterion for classification. The other semi-lethal group grades into
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the lowered viability class and an arbitrery criterion of classification
need to be set ﬁp to separate them., Such criteria are elther not sccurate
because of varying numbers of flies per culture or if accurate, are lebore
ious and time consuning, an important factor to be considered,

Second weneration tests of all lethals foun@'were also made. In splte
of the fact that 65 of them appeared fﬁ pure lethals in the first generse
tion count but as semisletnals in tggléecond generation count, they have

been included with the 914 lethals which behaved as purs lethals in both

- generations end the calculations based on the total number of 989 lethals

.of which a smell number behaved as semi-lethals in the second generation.

This has beeﬁ done because the criterion of selection in the first geme
eration has been a purely objective one, the total absence of ell vilde
type males. For Teasons statgd in a later section, the present authors
have not included thoss semi-lethels with visible effects in which a few

flies came through in the first generation.

ari T SPACE

3, Lethel Mutetion Rate in Control and Irradiated Males.

Bt

Table 3 presents the date secured during the course of the experie-

s

ment on lethal mutation rate in controle ard males igradiated at
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the several dosages mentiomed in the introcuction. In the first

column, the dosages are ziven; in {the second columny the number of

test cultures reared following eechk dosage; in the third.column the
number of tested chromosomss carrying at least one lethal. If lethals
are produced at random through out the test materizl, it is clsar that

et high doseges and high mutation retes some chromosomes will have

two lethals induced simultaneously. It has been pointed cut by Gowen

and Gay (1933) (11) that the epparent mutation rete at hish dosages

will therefore fall bhelow the velue sxpected on the linearity rule

unless corrections for tést chromosomes carrying two or more lethals

are made. Obvfously the chief interest here is in mutation rate at
dosages vhere this correction factor will be negiigible. IHowvever, ab

the high values, 1000 P and up, no atiempt has been made to inbtroduce
this correction factor for the following reason. It mmet be remembered
that, except where linkage tests have bcen mede, the breeding procedure
descrived above has been such thet the mutationsl complex of a chromo-
some is not separated imto its conatifuent components., This is dus to
the fact that all crossing-over is eliminated. Therefore, at the higher
dosages the observed number of apparently pure lethals will be soms-

what increascd by cases where two semi-lethals or lowered viability
mtants present in the same chromosoms cause no mules of the class carry-
ing the chromosome in question to appear even though some would have come
through if eitber ome of the semi-lethals had beén present alone. Thia
might be due to an 1nteractioﬁ and lowered viability effeet of the two
sepnt-lethals in the same orgenism. It might also result from the lowered

chance of observing one individual in the sawmple represented by the flies
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in one test culture. For exemple, if 50 wild<type flies vere expected
. @ in a culture, then with tvo semi-lethals, each with'a viability of
~ 10% of normal, the number of flies of this class expected would be 0.5;
ané with two lowered viability mwbant, ome with 207 and the other with
20% of normel viebility, the expected mumber of flies coming through
would be three. Obviously, in some individual cmses with this expecfe
5 tation, none would asctuslly emerge. Sines semi-lethal and lowvered
viability mutants togather maké up & group of considerable sie, the
observed mtation rate at high dosages will thus tend %o be increased,
Ag the above factors act in opposite directions, though not nocessariby
‘.' cameelling one another out, it hes been deemed unprofitabls to
attempt to introduce a correction factor vhere the highest dosaga
used is 4000 . It is of 1n£erest to note in the paper of Cowen and
Gay (1933) (11) that of the six points on-each of two curves for the
per cent of chromosomes without recessive lethals the last 4vo points
(highest radiation) fall below the fitted eurve. Such a resulf ia
not surprising ~hen a corrsction was msde for chromosomes besring
two lethals and no counter correction for double semi-lethals and
double lowered viability mutants.
Column 5 gives the lethal mutation rates expressed in per cent of
lethal bearing chromosomes found in the tests for comtrols and at aiff-
= feront dosages. It was intendéd to proportion the test cultures a; dif’}
f%rent dosages in such & way that the standard error would be sbout the
seme per cent of the mutation rate for each dosage and for the controls.
Actually on this criterion about twice as many data have been secured

at dosages from 1000 r up @s at the lower dosages apd controls. No




;g . T .

attempt vas made $0 secure exactly tbhe same number of mutants oi to
keep the standard error/mutation rate ratio a comstant for all dosages
atudied - for this would imevitably have resulted in selective error
toward the end of the experiments. e

Columns 4 and & give percentage vealues of vhich the observed
lethal mutation rated would be the upper ané lowver 5% fiducial lim-
its (5% in both tails Jointly). Thus, if 0.0974 per cent represents
the observed control mutation rate, then a true rate of 0.0788 would
be expected once in forty. times to xesult in an obseorved value as largs
as, or lerger than 0.0974., Similarly, a true rate of 0.1220 would be
expectzd once in forty timss to resuli in an obssrved value as low as,

or lower than 0.0974. The calculated values were obtained by the foli-

lowing method suggested by Dr, Donald R. Charles:

Let n'/N represent a "universe®™ mmtation rate and n/N
the mutation rate in a sample of N, The standard erroyr of n' 1is
i rut
Ve (i "N’)

By ordinmary theory, the upper §% fiducial limit of n* s
Ve
{
R+ 1.8 T
But from Stevems (1942) (%7) this 1imit is actually
N+ Q6 +C
C being & correction. "We want to find an n' such that
R'4+ 1L96E +C =1
Por any particulsr sample = =snd ¢ are known; the equation can

thus be solved for a-. s
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On the_basis of the experimentel svidence, 1t‘would seem thet sm
X-ray dosage even as low_ae 25 r produces a significent vise in
matation rate over that found in the controls.

Figure 2 shows the fit of a straight line curve to the data
secured. The vertical lines represent the statistical limits at the
5% level of significence. The curve is based on all the data re-
ported in Table 3, which give & conircl mmtation rate of 0,1004% per
chromoesome testad,land an induced mutation rate of 0.00215% r-unit
- of radiation per chromosome tested. Only the control, 25 v, 50 p,

and 150 » points are plotted on this curve. On the basis of this
figure, it is not unrensonnbia to conclude that the lethal mutation
rate in mature sperm of the Cantona8>stnck is direetly proportional
to the X-ray dosage for values as low és 25 r.  The low value at
150 r must be considered in comnection with the entire experiment.
As eight dosages and control velues have been studied, it is not
'surérising to find one point on the curve considerably out of line.
Fighre 3 is a loz dose mutetion rate plot made up from dete in Table

S

&, Control Values and Lothal Clusters

h At X~ray dossges of 1000 r and up the 1ndu¢ed mutatiogxfgte is
relatively so much higher than the control rate that the 1£%tér plays
a very minor roll in the experimentel procedure and the interpretation
of data. This is by no meems the casc at low doszages in the pange of

25 r to 50 r whers the control mutations may equal or exceed in num-

ber those produced by the rediation. It is therefore-importeant to




' gollest e largs body of control deta and to collect these data i

so far as vossible at the éame time and under the samé environmental
and genetic conditions as the radiation data in order %o fedﬁce error;
- from control fluctuations teo a minimum,

The somovhat lower t.an average mutaticn rates vhich wexe found
iu both contrﬁl and irradisted Tlies nseds comment. It is possible
that the genetic background in Canton=-8 is such that certain mutations
which would esect as lethals in soms stocks behave as semi-lethsls here
becauss of the gpnemuLvigor of the stock., Many of the experimenis on
the lethal mutation rate have been done on wmltiple mubtant stocks less
vigorous than Canton-S. Furthermore, in our sxzperiments the uss of
yeast-enriched media tended to bring through soms fliss vhich, on a
poorer medium, would all have died before the adult staze. These
factors would contribute alike to the lower than averare mutation rate
in both control smd irradisted emimels. They <o not aceount, however,
for the fact that »hile the natural mutation rate is low, our radia-
tion data indicate that it would be doubled at about 50 P rather than
at the somevhat lover doéage previously calculated by Timofeofféﬂesmovsky.
emmiy (1937) (40), pmother this apparent deviation from the results
of other.vorkers, if significant, is due to intrinsic causes or to
differences in dosimetric measurements can not be decided at present.

