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ULLER'S original discovery that ionizing radiations are capable of 141 breaking the chromosome thread was based on investigations carried 
out with Drosophila melanogaster. But in spite of the numerous studies which 
have been undertaken using this animal, comparatively little progress has 
been made in the last twenty years in determining the precise manner in which 
these breaks are formed and the mechanisms involved in the subsequent re- 
joining of the broken chromosome ends. The cause of this rather slow advance 
resides in the fact that  Drosophila chromosomes can be observed satisfactorily 
neither during the breakage or joining process nor for a considerable interval 
of time thereafter. Consequently, any information regarding these processes 
must be obtained by inference from events taking place a t  a later time when 
the ultimate results of the radiation can be accurately determined by genetic 
analysis or by a cytological study of the salivary gland chromosomes. 

The results of the present investigation are derived from experiments in 
which the sperm of Drosophila virilis males are subjected to different dosages 
of X-radiation. Only a particular type of chromosome rearrangement is 
studied; namely, exchanges between different chromosomes. The frequency 
with which these interchanges occur a t  the different dosage levels provides 
some insight into the manner in which the breaks are formed. The information 
obtained has been collected in such a way that both the relative sensitivity of 
the different chromosomes to breakage and the relative frequency with which 
certain numbers of chromosomes are involved in the recovered interchanges 
are revealed. I t  is possible to gain some insight into the course of events taking 
place during the joining of the broken chromosome ends by use of these data. 
Two different groups of experiments of this type have been conducted: in the 
one group the temperature a t  the time of irradiation was held a t  28" &1"C, 
while in the other a temperature of 3"+ 1°C was maintained. The finding of 
a significant difference in the results of these two groups merely emphasizes 
the inadequate state of our knowledge concerning the biological action of 
ionizing radiations on Drosophila chromosomes. 
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MATERIAL AND METHODS 

Two methods, in general, have been used to determine the rate of induced 
interchange in Drosophila: the cytological method in which the salivary gland 
chromosomes of the FI larval progeny of irradiated males are examined, and 
the genetic method which involves an analysis of the chromosome segregation 
in the Ft generation. The primary advantages of the cytological method are 
that, although thebriginal number of breaks cannot be determined, the actual 
number of these originals breaks which were used in forming the recovered re- 
arrangements can be detected and the exact nature of the rearrangement can 
be observed. The limitations of this method are centered around the fact that 
Y chromosome translocations and exchanges between two heterochromatic 
regions are difficult or impossible to detect. These limitations are quite critical 
since it has been shown in an extensive study by KAUFMANN (1946a) that, per 
unit length of salivary gland chromosome, the breaks which form rearrange- 
ments are more likely to be located in the proximal heterochromatic region 
than in the euchromatic regions. By use of the genetic method (used in this 
study), these limitations can be surmounted a t  the expense of detailed infor- 
mation regarding the recovered interchanges. The two methods should be con- 
sidered complementary. 

Drosophila virilis was chosen for the present investigation because this spe- 
cies has the simple primitive chromosome configuration of the genus. The 
metaphase figure as seen in the ganglion cells of the larva consists of five pairs 
of rods of approximately equal length and a pair of microchromosomes (chro- 
mosome 6). This makes possible the study of the interchanges formed between 
five strictly independent elements of nearly equal length. The wild type stock 
used in the experiments being reported was derived from the Pasadena virilis 
strain, while the multiple mutant stock containing broken ( b )  on the second 
chromosome, telescope ( t )  on the third, cardinal (cd)  on the fourth, and peach 
(pe )  on the fifth was synthesized from available mutant strains. A single pair 
was chosen from each of the parent strains and the offspring of this pair was 
the stock used throughout the study. The salivary gland chromosomes and 
the metaphase figures, found in the ganglion cells of the F1 larvae, from each 
pair were examined and no chromosomal abnormalities were discernible. A 
test cross made between these stocks indicated that the chromosomes were 
segregating at  random. 

The procedure which follows was used in making the tests. In  order to in- 
sure that an abundant supply of mature sperm was being treated, the X- 
radiation was administered to wild type males which were at  least eight days 
old. Immediately after irradiation these males were mated in mass with mature 
b, t ,  cd, pe  females. Three and one-half days after mating, the males were re- 
moved and the females were transferred to fresh half-pint culture bottles. 
Removal of the males was necessary to prevent the use of sperm which had 
not completed the maturation divisions a t  the time of irradiation. This time 
limit is a very conservative one on the basis of the results obtained by DEMEREC 
and KAUFMANN (1941) with melanogaster. Pair matings were made between 
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the first F1 males to hatch from the mass cultures and females of the multiple 
mutant stock. The offspring of the test cross were examined to determine if 
the segregation of chromosomes Y, 2, 3, 4, and 5 indicates any linkage be- 
tween these chromosomes. If additional information was needed to confirm 
the presence of an interchange, the Fa wild type males were crossed to the mu- 
tant stock and a further count of the offspring was obtained. Cytological checks 
were made in certain cases in which the appearance of aneuploid classes con- 
fused the actual chromosome segregation. 

A 

E 

B 

F 

FIGURE 1. A diagram of the irradiation apparatus. A-glass irradiation chamber, B-fluid 
container, C-temperature controlling fluid, D-glass tube, E-ionization chamber of dosimeter, 
F-fly container, G-fly capsule. 

In the experiments being reported, the flies were maintained at a tempera- 
ture of either 28'5 1°C or 3"f 1°C during irradiation. The apparatus shown 
in figure 1 was used to insure comparable conditions of incident radiation and 
dosage measurement in the two sets of experiments. The glass irradiation 
chamber (A) is inserted into a metal container (B) which contains the tempera- 
ture controlling fluid (C). The glass tube (D) leading into the irradiation 
chamber allows the ionization chamber (E) of the dosimeter to be inserted 
into the position where the flies are treated and also makes possible the inser- 
tion of a thermometer into the chamber while the radiation is being admin- 
istered. Periodic temperature readings were made during treatment of the 
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flies. In  the cold temperature experiments the flies were anaesthetized and 
placed in a container (F) which was then set on the floor of the irradiation 
chamber. Although the flies remained anaesthetized during treatment at the 
cold temperature, i t  was found necessary to enclose them in a capsule (G) 
composed of an upper and lower covering of a single thickness of gauze and 
sides made of light-weight cardboard during irradiation at the warm tempera- 
ture. Tests show that this layer of gauze does not reduce the radiation to an 
extent which can be measured with the dosimeter. A fixed 1 mm aluminum 
filter located directly beneath the Coolidge universal X-ray tube made contact 
with the top of the irradiation chamber. The flies were kept, therefore, a t  a 
constant target distance during the experiment. 

The X-radiation was administered to the flies in the following manner. The 
temperature controlling fluid-a mixture of ice and water or a continuous flow 
of tap water-was run into the container and maintained a t  a constant level. 
After the temperature in the irradiation chamber had become stable, the X-ray 
machine was calibrated by taking ten readings with a Victoreen condenser 
type dosimeter whose ionization chamber had been placed in the irradiation 
chamber: The average of these readings was used to determine the number of 
roentgen units the machine was delivering per unit time a t  the point where the 
flies were to receive the radiation. The flies were then anaesthetized, placed in 
the chamber, and 1000 r units (based on the initial calibration) were given. 
After this period some of the flies were removed and mated. Irradiation was 
continued and a sample of flies was removed and mated after each 1000 r units 
of treatment until flies receiving 1000, 2000, 3000, and 4000 (cold temperature 
experiments only) r units had been obtained. Immediately after treatment of 
the flies, the dosage being delivered by the machine was again checked by ten 
more readings with the dosimeter. The average of these two sets of readings is 
used as the calculated dosage administered the flies. The reading given by a 
condenser type dosimeter varies with temperature introducing, therefore, an 
instrumental error. As the temperature lowers from 22OC, the meter reads 
higher than the actual dosage being measured and vice versa. Thus in the cold 
temperature experiments the dosage given is somewhat less than that meas- 
ured (maximum error 'is six percent), while in the warm temperature runs the 
actual dosage is slightly higher. 

RESULTS 

Before considering the results themselves, it should be recalled that the 
genetic method of analysis places certain limitations on the type of information 
which can be obtained. The only rearrangements that are detected are those 
formed in a sperm in which two or more breaks have occurred in different 
chromosomes. Furthermore, the resulting interchange of chromosome seg- 
ments must be such that a viable, fertile zygote is formed. It is obvious that 
there is no possibility of directly determining the number of breaks produced 
in a sperm per roentgen unit of radiation. I t  is possible, however, to determine 
the minimum number of breaks which were induced in a sperm with a detect- 
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able interchange since the chromosomes involved in the translocation are 
known. 

Over 800 translocations involving either the Y chromosome or the major 
autosomes were obtained in this study; therefore, it is not possible to give a 
complete tabulation of the experimental conditions under which each of these 
interchanges was produced. However, in table 1 will be found a summary of 
the number of translocations of different types (in as far as they could be clas- 
sified by genetic analysis) recovered in all the experiments. The lumping to- 

TABLE 1 
Number of interchanges recovered of different types. 

TYPE OF DOSAGE I N  r UNITS TYPE OF DOSAGE I N  1 UNITS 
INTER- - INTER- 

CHANGE 1000 2000 3000 4000 TOTAL CHANGE 1000 2000 3000 4000 TOTAL 

Y-2 3 
Y-3 1 
Y-4 4 
Y-5 4 
2-3 14(2) 
2-4 8 
2-5 11 
3-4 7 
3-5 11 
4-5 16 
Y-2-3 - 
Y-2-4 - 
Y-2-5 - 
Y-3-4 - 
Y-4-5 - 
2-3-4 - 
2-3-5 - 
2-4-5 - 
3-4-5 - 

8 15 7 33 
8 2 1  3 33 
3 11 7 25 

10 15 12 41 
20 39 22 95(2) 
21 36(1) 16 81(1) 
28 45 27 111 
28 40(1) 12 87(1) 
28 42 18 99 
26 29 24 95 

l(1) 4(1) 2 7(2) 
-(U 1(2) - 1(3) 

1 2 -  3 
- 3 -  3 

1 2 -  3 
3(1) 4(1) 7(1) 14(3) 
1 8 8 17 

-(1) 5(2) 7(1) 12(4) 
s in(3) s(2) 20(5) 

Y-2-3-4 
Y-2-3-5 
Y-2-4-5 
Y-3-4-5 
Y-2 & 3-4 
Y-2 & 3-5 
Y-2 & 4-5 
Y-3 & 2-4 
Y-4 & 2-3 
Y-4 & 3-5 
Y-5 & 2-4 
2-3-4-5 
2-3 & 4-5 
2-4 & 3-5 
2-5 & 3-4 
Y-2-3-4-5 
Y-2 & 3-4-5 
Y-5 & 2-3-4 
1'-4-5 & 2-3 

3(1) 
1 

Note: The figures in parentheses are those cases, not checked cytologically, in which the survival of aneuploid classes 
confused the chromosome segregation to a limited extent. 

gether of the data from both the warm and cold temperature experiments is 
permissible since the relative frequencies of the different types of trans- 
locations induced in the two sets of experiments are essentially the same. The 
figures given in parentheses are those cases, which were not checked cyto- 
logically, in which the survival of aneuploid classes tended to confuse the 
chromosome segregation to a limited extent. It can be ascertained from the 
data in this table that chromosome 2 is involved in 398 of the translocations, 
chromosome 3 in 394, chromosome 4 in 367, chromosome 5 in 423, and the Y 
chromosome in only 167 of the recovered interchanges. It is to be noted that 
the inclusion of the figures given in parentheses does not alter appreciably the 
relative frequency with which these chromosomes are included in an inter- 
change. Consequently, it can be stated as a first approximation that each of 
the major autosomes is about equally likely to be involved in a given inter- 
change. 

The principal information obtained in these experiments is tabulated in 
table 2. Several things should be noted about the data which are set forth in 
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TABLE 2 

Relation of interchange production to dosage and temptratwe 

a b C d e f 

CHAMBER DOSAGE IN NUMBER OF SPERM NO. OF b C C 
  UNITS OFSPERM WITH BREAKSIN - - - 

“C (ca.) TESTED INTER- TESTED a a b 

NUMBER MINIMUM 

EXP. 
NO. 

TEMP. IN 

CHANGES SPERM 

2 

4 

6 

7 

8 

9 

10 

Comb. 
cold 
exps. 

1.7-2.3 

2.3-3 .O 

2.0-2.2 

2.5-2.7 

2.0-2.3 

3 .O 

2.0-2.5 

1.7-3.0 

1000 
2000 
3000 
982 

1964 
2946 
3928 
1004 
2008 
3012 
4016 
987 

1974 
2961 
1027 
2054 
3081 
4108 
997 

1994 
2991 
3988 
987 

1974 
2961 
3948 

998 
1996 
2986 
4016 

140 
89 

108 
116 
115 
55 
73 

129 
86 
76 
95 

195 
194 
145 
184 
187 
153 
145 
182 
182 
161 
75 

184 
168 
155 
74 

1130 
1021 
853 
462 

5 
10 
31 
4 

15 
17 
29 
4 
8 

13 
37 
11 
33 
48 
5 

26 
49 
60 
14 
30 
52 
36 
10 
25 
48 
30 
53 

147 
258 
192 

10 
20 
65 
8 

31 
39 
64 
8 

16 
31 
84 
22 
75 

105 
10 
59 

110 
145 
28 
64 

116 
82 
20 
51 

116 
66 

106 
316 
582 
441 

0.036 0.071 2.000 
0.112 0.225 2.000 
0.287 0.602 2.097 
0.034 0.069 2.000 
0.130 0.270 2.067 
0.309 0.709 2.294 
0.397 0.877 2.207 
0.031 0.062 2.000 
0.093 0.186 2.000 
0.171 0.408 2.385 
0.389 0.884 2.270 
0.056 0.113 2.000 
0.170 0.387 2.273 
0.331 0.724 2.188 
0.027 0.054 2.000 
0.139 0.316 2.269 
0.320 0.719 2.245 
0.414 1.000 2.417 
0.077 0.154 2.000 
0.165 0.352 2.133 
0.323 0.720 2.231 
0.480 1.093 2.278 
0.054 0.109 2.000 
0.149 0.304 2.040 
0.310 0.748 2.417 
0.405 0.892 2.200 
0.047 0.094 2.000 
0.144 0.310 2.150 
0.302 0.682 2.256 
0.416 0.955 2.297 

11 27.5-28.2 1020 
2040 
3060 

12 27.8-28.0 996 
1992 
2988 

13 27.9-28.3 1011 
2022 
3033 

Comb. 27.5-28,3 1009 
warm 2019 
exps. 3025 

182 
190 
150 
185 
159 
171 
183 
167 
156 
550 
516 
477 

10 
22 
37 
8 

22 
33 
10 
14 
34 
28 
58 

104 

20 
47 
84 
16 
52 
70 
20 
29 
77 
56 

128 
231 

0.055 0.110 2.000 
0.116 0.247 2.136 
0.247 0.560 2.270 
0.043 0.086 2.000 
0.138 0.327 2.364 
0.193 0.410 2.121 
0.055 0.109 2.000 
0.084 0.174 2.071 
0.218 0.494 2.265 
0.051 0.102 2.000 
0.112 0.248 2.207 
0.218 0.484 2.221 