The data on both controls end each dosage group were collected
and filed im weekly lots as explained above. These lots vere in turn
mede up of sub-lots consisting of the test cultures on each tray, an

averaze of @ little lsss than 100 cultures per tray. The filing of

the data in this wey mede it possible tc observe and test cases in




which the lethal distribution among control andéd low dosage cullures
appeared to be non-random. This procedure led to the discovery of
several cases of what ve shall designate as "lethal clusters™ among the
controls and the low dosaze testis. As this matter hes an important hears
ing on the collection of data in low dosage experiments some speciflc
cases will be presented in detaill.

Anong 1726 test cultures exanined dn the forty-second lot of
controls, there were seven lethals found where, on the basis of the
control rate establishgd, about 1.7 lethals were expected. Four of
the lethals were found in two trays, tvwo per tray, and all were late
pupal lethels. As not more than 20% of all iathals are pupal this made
their chance association even less likely. It ves thought that these
might have come from a Centon-S5 male cerrying a semi-lethal X, bul sube
sequent tests showed that this was not the case. In Table 4 the data
are pressnted. It will be noted that the linkage tests nlaced the loci
of these four lethals at 22,7, 25.3, 23.2, and 23.4 on the genetic map
of the X=chromosome.,  This faet, in conjunction with their vhenotyrie
character (late pupal)vcleérly indicates thet they are one and the same
lethal. ig there vsre‘three creamer cultures of each lethal reared,
this really amounted to 12 test cultures ﬂn& 1333 flies reared ﬁith not
a single wildftype male coming through. In'aédition @ half-pint, mass
culture of each of the four lethals was reared and several hundred flies
from each culture examined with no wildetype males appearing. It seems
well ecbablished that this was a pure leﬁhal and not & semi-lethal and
that the four lethals found actually ceme from four sperm eells derived

from the same Cantop~S male and all cerrying the same lethal which mast
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heve arisen in the germ tract of this male. The male might possibly
have been a gonosomic mutant (81dky.1940) (34’, thé germ cells all le=

thal bearing and the‘boéy colls non-~lethal bgaring. Such an ezblanation
i® in principle the seme as that suggested, the lethal mntétion having
arisen at an earlier stage in the ontogeny of the male.

Among 804 test culturses exemined in the forfy-second lot at 50 wp,
twelve lethels were found. At the mutation rate sstablished for this
dosage, about two lethals were expected in the 804 eultures. Three of
these lethals vere found in one tray of 119 cultures and four in & tray
of 89 culturcs. These seven wers run through linkége tects and three
cultures of each rere raised., All proved to be pure lethals and the link-
age tests showed that six of the seven vere probably idemntical. The data
on this case are given in Table 8. The other five lethals in this lot
were not tested for linkaga relations. Some or all of them may have been
i&enticalwﬁd1tha 8ix shown %o be tThe saws. Such a cluster of pure lethals
can best be accounted for by sssuming that a lethal arose early in the
germ tract of one of fthe 80 Canton-5S males used as grandparents of the
flies in the 804 test cnltpres. Théae lethsals would then be control
lethals and not due %o the radietion, although they sppeared in the 50 r
tests. ‘

In the forty-sixth lot at 50 x;fhree lethals appeared in one tray
of 89 test culfures. Linkege tests placed their loeci at 0.0, ée.o and
36.4. Apparently two were identical and the third at a different locus.
Two lethals appesred in & tray of 94 cultures in control lot 67. They
proved to be identical, the linkage testas placing their loci at 29.1 and
29.2. In the third lot at 50 r two lethals were found ix a tray of 89

cultures; the locus of both by linkage tests proved to be at 52.0. In
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the fifth lot at 150 r in a tray of 94 cultures two mutants were found;

one gave no wild-type males in the test culture and the other gave one.

The linkage tests placed theso &b 23.7 end 24.4 pespectively, During
the linkage tests,a few flles came throﬁé£ sﬁowing ertreme rough eyes,
coarse and irregular bristvles, and c¢oerss textured wings sometimes nicked.
This is apparently an eztreme semi-lethal allele of goggle, locus 25 in

" %he X (Bridges end Brehme 1944) (), It is unlixely in the latter case
that one of the CantoneS meles irradiated at 150 r was goggle as these
flies were exsmined for mutanis,end such an extreme phenotype would not
scam likely to be overlookad. It scems more likely inm the light of evide
ance fr@m the othe; cases that this represented & visible cluster.

The following case, however, illustrates the fact that a visible
might be overlooked in selecting Canton-S malss foriirra&iation. In lot
54 at 150 r out of 830 test culturcs fourteen were found showing wavy
wings. These cultures were found in four trays out of the nine 1850 »
trays for that week. There.were 364 cﬁltures in these four trays. on
the aversage about ten test cultures should come from one male fly. In
this case it seems probable that all fouriecen femele paients of these
test cultures showing wavy wings had obtained their wavy-bearing Y-chromo-
some from the same malec. As some wavy males epprosch the normal im pheno-
type it could easily have been overlooked whenm the Canton=S males were
selected for reying. This case, however, may represent anotﬁé?hviéibi;
cluster. The linkage test of the mutant placed it at locus 40.7. The

mutent fits the deseription of wavy, locus 41.9 (Bridges and Brehms) (4).

From the evidence presented above, it seems cleer that mutation

clusters, groups of gorm ¢ells bearing azn identical mmitation which has
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arisen ot en sarly stage in the germ trect, are likely to form an ap-
Fggciahle proportion of the control or natural mutations recovered. The
time at vhich the mutetion occurs in the germ tract need have no bearing
per se on mnﬁation rate. But 1t will heve a definite bearing on the strue-
ture of samples taken from mature ger: ¢cells., In small Drosophila pop-
ulations this phenomenon could play & role in the high incidence of cer=
tain mutant genes. In the present provlem,it has a definite bearing on
the method of sampling the germ cells from s stock of flies in vhick muf)-
famion rate is being studied. In this study, between 20,000 and 25,000
Canton-S malss were used to secure the sample of sperm cclls for the
200,801 test cultures. If the experiment were to be repeated onthe same
scale, about four times this mesny maiss would probably be used. Ideally,
oye male should be used for each Fy test culture. Hovever, this vwould
practically double the work so that half as meny data could be collected
in the seme time. A reasonable balénce should te struck betwsen the work
involved in the gampling method and that applisd to the eollection of
test deta so that the sampling errvors way be kept small and the data
secured may be as extensive &s possible. It seems clear in the present
experiment that each lethal tost culture found in a demonstrated lethal
cluster must be scored as e seﬁarate lethal &8s ecach test culture from
a non=lethal clusier ofvgerm»cells is scored as a separate nonpiethal.
Obviously there is no met¥Hod of demonstratihg the test cultures forming
nom=lethal clusters, but by 1mpliqation they.must be there.
The present authors believe that the bvody of data presented in
this report is sufficlently large so that the sempling error from control

lethal clusters dces not seriously invalidate the conclusions dravn, It

.
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is not unlikely, hoﬁever, that soxe of the variations in control mu=
tation rate in oifferent stocks and in the same stock at ¢ifferent tihes
as reported by various workers can be accounted for on the basis of insuf-
ficient or feulty sampling. Iven vhere linksge tests did not demonsirate
any lethal cluster, the inclusion of a disproportionately high aumber of
germ cells from non-lethal clusters in one experiment might 7ive a muf-