CHROMOSOME INTERCHANGES 173 
this table. In column c, which is a summation of the minimum number of 
breaks involved in the observed interchanges, the figures are equal to the sum 
of the number of chromosomes included in the translocations. Thus if it was 
found that chromosomes 2, 3, and 5 were linked, it is obvious that a t  least 
three breaks must have been induced. Considering column d, i t  can be seen 
that upon multiplication of the figures in this column by 100, the percent of 
the tested sperm containing detectable interchanges is obtained. These data 
have been plotted in figure 2. The minimum number of detectable breaks per 
tested sperm is recorded in column e and plotted in figure 3. The average 
minimum number of breaks in the recovered interchanges is compiled in the 
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FIGURE 2. The dosage-frequency relation of the percent of sperm with translocations. Circles 
represent experiments conducted at 3"C, diamonds-28°C. Open symbols represent individual 
experiments, closed symbols-all experiments combined. 
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D O S A G E  IN R U N I T S  

FIGURE 3. The dosage-frequency relation of the minimum number of breaks per 
tested sperm. See figure 2 for explanation of symbols. 

last column of the table. This figure is a measure of the complexity of the re- 
arrangement. The combined results of the individual cold and warm tempera- 
ture experiments are tabulated below the data given for experiments 10 and 
13, respectively. The combined data are represented by solid symbols in figures 
2 and 3 while the results of the iddividual experiments are shown in open 
symbols. 

The data presented in table 2 will be considered first from the standpoint of 
the relation between dosage and translocation production. From an examina- 
tion of the sigmoid-shaped curves, for the cold temperature experiments as 
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presented in figures 2 and 3, i t  is obvious that over this range of dosage a power 
function of the form y = axb does not adequately fit the empirical results. How- 
ever, up to 3000 r units in both the warm and cold temperature experiments, 
the data approximate a power function. By use of the method of least squares, 
it  is found that the exponent of the power curve which best fits the data plot- 
ted in figure 2 up to 3000 r units is 1.7 for the experiments performed a t  3°C 
and 1.3 for the 28°C experiments, while for the results represented in figure 3, 
the exponents are 1.8 and 1.4 respectively. Care should be taken in attributing 
any broad significance to the particular exponent since it will be apparent 
from the analysis to follow that it is a function of the temperature and the 
number of chromosomes being followed as well as a function of dosage and the 
processes of breakage and union. 

The data also show a significant decline in the number of interchanges pro- 
duced when the temperature of the chamber in which the flies are irradiated 
is raised 25°C. A chi-square test of independence gives x2 values of 2.9 and 11.0 
for the pooled data from the experiments in which the treatments were 2000 
and 3000 r units respectively. (A chi-square test gives no indication of hetero- 
geneity among the individual experiments a t  these dosages.) Such values or 
larger values of chi-square would be expected in less than one out of twelve 
samples a t  2000 r units and less than one out of a thousand samples a t  3000 r 
units if the temperature difference was ineffective. This difference is even 
more significant than the figures indicate since the dosimeter reads higher 
than the actual dosage when it is placed in the irradiation chamber held a t  
3°C. Thus the (dosage delivered in the cold experiments is somewhat less than 
the calculated figure. This temperature effect may be summarized by stating 
that fewer interchanges are recovered when the sperm are treated a t  the warm 
temperature than are recovered when irradiation is carried out a t  the cold tem- 
perature. This effect becomes more pronounced as the dosage delivered to 
the flies is increased. 

I t  is also evident from the figures presented in the last column of table 2 
that, as the dosage is increased, on the average more chromosomes become 
involved in the interchanges. Therefore, the increase with dosage in the num- 
ber of breaks per tested sperm is not solely to be attributed to an increase in 
the number of simple translocations involving only two chromosomes. The 
data of both the warm and cold temperature experiments indicate that an 
important factor which contributes to this increase is the parallel rise in the 
number of chromosomes involved in the interchanges. 

ANALYSIS OF RESULTS 

I t  is difficult to evaluate the significance of data such as these unless they 
can be compared with the results expected on the basis of some plausible theory 
of chromosome breakage and union. The general argument which follows 
forms the foundation for determining these expectations. For a given dosage 
of radiation, there is a probability, p(r), that  a particular sperm will contain 
a total of r chromosome breaks in one or more of the K chromosomes being 
followed. These r breaks may be distributed among the K chromosomes in 
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various ways. For example, all r breaks may be in one chromosome or there 
may be two breaks in one chromosome, (r-2) in another and the remainder of 
the K chromosomes may not be broken. Therefore let p(d) be the probability 
that the r breaks will be distributed in a particular way. With each distribu- 
tion of breaks there is a probability, p(iD), of detecting (by the genetic method 
of analysis) the interchanges formed by the union of the broken ends. Now 
the product p(d) .p(iD) is the probability of detecting an interchange from a 
sperm whose r breaks are distributed in one of the possible ways. If this prod- 
uct is summed over all the possible distributions of r breaks among the broken 
chromosomes, the result is the probability, S D ~ ,  of obtaining a detectable in- 
terchange from a sperm with r breaks. Since p(r) is the probability 
sperm will have r breaks, then 

2 p(r> sD' 
r-0 

is the probability that for any particular dosage an interchange will 

that a 

be de- 
tected. From this figure it is possible to calculate the probability of securing 
a sperm with a translocation for any dosage if the relation between dosage 
and breakage is known. The reliability of the theoretical expectations de- 
pends on the proper evaluation of p(d), p(iD), and p(r); therefore, any ex- 
perimental evidence pertaining to the assumptions made in the evaluation of 
these probabilities is of primary importance. 

In order to determine p(d), it is necessary to know the relative probabilities 
that each of the chromosomes will be broken. It will be recalled that each of 
the major autosomes of oirilis is about equally 1ikely.to be included in an inter- 
change. This indicates that each of these chromosomes is equally likely to be 
broken. Therefore, the probability that there will be r1 breaks in the second 
chromosome, r2 in the third, r3 in the fourth, and r4 in the fifth is 

r! (+), 
r1 !rz !r3 !r4 ! 

where r1+r2+r3+r4=r. Since it is assumed that each of the major autosomes 
is equally likely to be broken, the above probability is also equal to the prob- 
ability that there will be r1 breaks in the third chromosome, r2 in the fourth, 
r3 in the fifth, and r4 in the second, etc. Now if there are t dijerelt t  numbers of 
breaks per chromosome, SI of one number, s2 of another number and s t  of the 
t t h  number, then the number of possible arrangements of breaks having equal 
probabilities is the number of permutations of four things of which SI are of 
one type, s2 of another type, etc. Accordingly, the desired probability that 
there will be rl breaks in one of the autosomes, r2 in another, r3 in another, and 
1-4 in the remaining one is 
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For example, if r = 7, the probability that there will be three breaks in one 
chromosome, two breaks each in two other chromosomes, and no breaks in the 
remaining chromosome (3-2-2-0) is 

4! I !  
- --L-(LY = 0.15381. 
1!2!1! 3!2!2!0! 4 

It has been shown by BAUER (1942), FANO (1943), and HALDANE and LEA 
(1947) that if r breaks are formed in k out of the K chromosomes being fol- 
lowed, 2*-k(r- 1) !k viable arrangements of the broken ends are possible. The 
term “viable” means that the arrangement is eucentric and euploid. Dis- 
counting any induced dominant lethal mutations or any dominant sterility 
mutations, all of these arrangements should survive in the progeny of the test 
cross. The next. step in the analysis, therefore, is to determine the number of 
these viable arrangements which are detectable as interchanges using the ge- 
netic method of analysis. Obviously, restoration of the original arrangement and 
any intrachromosomal rearrangements will not be observed. In a chromosome 
with one break, the only viable intrachromosomal arrangement possible is a 
restitution of the original arrangement; while in a chromosome with more than 
one break, the number of such viable arrangements of the broken ends of this 
chromosome is 2 .4 .6  (21-i-2)=(ri-l)!2~i+. Thus the number of detect- 
able interchanges is 2r-k(r- 1)!k-2rl-1(rl- 1)!.2‘2-’(r2- I)! * - * 2rk-1(rk-1)!. 
If it is assumed that each of the viable arrangements is equally likely to occur, 
then the probability of obtaining an interchange in the test cross from a 
sperm with r breaks is obtained by dividing the number of detectable inter- 
changes by the total number of viable arrangements. Upon simplification, this 
probability becomes 

The assumption that each of the viable arrangements is equally likely to occur 
implies not only that a broken end is just as likely to join with a broken end in 
another chromosome as it is to undergo restitution, but that the union of two 
or more broken ends in no way affects the joining of other ends except to re- 
duce the number of ends which are available for union. This is a reasonable 
assumption made purely for the simplification of the mathematics. 

In order to make a comparison wiih the empirical data presented on the 
minimum number of breaks per tested sperm, it is necessary to determine the 
expected portion of the detectable interchanges which involve two, three, and 
four chromosomes. Naturally if k=O or 1; an interchange is impossible, and 
if k =  2, all interchanges involve two chromosomes; that is, in the latter case 
the number of detectable interchanges is equal to the number of two-chromo- 
some interchanges. I n  the case where k=3,  the total number of viable inter- 
changes involving only two chromosomes is the sum of the three possible 
products obtained by multiplying the number of detectable two-chromosome 
interchanges between any two chromosomes by the number of viable intra- 
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TABLE 3 

Evaluation of theoretical probabilities. 

PROB. OF PROB. OF A PROB. OF A PROB. OF A PROB. OF A 
NO. OF SUCH A DETECTABLE 2 CHROMO- 3 CHROMO- 4 CHROMO- 

BREAKS DISTRIBU- INTER- SOME INTER- SOME INTER- SOME INTER- 

POSSIBLE 
BREAK 

DISTRIBU- 
TIONS 

TION CHANGE CHANGE CHANGE CHANGE 
r p(d) p(b)  p(i2 p(id ~ 6 4 )  

2 2-0-0-0 
1 - 1-0-0 

3 3-0-0-0 
1-1-1-0 
2- 1-0-0 

4 4-0-0-0 
1 - 1 - 1 - 1 
2-2-0-0 
3-1-0-0 
2-1-1-0 

5 5-0-0-0 
4- 1-0-0 
3-2-0-0 
3-1-1-0 
2-1-1-1 
2-2-1-0 

6 6-0-0-0 
5-1-0-0 
3-3-0-0 
4-2-0-0 
41-1-0 
2-2-2-0 
3-1-1-1 
2-2-1-1 
3-2-1-0 

7 7-0-0-0 
6-1-0-0 
5-2-0-0 
4-3-0-0 
5- 1-1 -0 
4-1-1-1 
3-3-1-0 
4-2-1-0 
2-2-2-1 
3-2-2-0 
3-2-1-1 

8 8-0-0-0 
7-1-0-0 
6-2-0-0 
4-4-0-0 
6- 1 - 1-0 
5-3-0-0 
5-1-1-1 

.25000 

.75000 

.11111 
.22222 
.66667 

,01563 
.09375 
.14062 
.18750 
.56250 

.00391 

.OS859 

.11719 

.23437 

.23437 

.35156 

,00098 
.01758 
.02930 
.04395 
.08789 
.08789 
.11719 
.26367 
.35156 

.00024 

.00513 

.01538 

.02563 

.03076 

.OS127 

.lo254 

.15381 

.15381 

.15381 

.30762 

.WOO6 

.00146 

.00513 

.00641 

.01025 

.01025 

.02051 

- 
.5OoOo 

- 
.a3333 
.75000 

- 
.95833 
.91667 
.83333 
.94444 

- 
.a7500 
.95833 
,97222 
.98958 
.98611 

- 
.90000 
.98333 
.97500 
.98333 
.99722 
.99583 
.99792 
.99444 

- 
.91667 
.98333 
.99167 
.98889 
.99792 
.99815 
.99722 
.99965 
.99907 
,99931 

- 
0.92857 

.98810 

.99643 

.99206 

.99524 

.99861 

- 
.5oO00 

- 
.50000 
,75000 

- 
.25000 
.91667 
.83333 
.38889 

- 
.a7500 
.95833 
,30555 
.12500 
.23611 

- 
.90000 
.98333 
.97500 
.25000 
.09167 
.07500 
.05000 
.17222 

- 
.91667 
.98333 
.99167 
.21111 
.05000 
.12778 
.13611 
.01458 
.OS278 
.02778 

- 
.92857 
.98810 
.99643 
.la254 
.99524 
.03571 

- 
- 

- 
,33333 
- 

- 
f33333 
- 
- 

.55555 

- 
- 
- 

.66667 

.33333 

.75000 

- 
- 
- 
- 

.73333 

.90555 

.30833 

.26667 
,82222 

- 
- 
- 
- 

.77778 

.27917 

.87037 

.86111 

.16944 

.94630 
..22917 

I 

- 
- 
- 

.80952 

.25238 
- 
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TABLE 3 (cont.) 

POSSIBLE PROB. OF PROB. OF A PROB. OF A PROB. OF A PROB. OF A 

NO. OF BREAK SUCH A DETECTABLE 2 CHROMO- 3 CHROMO- 4 CHROMO- 

BREAKS DISTRIBU- DISTRIBU- INTER- SOME INTER- S o n  INTER- SOME INTER- 

TIONS TION CHANGE CHANGE CHANGE CHANGE 
r P(4 P(iD) P(L) p(id p(t) 

2-2-2-2 
5-2-1-0 
4-2-2-0 
4-3-1-0 
3-3-2-0 

42-1-1 
3-2-2-1 

3-3-1-1 

9 9-0-0-0 
8-1-0-0 
7-2-0-0 
7-1-1-0 
6-3-0-0 
5-40-0 
6-1-1-1 
6-2-1-0 
3-3-3-0 
4-41-0 
5-2-2-0 
5-3-1-0 
5-2-1-1 
4-3-2-0 
4-3-1-1 
3-2-2-2 
4-2-2-1 
3-3-2-1 

10 10-0-0-0 
9-1-0-0 
8-2-0-0 
8-1-1-0 
7-3-0-0 
5-5-0-0 
6-40-0 
7-1-1-1 
7-2-1-0 
6-2-2-0 
6-3-1-0 
6-2-1-1 
5-4-1-0 
44-2-0 
4-4- 1-1 
43-3-0 
5-3-2-0 
5-3-1-1 

42-2-2 
5-2-2-1 
3-3-2-2 

3-3-3-1 

43-2-1 

.03845 

.06152 

.07690 

.lo254 

.lo254 

.lo254 
,15381 
.30762 

.oooo2 

.OW41 

.00165 

.00329 

.00385 

.00577 

.00769 

.02307 

.02563 

.02884 

.03461 
,04614 
.06921 
.11536 
.11536 
.11536 
.17303 
.23071 

. ooooo 

.om11 

.OOO51 

.00103 

.00137 

.00144 

.00240 

.00275 

.00824 

.01442 

.01923 
,02884 
.02884 
.03605 
.03605 
,04807 
.05768 
.05768 
.OM09 
.07210 
.OS652 
.14420 
.28839 

.99995 

.99841 

.99960 

.9992 1 

.99974 

.99980 

.99970 

.99990 

- 
.93750 
.99107 
.99405 
.99702 
.9982 1 
.99926 
.99901 
.99993 
.99970 
.9!9980 
.99960 
.99985 
.99!990 
.99993 
.99999 
.99996 
.99998 