E tation rate lover than normal. It seems clear that vhere control date

are necded; the method of sampling the germ cells must be given careful

consideration. Iuria and Deldbruck (1943) (17} aiscuss the sampling prob-

lem involved in determining mutation rate in bacteria, andé Ausrbach and

Feno (1943) (2) consider the same probleﬁ in dealing +vith the scoring of

matations arisinz from chemical treatiment of Drosophila larvae,

5. The Mutation Rate at Low Dosages

A8 will be seen from Table 2, only tro weekly lots of flies were
irradieted at 2000 r and 3000 r and only one at 4000 r. As mich worlk
has already been done at those dosagem,the present purpose was only to
secure some additlional data at these dosages as & general check on the
low dosage experiment. From all of our data, essuming a linear r-dose/
mutation rete relation, the control mutation rate value has been calculated
as 0.1004 % and the mutation rate per r-unit as 0.00215%. From these data

- it zppears that the control or natural mutation rate is doubled by a dose

age of 46,7 r.

Owing to the possiblity of errors at the high dosazes dus to the
small number of irradiated lots at these dosages and comsequent ¢hance

of errors in dosimeter reacings and to the ineccurscies introduccd by

multinle lethals and semi-lethals in sore chromosomes, a point 4 seussed
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at length above, it vas decided to celculate the control ancd radiation
matation rate on the basis of the data collected at C through 1000 »
radiation. Thess data vere less likely to be suvject to errors in dos-
imeter readings as all racdiations at 1000 r and lover vere carried out
on many weskly lots of flies (sce Table 2), They vere relatively free
from errors due to multiple mutations in chromwosoames tested owing to
the low induced mutation rates, Calculations cn the basis of these
data gave a control mntatién rate of 0,1039% and a mutetion rate per
rsunit of 0.00197%. These figures indicate a doubling of the control
mitation rate at a dosage of 82,7 . The two sets of valﬁes check
closely, the low induced mutation rate at 150 r and the high rate at

4000 r, accounting largely for the minor ¢ifferences im the figures.

In Figure 2 the solid line represents the curve based on the as-
sumption of a linear r-cose/mutation frequency relation and calculated
from all the cata, while the broken line represents the curve calculated
from the data for controls through 1000 r radiation. On the bhasis of
this curve, the 150 r mutation value shows a deviation from the expected
at about the 5% level of significance, and the 50 r value shows a devi-
ation in the opposite direction and almost as great. If the control
lethal clusters reported for the 50 r material had been present in the
150 r cultures the deviation of these two points from the fitted curve
would have about the same values. The deviation os the mutation rates at the
different dossges from_the expected values may well be explained as due to-

chance, perticularly with the factor of control lethal clusters taken into
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the linser r;dbse/mtation rolation &t high doeazes will show that herep
also, chance and unknown variables cause consider#ble fluctuations from
the theoretical values to be expecied. On the basis of control through
1000 » deta the facte are consistent with the interpretation that the
linear r-dose/mutation frequency relation holds at low dos;\é;ges.

As thesecata, eitler including or excluding the high dosage mat-
erial, vgive & lover control mutation rate than most of the data pub-
1ished and at the same time a higher r-doseze necessary to double the
control rate, 50 7 in contrast to the 35 r estimate of Timafeeff-Résspvs\tY
sewwely (1937) (40), it is of importance to conzider possidle fac_:tors
which may account for the discrepancies,

Let us consider first the relatively low control matation rate
socured in the present exveriments. A survey of the sarlier litere
ature» on the induction of mutations by X-rays shows thet in individusl
radiation experiments jalmost invariadbly inadecuate data were secured
to establish a control mutation rate within reasoﬁably narrow limlts,
This is no reflection on early workers as the high Cosages employed
showed a tremendous increase in the 1n§iuced mtation rate even if the
control rate v.veré in error byla factor of 10 or more. However, when
the small lots of comtrol data from separate experimsn:ts are combined
into larger lots representing control data collected at about the same
time in the radiation work, an intereéting comparison may be made. The
sarliest control data, thoze reported by Muller and Altemburg (1919) |
(25). give a very high mutation rate. Ths swmary of control ~dam

(schultz 19368) (32), axcluding the early data of Muller end iltenburg,
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and based on 15 different experiments totaling 26,145 X-chromosomss
-testad gives a control rate of 0,18%, Dubinin (1946) (10) published
a table on control mutation rates in which two sets of data are om a
scale’ sufficdiently large to be of some validity, .In this table, datea
of Tmoféeff_nessovgky published in 1940 on 8 lines of flies and 68,221
chromosomes tested give a mutation rate of 0,14%, and data of Demerec
(1987) () on 12 lines and 13,612 chromosomss tested give a mutetion
rats of 0,108, It is quite possible that improvements in culture

S oconditions, particularly the addition of brewer'’s ysast to the culture
medium, have resulted in the apparent lowering of control mutation rates
by bringing through a sizeable group of semi-lethals which would bs
scored as lethals under poorer culture conditions, The criterie used

L
in scoring lethal mutations will also have & bearing on the apparent

. lethal mutation rate, and these oriteria should be carafully stated '
for coumparative purposes,
Whether the present low control rate is due to improved culture con-
ditions end rigid ascoring of lethals or to & trus low rate of the Canton-S
stock or to both, a doubling of the control rate is still obtained at
about 50 ¥ either including or excluding the high radistion data, The
discrepancy botween this figure and that of 35 r based on previous high o
= radiation experiments may bs explained by a large scale experiment recently
| reported by Muller (1946) (24)¢ Ho finds that "experiments involving
tests of some 200,000 Lohrdinoaomas for 'spontaneous lethals’ demon~

strate that the time rate of mutation varies greatly among different

e types of normal cells, representing different stages in the germinal
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L
eycle. Overell mutation frequency is two oi three times higlier in the
first erop of spermatozoa, sccumuloted during & mele's pre-imaginal
1ife, than in those of a week later, derived from a non-virgin mele®
I% seems likely that’much of the sarlier control data yere collected
fyrom flies of varying ages vhiile the pressnt data coms exclusively
from fliss of one wee& or less in age. As the figuwre [or the douhling
of netural mutation rate at ¥5 r +es based exclusively on relatively
high rediation date, the control mutations ocecurring in the irradiated
..material would have @ mnegligibvle effect on the results. lNuller's exe
perimsnts, carrieQ on at the same time and oun about the same icale as
tﬁe present ones, meke possible an explanation of the apparent discre-
pancy between the present findings and thesse previously reported. One
must conclude, however, om the basis both of our high ané low dosage .
.dgtg,.that Cunton-S has & somewhat lower indﬁeed matation rate than the
average of stocks previously tested wuanless the discrepancy is due en-
tirely to 1mprove§ culture conditions and rigid scoring of lethals,