- 
.94444 
.99306 
.9953 7 
.99802 
.9992 1 
.99901 
.99950 
.99934 
.99989 
.99978 
.99992 
.99987 
.99997 
.99998 
.99998 
.99996 
.99997 
.99999 

1 .m 
.99998 

1 .m 
.99999 

.00327 

.11270 

.03532 

.lo397 

.02778 

.01587 

. 01 786 

.GO675 

- 
.93750 
.99107 
.16071 
.99702 
.9982 1 
.02679 
.09623 
.01171 
.OS720 
.02560 
.OS849 
.01250 
.01796 
.01071 
.00126 
.00379 
.00293 

- 
.9444 
.99306 
.14352 
.99802 
.9992 1 
.99901 
.02083 
.OS399 
.01951 
.07738 
.o0901 
.07606 
.01181 
.00764 
.00655 
.01283 
.00787 
.00106 
.OOO62 
.00238 
. m 5  
.00162 

.06468 .93199 

.88571 - 
,96429 - 
.a9524 - 
.97196 - 
.19603 .78790 
.20060 .78125 
.13611 .85704 

.a3333 - 

.22917 .74330 

.90278 - 

.98823 - 

.91250 - 

.9742 1 - 

.91111 - 

.17798 .a0937 

.98194 - 

.17292 .a1629 

.04206 .95666 

.11548 .b069 

.11012 .a8693 

- - 
.20932 .76934 
.91534 - 

.98038 - 

.92240 - 

.15972 .83118 

.92381 - 

.98816 - 

.15427 .83807 

.99343 - 

.98713 - 

.15496 .a3714 

.09012 .90881 

.03148 .96789 

.lo053 ,89707 

.02589 .97367 

.09494 .90343 



180 WILLIAM K. BAKER 

chromosomal arrangements possible in the third chromosome. The number of 
detectable interchanges including three chromosomes when k = 3 is the total 
number of detectable interchanges minus the number of two-chromosome in- 
terchanges. Using similar considerations i t  is possible to determine the number 
of interchanges which involve two, three, or four chromosomes for any dis- 
tribution of breaks among the four chromosomes being followed. Dividing 
these figures by the number of viable arrangements for the particular distribu- 
tion of the r breaks, gives the probability of obtaining an interchange involving 
two chromosomes, p(iz), three chromosomes, p(i3), or four chromosomes, 
p(i), where p(iD) =p(ia) +p(i3) +p(iS. These probabilities along with p(d) for 
each of the possible break distributions have been calculated and are tabulated 
in table 3. 

The probability, p(r), that for a given dosage a particular sperm will con- 
tain r breaks, remains to be evaluated. The Poisson distribution should fulfill 
the requirements if the breaks are produced individually and collectively at  
random over the range of dosage used. Since cytological di5culties prevent 
the observation of single breaks in Drosophila, the substantiating evidence 
for this assumption must come from other experimental organisms. CARLSON 
(1941) using the neuroblast cells of Chortophaga, and CATCHESIDE, LEA and 
THODAY (1946) studying structural changes in Tradescantia, found that the 
number of single breaks in a cell very closely follows the Poisson distribution. 
Thus if i is the average number of breaks produced by a given dosage, then 

ire-r 
p(r) = - 

r! 

This probability involves the assumption of some value for the average number 
of breaks per unit dosage. In  this connection, it is to be noted that in the theo- 
retical considerations so far it has been assumed that all broken ends eventu- 
ally join. MULLER'S hypothesis (1940) that certain dominant lethal mutations 
may be caused by single chromosome breaks (the broken ends of the acentric 
and monocentric fragments fail to undergo union and, on subsequent division 
of the chromosome, the sister chromatids unite to form an acentric and a 
dicentric chromosome) has been tested further by PONTECORVO (1941, 1942). 
I n  these studies MULLER and PONTECORVO found that a t  low dosages the fre- 
quency of loss of single chromosomes increases linearly with the dosage ad- 
ministered. This provides indirect evidence that some of the dominant lethals 
are caused by single breaks which fail to unite. If all broken ends have an 
equal probability of remaining free and this probability is small, then the 
number of dominant lethals produced by the failure of one or more broken 
ends to unite should increase almost linearly with moderate dosages as do 
ordinary gene mutations. Therefore, the figure selected for the 'average num- 
ber of breaks" in the Poisson exponential is F multiplied by a coefficient, a, 
to take into account this particular type of dominant lethal and, in addition, 
dominant sterility mutations. The af used was chosen such that a t  1000 r 
units the theoretical and empirical values for the percent of sperm with inter- 
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changes are approximately equal (a? = O S 2  per 1000 r units of X-radiation). 
There is some justification for this choice since the constitution of the inter- 
changes induced by 1000 r units is comparatively simple (all of the 81 inter- 
changes produced a t  this dosage involve only two chromosomes) and thus not 
subject to the complications invoked by numerous breaks. In addition, this 
is the point where the results of the warm and the cold temperature experi- 
ments nearly coincide. 

TABLE 4 
The theoreticel dosage-freqwmy relation. 

1000r 2000r 3000r 4000r 
r S d  SZ' Sa' Sqr Z=0.52 Z=1.04 a i ~ 1 . 5 6  G=2.08 

ph) p(r) P (r) p(r) 

2 
3 
4 
5 
6 
7 
8 
9 

10 

.37500 

.68518 

.90624 

.97005 

.99098 

.99739 

.99926 

.99979 

.99999 

.37500 

.61111 

.52734 

.34750 

.20003 

.lo724 

.OS537 

.02803 

.01399 

- 
.07407 
.34375 
.49804 
.53954 
.SO204 
.42889 
.34853 
.27480 

- 
- 

.03516 

.12451 

.25141 

.38810 

.51501 

.62328 

.71117 

.08038 

.01393 
,00181 
.OW19 
* 00002 
- 
- 
- 
- 

10 

C h r . p ( r ) =  .04152 
r-2 

10 

zS$.p( r )  = .03967 
T P 2  

r-2 r-2 

.19115 

.Of3627 

.01723 

.00358 

.OW62 

.00009 

.OOOol 
- 
- 

.13688 

.12264 

.01299 

.00126 

.28929 

.25570 

.13296 

.OS186 

.01618 

.00421 

.oO094 

.oO018 

.oooo3 
- 

.25501 

.21106 

.03857 

.U0536 

.55927 

.27025 

.la738 

.09743 

.04053 

.01405 

.00417 

.00109 

.oO025 

.oooo5 

.37681 

.28464 

.07780 

.01438 

.a6020 

The final assumption to be made is that there is a linear relation between 
the dosage and the frequency with which breaks are formed. Although this 
linear relation can be inferred from many types of radiation studies on Dro- 
sophila (e.g. ,  BAUER 1942), the direct evidence must rest on the observation of 
single breaks. The experiments of CARLSON (1941) with Chortophaga and those 
of SAX (1940) and THODAY (1942) using Tradescantia show that such a relation 
actually exists. It has been assumed, therefore, that if the dosage is doubled 
aP is also doubled. This is not exactly true because as the dosage and thus P 
increase linearly, the coefficient a becomes smaller in approximately a linear 
fashion. Thus a t  the higher dosages the value of a?  is somewhat overestimated. 

There has been one assumption which has been implied but not stated in 
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the above considerations. This assumption is that no union of broken ends 
takes place during the period of treatment. If such union did occur, the em- 
pirical results would be distorted in relation to the theoretical expectations 
since the dosage administered to the flies was raised by lengthening the time 
of exposure rather than by increasing the amount of radiation per unit time. 
However, the evidence on this point for Drosophila seems quite clear. Neither 
MULLER (1940), DEMPSTER (1941), KAUFMANN (1941), nor MAKHIJANI (1945) 
was able to demonstrate any difference in the number of rearrangements 
formed when radiation was administered to sperm in such widely different 
ways as continuous treatment a t  different intensities, intermittent treatment, 
and continuous treatment with a delay of thirty days before mating. It is 
generally accepted that in Drosophila the union of broken ends takes place 
sometime during or after fertilization. 

The final calculations leading to the theoretical dosage-frequency relation 
have been tabulated in table 4. It will be recalled that S D ~ ,  the probability of 
obtaining a detectable interchange from a sperm with r breaks, is obtained 
by summing the product p(d).p(iD) over all the possible distributions of the 
r breaks among the four chromosomes being followed. Similarly, SZr, SS', and 
S i  are the probabilities that an interchange involving two, three, or four 
chromosomes will be recovered from a sperm with r breaks. These figures are 

TABLE 5 
Comparison of the empirical and theoretical results. 

NO. OF 

SPERM MINIMUM 
AV. MINI- % INTERCHANGES IN- 

MUM NO. 
APPROX. WITH NO. OF NO. OF 

DOSAGE INTER- BREAKS OBSERVUI 

IN r CHANGES PER INTER- 

UNITS PER TESTED CHANGES 

VOLVING 2, 3, AND 4 
OF BREAKS CHROMOSOMES 

PER INTER- 

3 4  CHANGE 2 
TESTED SPERM 

SPERM 

1000 w* 0.040 0.080 22 2.000 100.00 - - 
C 0.042 0.084 47 2.000 100.00 - - 
T 0.042 0.085 - 2.046 95.54 4.21 0 .21  

2000 W 0.097 0.203 50 2.100 90.00 10.00 - 
C 0.123 0.262 126 2.119 91.27 5.55 3.18 
T 0.137 0.289 - 2.113 89.60 9.49 0.92 

3000 w 0.172 0.369 82 2.146 87.80 9.76 2.44 
C 0.256 0.562 218 2.197 82.57 15.14 2.29 
T 0.255 0.559 - 2.193 82.77 15.12 2.10 

4 O o o c  0.353 0.805 163 2.282 74.85 22.09 3.07 
T 0.377 0.860 - 2.283 75.54 20.65 3.82 

* W = warm temperature experiments, C= cold temperature experiments, T= theoretical 
expectation. 
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obtained by summing the product obtained by multiplying p(d) by p(iz), 
p(i3), and p(i4) respectively over all the possible distributions of the r breaks. 
These calculations have been carried out and the resulting probabilities are 
recorded in table 4. Calculations have not been made for values of r greater 
than 10 since there is less than one chance in 100,000 that a detectable inter- 
change would not be recovered from a sperm with 10 breaks. The appropriate 
values of p(r), the Poisson distribution, for 1000, 2000, 3000, and 4000 r units 
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D O S A G E  IN R UNITS 
FIGURE 4. Comparison of the theoretical and empirical results. The dosage-frequency relation of 

the number of interchanges per tested sperm. See figure 2 for explanation of symbols. 

are also tabulated in table 4. The final summations leading to the theoretical 
relation are presented a t  the bottom of this table. It will be noticed that the 
bold-faced figures in the first row of these summations give the probability of 
recovering a detectable interchange for the four dosage levels used in the ex- 
periments being reported. These values are actually the expected number of 
recovered interchanges per tested sperm. The summations in the next three 
rows of the table give the probability of obtaining an interchange involving 
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two, three, or four chromosomes for each of the four dosages used. The figures 
given in bold-faced type in the bottom row of this table are the expected 
minimum number of breaks per tested sperm since they are obtained by sum- 
ming the product of the probability of securing a two, three, or four-chromo- 
some interchange by the respective number of chromosomes involved. 

The comparison between the theorectical expectations and the combined 
results of all experiments exclusive of any interchanges involving the Y chro- 
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FIGURE 5. Comparison of the theoretical and empirical results. The dosage-frequency relation of 

the minimum number of breaks per tested sperm. See figure 2 for explanation of symbols. 

mosome is made in table 5 .  The figures tabulated in the first two columns, 
relating to the number of sperm with interchanges and the minimum number 
of breaks, are presented graphically in figures 4 and 5 respectively. It will be 
noted that the results of the cold temperature experiments agree closely with 
the results expected from the theoretical considerations. This agreement is 
noteworthy since the theoretical curve probably represents a maximum curve 
because the assumption was made in its formulation that a broken end is as 
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likely to join with a broken end in another chromosome as it is to restitute. 
The question immediately arises as to whether this close fit is merely a co- 
incidence or whether the chromosomes actually behave in accordance with the 
assumptions set forth in the theory. No definite answer can be given to this 
question; however, a clue is found by an examination of the relative frequencies 
with which translocations involving two, three, and four chromosomes are 
found. In the last three columns of table 5 are recorded the empirical and ex- 
pected frequencies of occurrence of these three different types of interchanges. 
A chi-square test indicates that there is no significant difference between the 
expected relative frequencies and the actual values except in the case of the 
percent of four-chromosome interchanges in the cold temperature experiments 
conducted a t  2000 r units (~"4.8). This close agreement provides some evi- 
dence that the assumption of random and independent union of broken ends 
is valid since the relative number of translocations involving three and four 
chromosomes should be reduced from the expectations if restitution is more 
likely to occur than interchange. 

The second rather obvious conclusion to be drawn from the data presented 
in table 5 is that the results of the experiments a t  28OC do not follow the ex- 
pectations based on the theory. The decrease in the number of interchanges 
produced a t  the warm temperature is apparently not caused by any alteration 
in the randomness of the process of union since both the warm and cold tem- 
perature experiments closely follow the expected ratios with regards to the 
number of interchanges involving two, three, or four chromosomes. It is not 
surprising that a temperature change a t  the time of irradiation does not af- 
fect the joining of broken ends since this process takes place sometime during 
or after syngamy. Possible causes for the deviation of the warm temperature 
results will be discussed below. 

THE FREQUENCY-DOSAGE RELATIONSHIP 

The target theory of the biological action of ionizing radiations as applied to 
chromosome breakage has become a powerful working tool for present day 
investigators in this field. This theory implies that a single ionizing particle, 
either by one or more ionizations (hit) in the vicinity of particular regions of 
the chromosome thread (targets), is able to form a break in the chromosome. 
One expectation, based on the independent production of the individual par- 
ticles, which follows immediately from the implications of the target theory is 
that the biological effect should increase linearly with the number of particles 
(dosage) until an appreciable number of targets have been hit. Although the 
determination of this expectation in Drosophila is aided by the fact that the 
biological effect, the breakage or potential breakage of the chromatin thread, 
undergoes no reverse change during the irradiation, the analysis is greatly 
hindered by the fact that the breaks themselves cannot be observed and thus 
the resulting chromosome arrangements must be used as the measure of the 
effect. A still further complication is introduced by the fact that only rear- 
rangements of the chromatin are observable and in addition only those re- 
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arrangements which are viable in the heterozygous condition. From these 
considerations i t  is evident that the process of recombination of broken chro- 
mosome ends has of necessity been superimposed upon the series of events 
causing the breaks. 