The preeent.data clearly indicate that, for radiation vith i-rays,
dosages as low &8s 25 r produce mutations as drastic in thelr effects
and in tﬁa same proporticn to the dosage as do exposures to high dosa>
ages. Thné, thers anpears to be no tolerance dose bélowlwhich mutations
are not induced., The total effect of X-rays on the induction of point
mtations in a fruit-fly population will 8epend, therefore, on the mean
value of reunits to vhich the individuals of the population are exposed,
In other words, the total effect on the germpplasm of a population of
100,000 individuals would be as great if each individual received 1 r

at the begimning of the rcproductive period as it would be if 1,000

»1nd1vidnals each reveived 100 r and the others nome, If the data om




flies can be shorn to have tramsfer value to men, then widespresd ex-
posure of large numbers of the human rece during the reproductive period
even %o low dosageg of X-rays must be looked upon &s a serious haszard.
It shouléd elso be %spt in mind that for all practical considerations
pmutation of the germeplasm is en irreversible proéess. The new mnf-
tation, once it occurs, cannot be cured or alleviated. 4As most trans~
mitted mutations, however deleterious their effects, are recessive,
the impertance of the imduction of a mutation is not to be reckoned

in térgs of-its effect on cne individual, but rather in respect to
ite possible effect through transmission to meny individuals over a
large time scals.

6. .Aﬂpendix A, Visibles and Visible-Lethal Ratios

Teble 6 contains the dete on the occurrence of pure lethals, semi-
iethals without visible effects, sewi-lethals with visible effeots and
vigibles., No data are given for the fliss subjeetad’to the 85 r dasage
&s none of these cultures were examined for wisibles., In the table the
pure lethal cluss contains those mutants tested through two generations
without showing any rild-type males. In addition %o those listed, there
were 76 mutents of this class found in the 25 r lots. In testing these
lethals, 263,773 flies were etherized and classified, an average of 277.6

flies per lethel testad. The gemi-lethals vithont visihia affoets are

for the most paru eultures vhich were set back because no wild-type males
had emerged ~hen they vere first examined and in vhich no ~ild-type males
were present vhen the first counts were made on them. Many semi-lethal

and lovered viebility mutants were observed but not recorded for the
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reasons given above. Therefore the figures on this group should not
be taken as a quantitative meesure of the total numbers of this type
of mutant occurring. They areincluded in the table to complete the
record. If temperature and other culture conditions were'held c;nstant
and if teast cultures were always exemined the same length of time after i
they wéra made up, seml-lethals could be recorded objectively and used |
in the totals for determining comparative mutation rg Apkhgwpmver, ;
the present test cultures were subJect‘to the usual téggg;g;ura fluctu~- i
ations found in a non air-ccnditioned laboratory, and fgr reasqna
explained sbove, this class of mutants wes not dealt with gquantite-
tively.

All aemi-lethals vhich showed visible offects vere classed with the
visibles in calculating total visible mutation rate. This would seem
to be the most objeetive procedure, for it is possible on the basis of
viability to arrange a continuous series of visibles rsnging from
extreme semi-lethal types at one end to mutants with a viability equal
to most wild stocks at the other. 4 criterion for separating lethals
from semi-lethals vas set as the 1na511ity of wny fllies to emerge from
the pupa case. vhen fliess can be shakén‘ou; of the cultu:e bottle,
they are considored as non-lethal even though they many die soon after
emergence. Several interesting types of this sort have been seen.
In the 40€h lot at 85 r, two semi-lethal visiblea of particular interest
have been found. In one, the tarsal joints were absent from all legs.
In anoiher, fhe flies on emergence shoved completé‘ lack of muscular

coordination and soon died.

Since during the second year of work most of the cultures were
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not etherized and examined for viaibles, it kas bean necessary to

eatimate £he nuer of Yisiblen cccurring from the serple of culff-
tures which were exemined. In all, 73,457 cultures have been ether-

ized and exemined for visibles in ecdifliom Vo those culturce ether-

ized as notantisl lethals and found Yo contein semi-lethal visidles,

As may be scen from the teble, the estimates of visidle-lethal ratios

at the different dosases are not based on samples of squal sisnifie
cance. lowever, the total data on visibles seem sufficiently sxten-
sivé to Justify their inclusion. Fassd on & total of 836 oure le=

thals and 159 visiblee (of the latter 132 were discoversd and the
others calculated from the samples 6f culturog sctually ezenined),

the over-all lethale-visible mutation ratio is 5.2 tl; Furthermore,

the recorded ratics avre quite similar for controls and the differ-

ent dosapges. This result is sﬁbjeet to -a considerable statistical
error so that the ratios may be intrinsically somewhat different. Such
a difference would be expected since it is known that Xeray ipduced lef-
thals consist of %wo classes, namely, eytologically visible small defi‘»
cieneies and c§;91031ca11y uwnrecognizable changes, while spontansous 1e.—
thals are compos;d nearly exclusively of the latter group., It will be
noted that the ratio of 10.3 = 1 in the case of the 50 r dosage is based
on a relatively smell number of cultures examined consideriﬁg the low
rate of expected mutation. Schultz (1938) (z2) $abulates the lethals
end visibles found in radiation exveriments by five different workers.
They found 1.189 lethals to 161 visivles, a ratio of 7.4 : 1. The
somewhat 1owér réticn obtéined in the present exveriment may be due

to a difference in criteria of clasgification or it ma? arise from

an ipherent difference 1n stocks. In any case, the order ol
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magnitude 1s the same,

As the total mutation rate is composed of the sum of the mutation
rates at the different loei, a comparative stud: of mutation et airf-
{ferent loci is of interest. Obviously,sex-linked lethals are not adept-
ed for such & study as there isg no gencral vay by vhieh two such le‘k

thals cen be tested for allelism although Alikhenian (1937) (1) ana
Shapiro (1937) (83) were able to meke such tests far loei which could

be "coversd®” by the presence of a deleted X-chromosome in addition

t0 the undeleted X-chromosoms of lethal-boaring males. A comparative
study of visible mutation rate could best be wmade by using an attashed -X
@ stock end examining individusl males for new sex-linked visidles.
However, it seems worthvhile to include the data we have Secured from

over 70,000 test cultures examined. Vhile new sex-linked mutants have

béen found as individual males in cultures examined, these have notd |
been tabulated, and all cases mentioned are of cultures in which &ll of
the Canton-5 males showed the visible. Fach recurrence roprosents &
new mutation at the locus; in the case of the goggle locus, the two
mutations recorded are probably a seml-lethal visible cluster. Of the
total of 148 visibles agd semi-lethal visibles found {these include
some semi-lethal visibles at 25 r not recorded in Table 6) 47 were if-
danxified by their distinetive phsnotypic appsarance and by liﬁkage tests
&8s reprasenting mutations at knoﬁn loci in the X-chromosome, * Most of
the others were probebly also mutations at known lobi, but 1n the ab-
sence of an easily identified and distinctive phenotype, no attempt has
been made to associate them with known loei. Thué many recessive minute
bristle typqs have been found, but as this phenotype is founéd at several