The lack of a complete understanding of this recombination process has 
made the interpretation of experimental results dealing with the relationship 
between dosage and the production of gross rearrangements most difficult. 
Although the work of OLIVER (1932), KHVOSTOVA and GAVRILOVA (1935), and 
CATCHESIDE (1938) were not in disagreement with a linear relation between 
dosage and gross chromosome exchanges, the extensive studies of BELGOVSKY 
(1937), KHVOSTOVA and GAVRILOVA (1938), MULLER (1938,1940), TIMOF~EFF- 
RESSOVSKY (1939), BAUER, DEMEREC, and KAUFMANN (1938), and BAUER 
(1939) clearly indicate that the number of rearrangements increases more 
rapidly than the first power of the dosage. On the basis of the latter results, 
MULLER (1938, 1940) proposed the “ 3 / 2  power rule”. This rule means that 
gross rearrangements are produced in proportion to the 3/2 power of the dose. 
Although it is clear from numerous studies that the frequency with which 
these rearrangements are produced increases faster than the first power of the 
dose, the attachment of any great significance to the particular exponent of 
1.5 seems rather dubious. It is obvious from the results presented in this in- 
vestigation and from the findings of other workers, e.g., BAUER et al. (1938), 
that a t  dosages of 4000 r units and above the slope of the frequency-dosage 
curve decreases giving the over-all curve a sigmoid appearance. Such a rela- 
tion can hardly be described by a simple power function. Also i t  is apparent 
from the observed effect of temperature on interchange production that the 
exponent is a function of the temperature a t  the time of irradiation. And 
finally, i t  is evident from the mathematical analysis given that the particular 
exponent observed is related to the number of chromosomes being followed; 
that is, one would not expect to find the same exponent when translocations 
between only two chromosomes were being recovered as one would if four 
chromosomes were being studied. 

The results of the present investigation are in accord with the experimental 
evidence on the dosage-frequency relation which has accumulated from the 
work with melanogaster. I t  is also evident that the cold temperature results 
are in agreement with the expectations based on the simple picture of the proc- 
esses of chromosome breakage and union that is presented above. Two of the 
assumptions used in the formulation of this theory, namely, the random re- 
combination of broken ends and the assumption that the union of two or 
more broken ends has no effect on the joining of the remaining ends, have been 
criticized by Fano (1941, 1943). The evidence upon which the first assumption 
is criticized is derived from analyses of the relative frequencies with which 
different types of rearrangements are recovered in the salivary gland chromo- 
somes. Thus BAUER et al. (1938) and BAUER (1939) using melanogaster, 
HELFER (1941) and KOLLER and AHMED (1942) using Drosophila pseudoobscura 
found a wide discrepancy in certain cases between the recovered distribution 
of breaks among the chromosomes and the distribution “expected” on a 
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random basis. However, in determining the “expected” frequency used in 
these calculations no consideration is given to the possibility that restitution 
of breaks cause some sperm with a higher number of breaks to contribute to 
the class of rearrangements with fewer breaks. In spite of this omission in 
the calculations there may be a real discrepancy between the empirical and 
expected results. 

Evidence that the second assumption is not wholly reliable comes indirectly 
with the discovery by KAUPMANN (1943) of a complex rearrangement in- 
volving a t  least 32 breaks. This was found in a larva whose father had received 
a treatment of 4000 r units of X-radiation and a subsequent exposure to in- 
frared radiation. On the basis of the figure usually assumed for the average 
number of breaks per 1000 r units in Drosophila (0.4-0.6), the probability of 
obtaining a sperm with 32 or more breaks with 4000 r units of treatment is 
quite small. In addition, the probability (based on random union of broken 
ends) that  such a sperm will give rise to a viable arrangement is about three 
percent (FANO 1943). Apparently FANO overcomes the obvious difficulty of 
explaining this case by assuming that the average number of breaks is higher 
than the figure stated above, and that restitution is much more likely to occur 
than exchange except when such an exchange happens to take place. That is, 
if an exchange has taken place during the process of union, this exchange im- 
poses stresses along the chromosomes involved which cause any other breaks in 
these chromosomes to be less likely to restitute and thus become available for 
further unions. Although these suggestions appear reasonable, there is little 
evidence which contributes either to their support or rejection. 

In  view of the data just discussed, the question arises as to whether the 
rather close agreement between the results obtained in virilis and the theory 
can be attributed to the somewhat questionable procedure which is used in 
determining a value for the arbitrary constant (a?) from the same experimental 
data to  which 1 he theoretical curve is being compared. I t  will be recalled that 
the value of a?  was chosen such that only an agreement was reached a t  1000 
r units with regards to just the percentage of sperm with interchanges. How- 
ever, with this choice i t  is found that the results of the cold temperature ex- 
periments agree a t  all dosage levels with the expectations in these three re- 
spects: (1) the percent of sperm with interchanges, (2) the minimum number 
of breaks per tested sperm, (3) the relative frequencies with which two, three, 
and four chromosomes are involved in the recovered interchanges. Further- 
more, the value of a ?  that was chosen not only fits the results of these experi- 
ments but is in general agreement with the value postulated by other workers 
for the average number of breaks per 1000 r units in melanogaster (see LEA 
1947). Thus it can be stated with some assuredness that the results of the ex- 
periments a t  the cold temperature are in concordance with the assumptions 
of random joining of broken ends and the independent union of these ends. 

THE TEMPERATURE EFFECT 

Soon after the discovery was made that gene mutations and chromosomal 
aberrations could be artificially induced, investigations were undertaken in 
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which the temperature of the organism receiving the radiation was altered 
during the period of treatment. The experimental designs which have been 
utilized to test for a temperature effect in Drosophila have been limited to 
two criteria: the rate of induction of sex-linked lethal mutations and the rate 
of translocation production as detected by genetic analysis. 

MULLER'S early experiments (1930) indicate that there is a slightly higher, 
but not significant, increase in the number of sex-linked lethal mutations in- 
duced in flies irradiated a t  8" over a series treated a t  34°C. MEDVEDEV (1935) 
found a significantly higher frequency of lethals produced in the flies main- 
tained a t  0" than in the ones treated a t  20°C. However, TIMOF~EFF-RESSOV- 
SKY and ZIMMER (1939) could.find no difference in the percentage of lethals 
induced a t  10" and 35°C. This was confirmed by MULLER and MAKHIJANI 
(MULLER 1940) using temperatures of approximately 5" and 37°C. Finally, 
the recent work of KING (1947) substantiates MEDVEDEV'S data since a two 
to three-fold increase in the mutation rate was observed in the series irradi- 
ated a t  0" over the group maintained a t  a room temperature which fluctuated 
between 23" and 28°C. 

The experiments which test the effect of differences in temperature on the 
production of translocations are apparently as contradictory as the results 
just cited. PAPALASHWILI (1935) found an increased number of translocations 
produced a t  0°C over the number detected a t  room temperature. Similar re- 
sults are reported in the more extensive tests of MICKEY (1939) who employed 
temperatures of about 4" and 28°C and KANELLIS (1946) who irradiated the 
flies a t  2" and 32°C. But MULLER and MAKHIJANI ( o p .  cit.) using the same 
temperatures as in the mutation studies, could find no increase in the number 
of interchanges in the cold series. It has been reported by KING (1947) that 
MAKHIJANI in 1944 was unable to observe a temperature effect on the pro- 
duction of chromosome aberrations. (The writer has not seen this paper and 
consequently the temperatures a t  which the radiation was given are not 
known.) 

It is difficult to reconcile all these findings. MULLER (1940) has attributed 
the detection of a positive temperature effect to poor experimentation caused 
by the failure to keep the radiation from secondary radiators the same in 
the cold and warm series and to the inclusion in the results of sperm which 
had not completed the maturation divisions a t  the time of treatment. In  cer- 
tain of the experiments cited care was not taken to control these factors; 
however, the results reported in this paper cannot be subjected to this criti- 
cism. There is one consistent factor present in the Drosophila experiments 
which has in the past been overlooked. Apparently the assumption has been 
made that the wider the temperature range employed, the more pronounced 
any effect should be. This is not necessarily the case. It seems more than a 
passing coincidence that in all of the experiments reporting a positive effect 
of temperature, the cold temperature used varied from 0" to 4°C and the warm 
temperature from 20" to 32°C. While in all of the experiments indicating no 
effect, the two temperature ranges used varied from 5' to 10°C and from 34" 
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to 37°C. It appears, therefore, that an increase in the induction rate of trans- 
locations accompanies a change in temperature either above or below room 
temperature. This increase is similar to the result PLOUGH (1917) obtained 
while studying the effect of temperature on the frequency of crossing over in 
melanogaster. €€e found that a t  13" and 31°C the percent of crossing over is 
almost three times greater than a t  27°C. In  order to prove that such an in- 
crease actually occurs, the mutation and interchange rate should be measured 
in comparable experiments conducted a t  28" and 36°C. 