X~chromosome loci it is difficult to identify them. Table 7 presents fhe
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data cn the mutants ldentified, giving the recurrences and the dosage

at vhich each matant appeared. It is to be remembered that at least

soms of the mutants occurring in the radiated materisl may be control
mutations and not dus to the rudiation. No cuantitative data for the
white and Bar loci are gi%envas these loci for technical reasons could
not be investigated accurately in the genetic set-up used. Several muf-
tations to the Notch deficiency have besn found but are not listed in the
table.  The table ineliudes & column showing the percentage of the totel
number of visibles which has occurred at each locus, and another colwum
for comparison compiled from data on visibles in the report of Bridges
end Brehme (1944) {4) based on over 600 visible mutetions at sex-linmked
loei (The Bar and white loci were omitted im meking this tabulation]’ Im
genexal, the visible mutation picture in the two sets of data seems rather
consistent., Visibles havec heen found recurring repeatedly at certain
loci.known ffom previous work to have & relatively high mutetion rate.
Posgibly & more accurate comparison could be mede 1f the percentages vere
doubled for each locus for about half of the visibles which have haen
included wers semi-lethal vigibles, vhich are not so likely to have been

seern, or, if seen, oy have remained unanalyzed in previous work,

It would ap ear that the present muvation ratves at the yellow, scuve,
niniature, garnet and forked loci are 1over'than those réﬁorted before,

but higher a2t the furrowed ru&imentary, ané fused loeci. However, the num-
bers are too small to significant. Of the 47 mutants listed in the table,
five occurred in the cqntrols‘ 'This is the sams proportion of control wis-
ibles to radiation visibles as that founcd among all tie visibles re=-

corded in Table 6. On the basis of the relatively constant visible-
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S
lethal ratio at different dosegzes as indicated by datéadn Tabdble 6,

it may be inferred that epproximately five more of the wisibles listed
in Table 7 from the radiation lots are setually control visidles. I%
would seem that most of the visibles listed in Table 7 were induced by
the radiation. There is no way of knowing which of the speeific vis-
“ible mmutations occérriﬁg in the radiation experiments were really spone
tansous céntrol visibles, Without this knowledge and vith ponéiﬁerétioﬁ
of the relatively low number of visibles, it is premature to.speculate
whether or not relatively hichly mubable loci, produecing visiblec even
under control conditions, have a high induced visible mutation rate fol-
lowing irraiiatiom. This is a problem worthy of future investipation,
Extensive exporiments on specific loci may shor that some react dif.-
{%rently from.ofhers in the relative nurbers of control and induced vis-
ibles occurring. This, however, vould be no proof that the total dos-
ags mutation eurve for induced visibles differs from that for induced
lethals, Loel yiselding lethals msy slso resct differentially from others
to radiation. The latter point would be more difficult to esteblish ow-
1n§ to the difficulty of idemntifylng lethal loci. However, the problem
might be attacked.by studying lethal mmutation rates at loei in vhich

7isible alleles occur. In this connection,it is of interest to note

that in the present matdrial, among those lethals tested by linkage tegts
and not found to be associated with’crOSSsOVGr inhibitore, eleven lethals
were found so close to the scute locﬁs as to give no crosaing-ofer anong
about 200 flies per test. Two such lethels were found near the cross-

veinless locus, three near the vermilion locus, oight near the forked

locus, and none mear the cernction locus. Thus, of 194 lethals

|
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pot sssogisted with cross-ovey inhivitors and tested for linkege, 24
oceurred in the regions of the five marker loci. Of the 148 visibles
found, 11 were located at these Live locl or gave no crossing-over
with them:. Had all semi-lethal visibles been tcsted, it seems likely
that seversl more visibles would have been found so close to these
loei as to give no cros:ing-over with them, The numbers are too small
to eStablish any relation of mutation rate to cosage at the individuwal
loei, but the data indicate that induced and control lethals and vise
iblcs both oceur at specific loci, In the course of linkage tests,both
vizibles and lethale have been found associated with crosse-over inhibe
itors particularly abundeat at high dosages. “hile no cytological
studles of these cases have been made they vprobably represent gross
chromosome rearrangzoements. ‘

On the basis of the facts presented in Appendixz 4 the tentative
conclusion was reached thet the same Ye-ray doaagp/mntatiou rate rele-

tion holds for sex-linked visibles as for sex-linked lethals.

7. Appendix B, The Linkage Mep and Cross-over Modifiers

The linkege relations of 205 lethals and 39 visibles were studied
by the method outlined in the seciion ou gemetic procedure. In additionm,
the locus of & number of recurrent visibles was determined by crossing
them directly to flies from stock of what appeared to be the same vise
ible or an allele., In the linkage tests 60,515 males vere elassified
for the five marker gones used and in the case of visibles, for the
visible being located. This made an average of 248 meles per linkage

test. In only thres cases wers less Than 100 flies classified, in 18




bstween 130 and 150 flies, in 27 between 150 and 200, and in all the rest
over 200. In ¥igure 4,the loci of 229 out of the £44 mutents studied
are shown arranged in the order of their distribution on the goenetic
map of the X-chromosome and in Verﬁical columns representing treir
distridbution in rezicns of five crogs=cver units in leagti, Tech lo-
cus has been assigred by caiculatioﬁ from the numbers of cross-overs
vith the marker gecnes on either side of the mutant studied andé by cor-
recting tke map distances thus determived by comparison with the etand=
ard map distence between the two markér genes involved, “here a muf-
tant wes found to lie in & region containing e signifieant eross-over
reducer it has not been included in the figure. The greatcst numbsy
of mutants vas found at the extrems left end of the map,snd the small-
ept number in the adjacent region 5-10, Other peaks occur in regions
R0=25 and 55~-60. Kiost of the mutants within the tvo highest pesks are
fourd at or immediately adjacent to the scute and forked loci respec.»
tively. On the whole, the distribution of mmtetions &long the length of
the Xechromosome which was found agrees well with the distribution dee-
eribed by earlier workers. Muller (1928a) {19) was the fivst to provide
such data. On the basis of extended obéervatiohs ke returned later to
*he same problem (Muller and Peinter, 1932) (26), similarly, Oliver
{1932) (27) has studied the distribution of 233 lethals in a radiation
experiment and finds peaks at or near the scule and iofked loei.
Slizynska and Slizynski {1943) (ss)hava investigated the distribution of
89 chemically induced sex-linked lethals from experiments of Auerbach
and find & peak in region 075,_and a low point in region 5-10, They

state: "The lowest frequency was found between 5 and 10 due to sudden




42,

drops around locus 10® It is interesting io note in this connec=
tion that the longest blank repzion in the present mep is from region
2.4 to region 12.7, & map distance of 3.3 units. It should be kept

in mind thﬁt the fisures in the data here presented are based on the
actual cross-over counts and ¢o not mean that there are as many as
172 loci in the X-chromosoms which can be separated by crossing-over.
As some recurrcnt V1éibles have heen mapped more thar once and Tall
near but not ét the same locus according to the linksge tests, chance
variations of the same type have almost certainly occurred in the case
of nons Tebiale eated, '

During the course of the linkage tests it was noted that crosse
ing=over secmed high 1z the .left vnd of the chromosone, thevregion from
scuts to verﬁilion. A separale linkage test was therefore run, involv=
ing 30 cultures of Canton~S/se=cv-v-f-car fomales to Muller 5 maiea.
Tabulation of the 2,790 males gave 15,7% eross-overs betwsen s¢ and cv,
23.4% between ov and v, 26.6% betweon v and £, and 5.7% betwoen £ and
car, The staniard map distanceé (Bridges @nd Brehme 1944) {4) for these
regions are scecv, 13.7; cv-v, 19.3; v-£, 23.7; and :-car, 5.8. It will
ve noted that the laft end'of the X gives relatively hizh cross-over
values in the present test. |

Using the map derived from this experivent instead of the stane
dard map, the cross—over values for cach of the four map reglons in
each of the 244 linkege iests of lethals and visibles were exaemined
for significant deviations from the values given ghove. Significantly
high cross-over values were found gepegtediy in the two regions to the
left of vermilion, a portiom of the X whieh has generally been found

relatively free from variatioms in ercssing-over {see Bridgesl9i5 ‘3);
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Plough 1921 (29); Kikkava 1934 (18)), However, no attempt was made

to ahalyse these cases further, and it is not known vhether they were
due to genetic or environmental modifiers oé both,.

Of more intercst in commection with the presont study vere a
number of cross-over sup ressors, which ciiminated or very strongly
- reduccdé crosaing-over. Table 8 presents the data. It should be stated
@ that linkaye atudies_mere undertaken only to de-onstrate that the
lethals and visibles secured were metually different from one anothaf
and Bot to study eross-over supprecsors. Most of this work was Jone
the fir:t year, and few lethals at dosages above 1000 3 have been analy-
sed for linksge relations. Howsver, it will be noted that of the 16
CToS8~0vey suppressors reported, nime were associated with lethals or
visibles at 2000 r or above. Only £8 mutanis at these dosages wers
atudied.for linksge relations, Five more 0f the ¢Y0oss«-0vVer supsress-
ors were found among 85 lethels end visibles from the 1000 v lots and
only two from the 131 lethals and visibles at dosageés of 500 r or less,
Lea and Cateheside (1946) (16}, after reviewing the svidence from Gata
of Timoféeffoﬂessofs!w {1939) (41). Oiiver (1932) (27), Demereec (1937a)
(5) and Uemerec and Famo (1941) (8), came to the conclusibn thet gZross
chromosome rearrangements, which have been shown to lncrease approxie
mately &s the 3/8 pover of the dosage (see Maller 1940) ‘22), do not
in themselvee constitute a separate class of lethals, bvut rather that
lethals, of waich a large class cccur at chromosome breakage points are
therefore ofﬁen associated with groes rearrangements at high dosages.

The data in Table 8 Indicate that visibles also tend to be associated

vith gross chromosome resrrangements at high dosages. Very extensive
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data of Patterson, Sténe, Bedichek, and Suche (1934) (27) on reciprocal
translocstions in Droscphila indicate that over tvo-thirds of 466 cases
studied were not viable in homozygous condition under the culture cone
ditions employed by these workers and were therefore associated with or
ware recessive lethals or semi-lethals, The presence §f a large group
of_chromosome rearranrements after high Xe-ray doseges makes 1t diffi-
cult to determine actual mutation rates because of the chance of t+o

or more mutations beiﬁg assoclatecd with such a rearrangement and there-
fore not easily separable. For a study of.tha dosage/mutation ref-
Lation, however, this éroblem.bccomes less s=rious at dosagzes on the or-

der of 1000 r.

-,

a, Appendix C. Discussion of Technical Problems and Pitfalls to be

Avoided in Mutation Rete Studies

Sinee large scale mutaiion rate experiments on cantrui material,
low dosages of X-rays and other extrinsic agenis vhick induce muf=
tations mey subsequently be underiaken by others, it seems pertinent to

discuss some of the technical problems which this type of work involves.

In the first place much attvention suhould be given to the design
or'the experiment. The planning of a large scale experiment should
take into consideration the testing of one or more reasonable hypo-
theses with particuler attention paid to a proper bdalance botween
uniformity of procsdure in collection of data and a certein dezree of
flexibility as the experimentel data are accumlated. Careful cone
sideration should be given to the ratio between control 'and experi-

'hental data. These data should, in <0 far as possible, be collected




-

495,

in such & ray that unknown variebles are most likely to de cistribu
ted at random to control and experimental material. This invelves
a careful distribution of control data in time as vell as in space.
The advice of a traincd biometrician, who not only understandis sta=
tist kal procedure but is conversant with the tectnical difficulties
involved in the spceific program, is invaluable both before the in-
itiation of the experiments and from time to tims during the period
when data ere being collected. & few hours of careful planning may
save months of laborious work ena give a marximum yield of valid data
for the time and effort expended.

As expériments of this type »ill extend over a relétively long

time period, special attention should be given to establishing a

routine whersby the work will ve done on a uniform schedule. Small

changes in laboratory technique vhieh eliminate unnecessary labor
become highly important. %Every unneceséary step eliminated makes
possible the collaction of that muech more dats and consequent ine
erease in its reliability.

Careful attention should be given to the choice of nersonnel
for experimsnts of this kind. A large nroportion of the work is of
a routine nature; yet the individuels doins this work must be ex-
tremely careful and accurate and haQe an honest appreciastion of the
consequencas of errors whicé.might invalidate the data, That part
of the procedu e wheré such errors are most likely to be made should
be handled by fho members of the personmnel who thoroughly understand
the necessity of aveiding these errors. :

\
Careful consideration should be given to the choice of the bio-

logical materisl used in mutatiog rate studies, The genetic tools
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developed primarily by Dr. Muller make possible mutatlon rate studics

S on Drosorhila melanogaster on a scale and at & 1 vel not at present
attaineble in any other animal. The present authors consider the Mul-

’ ler 5 stock almost ideal as a tool for the study of lethal mutation
rates in the X-chromosome of this species. Not only can sex-linked

- lethals be,rapidly and accurately detected, but aftsr they are found,

tha& can easily be maintained in stock by the use of this tocl. The

short 1life cycle, ease of culture, and ﬁigh fecuncity of this species

mark it as the material par excellence for mutation rate slhudies.

Data from this species must long serve as a basge of referecnce for work

on other organisms.