The question now arises as to whether temperature affects the breakage or 
the joining process. In Drosophila sperm no union of broken chromosome ends 
takes place until syngamy, thus these two processes are separated in time. 
Although it is difficult to see how a temperature change a t  the time of irradi- 
ation could affect the course of union a t  fertilization, it is equally perplexing 
to see how it could alter the process of chromosome breakage since the physical 
action of X-rays is independent of temperature in the range utilized (LEA 
1947). The union of broken ends is not delayed in Tradescantia and it has 
been postulated that the decrease in the number of chromosomal aberrations 
observed when the temperature is raised during X-radiation is caused by an 
alteration in the process of union (SAX and ENZMANN 1939; FABERG$ 1940; 
CATCHESIDE, LEA and THODAY 1946; and SAX 1947). The recent work of 
FABERGI? (1948) casts doubt on this interpretation since he found a temper- 
ature effect on the number of aberrations when the radiation and temperature 
change were administered in about one-third of the average time that a break 
remains free. &'hen viewed in this light, it is not surprising that MULLER 
(1940) and KAUFMANN (1946b) were unable to show an effect of different 
temperatures on Drosophila females fertilized by irradiated sperm; that is, 
temperature differences a t  the time of union. F A B E R G ~  also reports that a 
change in temperature in either direction immediately preceding treatment 
considerably increased the number of aberrations. He states that a possible 
explanation of this behavior may lie in the fact that thermal diffusion caused 
by the temperature gradient moves the chromosome threads, thus making res- 
titution less likely. I t  is tempting to draw an analogy to the Drosophila ex- 
periments which apparently show a rise in the frequency of translocations a t  
temperatures above and below room temperature; however, in many of these 
experiments the flies were placed in the cold chamber a sufficient length of 
time before treatment to neutralize any temperature gradient. 

The possibility also exists that the temperature effect is not caused by the 
temperature per se but rather by its effect on some cellular process such as 
respiration. Recently, THODAY and REED (1947) demonstrated a three-fold 
increase in the number of anaphases showing chromosome aberrations when 
oxygen instead of nitrogen was bubbled for a short time before and after 
X-ray treatment through a cell of water containing Vicia faba roots. Cyto- 
logical examinations were made a t  intervals after treatment varying from a 
few to 48 hours. The fact that the increase was consistently evident a t  these 
various times would seem to indicate that the breakage, not the union process 
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was being affected. If the activity of a fly a t  a particular temperature is taken 
as a rough index of the rate of respiration, the work of CHADWICK (1939) on 
the frequency of wing beat of Drosophila would indicate that the respiration 
rate is greatest a t  a temperature of about 2 9 O ,  being much lower a t  8" and 
36°C. Thus a t  29°C there would presumably exist the greatest gradient in 
oxygen tension within the tissues and consequently a lowering of the oxygen 
concentration in the testis. Viewed in this light, the temperature effect in 
Drosophila falls into line with the bean root experiments; however, the mech- 
anism whereby the oxygen tension affects chromosome breakage is unknown. 

It is evident from the considerations discussed above that, although the 
method whereby heat a t  the time of X-ray treatment affects chromosome 
breakage is still undetermined, there seems no reason to doubt that the tem- 
perature effect on irradiated Drosophila chromosomes is a reality. The evidence 
obtained from the virilis experiments indicates that the decrease a t  the warm 
temperature in the number of sperm with interchanges is not associated with 
the process of union of the broken chromosome ends, since the relative number 
of translocations involving two, three, and four chromosomes agrees with the 
cold temperature results and with the expectation based on the assumption of 
random and independent union. It seems most probable that a temperature 
difference at  the time of irradiation alters, directly or indirectly, the process 
of chromosome breakage. 

SUMMARY 

Males of Drosophila virilis were treated with 1000, 2000, 3000, and 4000 
r units of X-radiation. During irradiation the flies were kept a t  a temperature 
of either 3 k 1' or 28 1'C in comparable experiments. Any major chromo- 
some interchanges induced in the sperm of these males involving the four 
main autosomes and the Y chromosome were recovered by genetic analysis of 
their Fz offspring. 

The relationship between dosage and translocation production as determined 
by these experiments is found to be similar to the relationship previously re- 
ported in D. melanogaster. The percent of sperm with interchanges increases 
more rapidly than the first power of the dose, but gradually slopes off around 
4000 r units giving a sigmoid-shaped curve. A somewhat similar relation is 
found to exist between dosage and the minimum number of breaks induced 
in the sperm. This increase in the number of breaks is not caused solely by a 
rise in the number of simple translocations recovered, but is in part caused by 
the fact that, per individual sperm, more chromosomes are involved in the 
interchanges induced a t  the higher dosages. 

The frequency-dosage relation is not the same in the warm and the cold 
temperature series. A significant lowering of the rate of induced interchanges 
is observed a t  the higher dosage levels when the flies are maintained a t  the 
warm temperature during treatment. This finding confirms the results of other 
investigators who used warm temperatures of around 25'C and observed a 
temperature effect. It has no direct bearing on the negative results reported 
by workers who employed a warm temperature of approximately 36'C. 

An analysis of the chromosomes involved in over 800 of the induced trans- 
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locations indicates that the four major autosomes are about equally likely to 
participate in any interchange, but the frequency with which the Y chromo- 
some is involved is less than half as great as any one of the autosomes. This 
indicates that the four major autosomes are about equally likely to be broken 
by the ionizing radiations. 

I n  order to evaluate the significance of the observed frequency-dosage re- 
lation, the mathematical expectations based on a simple theory of chromo- 
some breakage and union are derived. The formulation of this theory involves 
the following main assumptions: 

1. The number of breaks per sperm follows the Poisson distribution. 
2.  The mean number of breaks per sperm increases linearly with dosage. 
3, Each of the major autosomes is equally likely to be broken. 
4. The broken chromosome ends unite a t  random to form the resulting ar- 

A comparison between the theoretical expectations and the empirical re- 
sults (exclusive of interchanges involving the Y chromosome) brings to light 
several pertinent facts concerning the processes of chromosome breakage and 
union in D. virilis. The cold temperature experiments follow very closely a t  
all dosage levels the expectations not only in respect to the percent of sperm 
with interchanges, but also in regards to the minimum number of recovered 
breaks. Moreover, a close agreement is evident between the expected and 
actual frequencies with which interchanges involving two, three, and four 
chromosomes occur. On the basis of this result i t  is apparent that restitution 
of broken chromosome ends is no more likely to occur than recombination, 
thus lending support to the assumption that the union process is a random and 
independent joining of broken ends. The results of the warm temperature 
experiments fall below the expectations based on the theory. This decrease in 
the number of recovered interchanges cannot be attributed to a disturbance 
in the process of joining of the chromosome ends which would increase the 
chance of restitution, since the relative frequencies with which two, three, and 
four chromosomes are involved in an interchange again agree with the expecta- 
tion based on the assumption of random union. Although it  is not known 
whether the temperature effect is caused by a direct action of heat on the chro- 
mosomes being irradiated, i t  seems likely that the ultimate effect of heat alters 
the mechanisms involved in the breakage of the chromosome thread. 

rangements. 
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