Eventually natural and low radiation mutation rate studies on
speéific genetic loei may be undertaken. First, however, the seneral
matation rate in an entire ehromosome under different conditions
needs to be zstahlished. Reasons have hHegen given (sea.above) for the
cholce of sure lethals as the eategory of mutations to be studied,
Hovmever, data from both visibles and lethals incdicate that one is deal=
ing vith variable mutation rates at different loci. Yet the zeneral
metation picfure for vieibles and lethals under low radiation appears
comparable {(see Table 6 in Appendix A). Therefore, as the total con-
trol and low rediation mutation rates for the entirs X-chromosome
are =0 low that they °°BStitule a limiting factor in tie collection
of valid data, any procedure whieh will allow the inelusion of mu'=
tational categiries stiher than pure lethals on the same objective

lovel and with little additional work seems desirable.
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In tbhe present experiments, vhile the Centon-S stocks, from which the
chromosomes being tested were derived were kept at constant temperature, 24
C £1, the experimental test cultures reared for the detection of lethals were
kept on open shelves in cabinets in the laboratory, where rather wide fluce
tuations ip temperature occurred at different seasons of the year. This pro-
cedure resulted in some lots of experimental cultures being reared under tem-
perature conditions vhere the ewsrgence of the flies in the cultures vas
further advanced at the time the cultures were exemined than in other lots.
Furthermore, certain mutants behave as semi-=lethals at one temperature and
as leth:ls at another temperature (see Dobzhansky and Spassky 1944) (g)e
Many examples of mutants vere found whieh behaved as lethals in the first
generation ané as semi-lethisls in the second generation, Some which appeared
as lethals in the t+o test generations acted as semi-lethals in later linkage
tests, As explained ahove, all mutants vhich were scored as pure lethals in
the first generation were included in calculations of mutation raté.' However,
had the cultures been rear=d at constaent temperature, a rather large group of
semi-lethals and delayed emergence mutents with visible effects, discovered
through the total absence of the semi=lethal or delayed emergence class vhen
the cultures were lirst examined, could have been included in the totals. The
presenf experience with such mutants wouid ind%cate that the inclusidn of
these classes woulc increase by 10% or more the totel mutations discovered,
a considerable figure wvhen low mutation rates constitute a 1imiting factor in
these studies, In any case, tgst cultures should be reared at constant
tanperature to cut to 2 minimum inaceuracy in objective scoring of that

elass of mutants vhich is semi-lethal at one temperaturse and lethal at enother,
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The present experience with "lethel clusters " emphasizes the
1mp9rtance of developing sampling methods vwhich will reduce errors
from this source witiiout being unreasonadbly cumbersome énd tima COnw
suming. Obviously a compromise solution is indicated,

Finally, every reasonable preceuilinn should be taken to mease
ure accurately the X-ray dosages administered. To the biologist
working im this field,fluctuations in the out-put of X-ray machines
~end in the performance of dos}meters used in checking this oubput
constitute an exaasperating source of error and one which mﬁst be
compensated for in so far as posslible by the design of the experiment.
The chances are much better that the radiations received aetually
bear the relation to one anotherrwhidhche readings indicafe if meny
small lots of flies are irradiated at weckly intervals and the rade
iétion experimenis at different dosazes are run in parellel tham if
all work al one cosage is donme at one timesand that at another dos-
age at another time. Evan with the best physical eqnipment availe
able, ths chance of.efrors from faulty me2surement of_ﬁosage should
be realized anc every precaution taken to kezp then at a minimun,

No attempt was made in the present experiments o apply the radiation
at constant température. The laboratory in which the radiation was
carried out vas not temperature controlled, With the accumulation
of evidence that mutation rate may be 1nfluen§ed by Secondary 8X=
trinsic tactofs,.it would seem thet soms attention might well be
givén to temperature contiol during radiation. The authors do not
consider that this factor introduced any large error in the present

data, yet it eould vell be controlled in the interest of eliminating




a possiblo variable.

9. Summary .

Usinz a tool stock supplied by Dr. H. J. Muller,'zoo,sbl A=chrom=

somes of mature sperm of a Canton Special stock of Drosophila melen-
ogaster were tested for the origin of new lethal mutations.

Of these chréaosonga, 73,901 were controla,.51,907 wore subjecte
ed to x-rays at a dosage of 25 r, 51,560 st 50 r, 23,195 at 150 7,
6,634 at 500 r; 6,977 at 1000 r, and szaller numbers at 2000 r, 3000 r,
4000 r. ‘

From these tests 1t is concluded that even for x-ray dosazes as
low as 50 r and 25 r the linear r-dose/mutation frequency relation
holds,

From all of the data collected, on the basis of this linear
r;iationship. the control lethal mutation rate in the Canton Specwol
& stock tested was calculated as 0.1004% end the induced mutation
rate per r as 0.00215%, When only dates at dosages of 1000 r and
lower were included, the control mmiation rate was ealculated as
- 0.1039% and the induced mutation rate per r as 0,00197%. |

The vresent data indicate thet the control mutation rate wmas
doubled at'an.exposure to about 50 ». The apparent discrepaﬂcy
between this fisure and that of 35 » derived from earlier x-ray
experiments may be explained on the ground that sverm cells of
young‘males, vhiich Muller has shown give a high control rate, were
used exclusively in this experiment.

Several cases of control "lethal clusters™ wers found, and are
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interpreted as due to mutations occurring in early stages in the

germ tract. The Q:oblem of sampling sperm cells is discussed in

this connection.

The implications of the findings in connection with the ex~
posure of large numbers of the human race to low dosages of x-rays
are discussed brlefly.

A parallel study of visible mtation rates, as reported in
Appendix A, has giwnen over-all lethal-visible mutation ratic
of G.2 : 1.

The data on visibles are not inconsistent with the view that
the linsar dosage/mutation relation holds at low dosages for this
class of mutations as well as for lsthsls,

In Appendix B, linkage studies on 229 lethals end visibles arve
repprted. Relatively high mutation rates both for lethels and vise
ibles were féﬁnd in genstic chromosome map regions 0-5,‘20a25, and
55«60 and & velatively low rate near 10. : .

-Mutations in control chromosomes and in those subjeeted to low
dosages of x-rays vere rarely assoclated with cross-over suppressors,
while mutations in chromosomes receiving high radistion were freduently
associated with cross-over suppressors.

Avdiscussion of technical problems in connegtion with large scale

mitation rate studies at low dosage is included in Appendix C,
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Table 1
Preliminary tests on Natural Mutation Rats in 8 Stocks of
Drosophila Mslanogaster
Lothals and Visibles Arising in Male Germ Cells
R R AR R T 2 T S SR
% Chromosoms s
Stock Tested Lethnls Visibles
Pittsford, N. Y. 2,218 5 1
Webster, N. Y. 1,913 3 1
Oregon R 1,923 2 1
Muller 5 1,366 1 0
White 1,080 3 0
Yellow=white-forked 764 2 0
Rew Wilmington, Pa, 727 0 1
Total of Seven Stocks 9,091 16 4 (% let:;ls)
01
Canton Special . 20,524 17 2 -08%
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* Table 2

' Dosages and Other Conditions of Rapdiation and Numbers of
' Lots of Males Irradiated at Differsnt Dossages

Lo Ta Sl Do
l Dosage Weekly Lots K. V. M. A, in Inches r/min,
| 3 Control 70
» 25=r 43 90 3,0 186 15-22
50-r 11 a0 3.2 10
50=r 45 90 3,0 18,5 15-22
150-r 12 90 3.2 10
150=r 31 90 2,0 18,5 15-22
500=r 14 90 3,0 18,5 15-22
A000-r 5 90 S92 10
1000=r 20 00 3,0 1,25 91-100
1 2000=r 2 20 3.0 T:28 91-100
| 3000=r 2. 90 3.0 7,25 96
| ’ 4000-r 1 90 3.0 7.25 96
-



Table 3

Summary of Data on lsthal Mutation Rates f‘ox"
Controls and for Different Dosages of X-Rays

Dosege N fa Mutetion Rate%
Control 75,901 72 20788 0974 21220
28=1r 51,907 88 213896 1695 | - 2080
50-r 31,560 77 ~1986 22439 « 3034
150-r 23,195 74 22586 3190 23983
500=r 6,834 87 1,0802 1.,3114 1.6087
1000-r _ 6,977 147 1,8102 ‘ 2 01069 22,4667
2000=r 2,756 130 4,0276 4,.7187 5,5691
3000=r 2,029 135 65,5635 6.,50867 7.6737
4000-r 1,843 182 8.6462 9,8752 11,3891

¥ = Total number of chromosomes tested,

n = Total number of chromosomes in which lethals were foumd,

Colum 5 gives the lethal mutation rate observed in percent,

Colum@4 and 6 give the percentage wvalues of which the observed mutat-
ion rates would be the upper and lower five percent fiducial limits
(five percent in both tails jointly),




Lathal Cluster:

Table 4

42nd Lot of Controls

55,

Cultures No,
Made Up Cultures
12-14-44 (Tray 8) 91
12-14-44 (Tray 9) 90

No, . No, Flies
Iethals Linkege Test
2 (a) 340

(v) 835
2 (a) 332
(b) 248

Counts Demonstrating that these are Pure Lethals (1 Fy, 2 Fy Cultures),

. Apricot Apricot  4/Apricot
Lethal Bardd  +8F  Bargg Bar oo Total
8a, 12=30 79 0 78 162 319
8b, 12-30 76 4] 77 191 344
9a, 12-30 68 0 68 185 321
9b, 12-30 94 0 105 150 349
Totals 317 0 1333

328 . 688

For full explanation, see ssction in text on lethal clusters; for
locus determinations, see section in text on the genetic procedurs

and Appendix B,
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Table S

_ Isthal Cluster:

42nd Lot of 50-r

S6.

Cultures No. No. Flies
Made Up Lethals Linkage Test Locus
3=6=45 (Tray 3) () 119 38.4
(b) 143 38,9
(e) 267 37,8
3-8=45 (Tray 4) (a) 258 36.6
(v) 205 0.0
(c) 234 39,5
(d) 207 38.4
Counts Demonstrating that these are pure Lethals (1 Py, 2 Fp Cultures).
Apricot Apricot  4/Apricot
Lethal Ber dd 4 49’ Bar 9o Bar 99 Total
3a, 3-20 89 0 76 90 255
3be 2-20 103 0 79 128 310
¢, 3-20 02 0 80 144 316 -
4a, 3-20 142 0 108 183 433
4b, 3-20 122 0 91 154 367
4c, 3-20 125 o 111 184 420
4d, 3-20 135 0 131 164 430
Totals 686 0 685 893 2164

(4b, omitted)
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Teble 68

Lethal-Visible R#tio at Different Dosagss>

Corrscied Value

lethals Semi-lethal Semi=lethal for Visibles and Ratio
Dosage (pure) Non-visibles Visibles Visibles Semi-lethal Visibles Lethals:Visibles

4000-r i cultures examined 1,843 1,843 843 1,627
# mutants found 20 20 11 22 33,3 4.9 : 1

3000-r # cultures examined 2,029 2,029 2,029 1,871
# mutants found 125 8 8 24 24,1 B.2 s 1

2000-r # cultures examined 2,755 2,755 2,755 1,472
# mutants found 119 15 12 5 20,9 5.7 3 1

1000-r # cultures exsmined 6,977 6,977 6,977 1,206
# mutants found 137 10 14 3 31.0 4.4 3 1

BO0-r # cultures examined 6,634 6,634 6,654 6,328
# mutents found 81 B 5 9 14,3 5,7 8 1

150-r # cultures examined 23,195 25,195 23,195 17,099
# mutants found 67 ] 6 6 14,1 4,8 3 1

50=r # oculturss examined 31,560 31,560 31,560 7,638
# mutents found 74 4 3 1 7.2 10,3 ¢ 1

Control # cultures examined 73,901 73,901 73,901 36,319
# mutants found 70 7 10 3 16,1 4.3 3 1
Totals 836 78 69 63 159,0 5.2 ¢ 1

¥ote: PFigures in colum 6 derived from the expression N - Lv ¢ slvg
; x* ‘ ;
N = total cultures exam;ped for lethals; N' = total cultures examined for visibles; L = total cultures
in which lethals or semi-lethsls of either kind were found; v = visibles found; slv = semi=lethal
visibles found, :

-

_ o

LS
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Record of Visible Mutations Found at Identified Loei

Locus Mutations in %
X-Ray Dosagse in _ All Visibles
r-Units for each Total This - Lompiled from

Visible Locus Recurrencs Recurrences Experiment Bridges-Brehme
chlorotic 0,0 5034000 @ 1.4 % 0,3 %
yollow 0.0 5003200033000 s (1) 2.7 8,6
yellow achaste (0,0 50 1 0.7 0.6

o soute 000 4:000 1 037 895
rough eye 0.5 2000  § C.7 0.2
broad 0.6 150 1 0.7 1.1
prume 0.8 1503150 2 1.4 1.4
oval 17,5 1000 1 0.7 0.2 .
singed 21.0 400034000;4000 3 2.0 3.9
gogzle 25,0 1503150 2 1.4 0.3
lozenge 27.7 150;500;1000;1000 - 4 2,7 351
vermilion 33.0 cont, ;500 2 1,4 3.1
miniature 36,1 cont. 1 0.7 3,9
dusky 36,2 3000 1 0.7 1.6
furrowed 38,3 cont. ;cont, ;500; 3000 4 gl 1.4
wavy 41,9 150 1 0,7 0:6
parnet 44,4 500 1 0.7 3.8
scalloped 51,5 300034000 2 1.4 0.5
uneven 54.4 1000 1 0.7 1.0
rudimantary 54.5 cont, :150350051000; g 4,8 4,8

. 1000320003 3000 '

forked 5607 4000 1 0.:)7 502
fused 59.5 1503500;1000;4000 4 2.7 1.7
22 Looi 47 31.8 : 55,7

RS




Table 3

Cross-over Suppressors Associated With Lethals

and Visibles at Different X-Ray Dosages

lethals X-over Suppressors Visibles X-over Suppressors

Dosage Tested Regions 1,2,3,4 Tested Regicns 1,2,5,4
Control 62 0 5 0
261 & 0 0 0
50=-r 21 1=2=3=4 2 0
150=r 48 -4 4 0
Sodwr 8 0 4 0

1000=-r 77 1=2=3; 1-2-3; 8 3ely 1-2~83-4
1-2-3-4
2000=-r 3 o 3 0
3000-r 9 33 43 1-2-3 7 2; 3
1-2~3-4; 1u2-3-4

| 4000-r 0 0 6 13 1
Totals 202 10 42 6

Note: sc-cv, regionl; cv-v, region 2; v~f, region 3; f-car, region 4,

1-2-3-4 indicates orossing-over suppressed,or nearly so, through-
out the chromosoms from scute to carnation,
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Grephic record of locus determinations of 229 leth-
See Appendix. B for full explanation and compar- -

pls-and visibles from control and radiation experiments to show
high and low mutation rate regions along the geretic map of the

X=ghromosoms,
ison with data of other workers.

Figure 4.
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