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IOLOGICAL damage resulting from radiation treatment has been studied in a B number of biological systems (LEA 1947; HOLLAENDER 1954; BARQ and ALEX- 
ANDER 1955). ZIRKLE (1954) discussed the implications of the observed influence 
of linear energy transfer upon biological damage. More recently BURCH ( 195 7) 
has discussed several problems of relative biological efficiency with respect to the 
methods used tQ characterize the quality of ionizing radiations. 

In Drmaphila, differences in the number of sex-linked recessive lethals re- 
covered after X-radiation treatment of mature and immature germ cells were 
reported earlier by HARRIS (1 929), HANSEN and HEYS (1929) and DEMEREC and 
KAUFMANN (194.1 ) . LUNNING (1952) reported differences in the effectiveness of 
X-radiation for dominant lethal damage in the spermatogenic cycle of Drosoph- 
ila melanogaster. The characteristics of biological damage in various types of 
germ cells of DrosapGla uirdis subjected to fission neutrons and 14 Mev neu- 
trons and comparisons a f the  results obtained with neutrons to those producqd by 
ionizing radiations have been discussed in previous papers (ALEXANDER 1958a, 

The data for translocation and dominant lethal damage produced in the sper- 
matogenic cycle of Drosophila virilis by several types of ionizing radiations are 
reported in the present experiments. Studies have been made of relative effective- 
ness of high energy X-rays and 7-rays as compared with 200 kv X-rays. 

b, c> .  

MATERIAL AND METHODS 

Young males of D.  virilis were treated with 200 kv X-rays, y-rays from cobalt- 
60 and 22 Mv X-rays from a 31 Mev betatron source. All treatments were in air 
at 27°C. With therapy X-rays, doses of 500r (X-I),  IOOOr (X-2) and 2000r (X-3) 
were given at a dose rate of 202r per minute. The machine was operated at 200 
kv and 15 ma with a half value layer of 1.4 mm of copper and an effective wave 
length of the soft end beam of 90 kev. Conversions from roentgens to absorbed 
doses (rads) were made using a value of 0.96 rads per r for muscle tissue. Doses 
of 500r (G-4)- 1000r (G-5) and 2000r (G-6) of 1.17-1.33 Mev 7-rays from a 
cobalt-60 source were given at a dose rate of 200r per minute. For these irradia- 

1 This investigation supported by Contract No. AT-(40-1)-18%3 with the United States 
Atomic Energy Commission and The University of Texas, M. D. Anderson Hospital and Tumor 
Institute. 
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980 M. L. ALEXANDER, et al. 

tion circumstances, the average absorbed dose to muscle tissue will be 0.96 rads 
from l r  of 7-rays. 

X-rays of 22 Mv energy were obtained from a betatron source. Two different 
series of tests were run with one series consisting of three doses. 500r (B-4), 
l O O O r  (B-5) and 2000r (B-6). In the second series, doses of 1000 rads (B-7) and 
3000 rads (B-8) were given. For the betatron treatments a four centimeter block 
of lucite was placed immediately above the biological material, between the 
material and target. A field size of ten cm was used at a distance of 85 cm between 
the target and biological material to obtain the maximum dose intensity from the 
beam. The fly chamber is, in essence, a small cavity in the lucite and the absorbed 
dose to the flies is therefore approximately the same as the absorbed dose to the 
lucite. Using the conversion unit of 0.915 rad per “nominal” r in water ( SINCLAIR 
et al. 1958), the absorbed dose in rads for lucite is 0.915 (pa lucite = 0.0147, pa 

water = 0.0155, NBS Handbook 62, 1956’). Using these units, 0.87 rads results 
from one “nominal” roentgen unit for 22 Mv X-rays. The physical descriptions 
of the sources and dosimetry are included in SINCLAIR and BLACKWELL (1958). 

Mature sperm tests were obtained from seven-day-old males treated with 
gamma rays and with 200 kv X-rays. These tests allow comparisons of the lethal 
damage in samples of motile, mature sperm of mature males with those for sperm 
bundles of young males. Treatments were made in air with dose rates of 190 or 
S25r per minute at 25°C. With 200 kv X-rays the tests include X-4, 500r (480 
rads) ; X-5, 1000r (960 rads) ; X-6, 2000r (1920 rads). Three additional tests 
X-7, X-11, and X-19 were carried out with 2000r. The 3000r test is designated as 
X-20. The gamma ray experiments include a 500r (G-1) test. a 1000r test (G-2) 
and three 2000r tests (G-3, G-13. G-18). 

Strain 1801 . l ,  Texmelucan, Mexico of Drosophila uirilis was used as the stand- 
ard stock for the radiation tests. For the immature germ cell tests, adult males of 
the Texmelucan strain were collected at two hour intervals after eclosion, and 
aged 17 to 23 hours before radiation treatment. Adult males of uirilis require six 
days to mature, and the first sample of treated germ cells was obtained on the sixth 
day after eclosion of adults from the pupae cases. The treated males were mated, 
individually, to three females. In all but the B-7 and B-8 tests the treated males 
were mated, individually, to two types of females, one “marker females” and two 
normal females. In experiments B-7 and B-8, the males were mated either to three 
marker females or to three normal females. The marker females were used for 
translocation tests. Marker females were homozygous for the recessive genes b, 
(broken, chromosome 2) ; tb gp ,  (tiny bristle and gapped, chromosome 3 )  ; cd 
(cardinal, chromosome 4) ; and pe, (peach, chromosome 5 ) .  Samples of F, male 
offspring, from crosses between treated males and marker females, were back- 
crossed individually to three marker females. Translocations between the second, 
third, fourth, fifth, and Y chromosomes were detected by genetic recombination 
of the F, offspring classes. 

Dominant lethals were measured by the use of egg development tests. Normal 

( p a  = mass of real absorption coefficient in cm’/gm.) 
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BIOLOGICAL DAMAGE FROM RADIATION 981 

heterozygous females were obtained from crosses of strain 1999 o x 2375 8 .  
One or two of the normal heterozygous females (used for the matings of one 
treated male x one marker female, two normal heterozygous females) were sepa- 
rated from the male and all eggs counted for each female for three or four days. 
Percentages of dominant lethals were calculated as the proportion of eggs which 
failed to develop into pupae. 

The germ cells treated in young adult males were tested by mating the males, 
after the preliminary maturing period of six days, every two days for a period of 
20 days. The first five mating periods, A-E, consisted of two day mating periods 
of males in all experiments. These periods represent sperm bundles and spermatid 
samples of postmeiotic cells. Sperm bundles are the most mature germ cells present 
in virilis males at the time of treatment-17-23 hours after eclosion. The first 
mating period, A, represents cells treated as sperm bundles. The second period, 
B, may contain mixtures of germ cells treated as sperm bundles and spermatids. 
Periods C, D and E are representative of germ cells treated as spermatids. The 
sixth mating period, F, represents cells treated in the meiotic divisions and is 
characterized by semisterility of the males and a low translocation rate. Sterility 
of the males is also obtained in the following mating period, G. The males exhibit 
aspermy during this period and females lay eggs which contain no sperm and 
therefore fail to develop (ALEXANDER and STONE 1955). 

Separation of cells that were in meiotic from those in postmeiotic stages was 
more difficult with 22 Mv X-rays than with therapy X-rays since dominant 
lethal damage remained high in meiotic cells and only small samples for trans- 
location tests were obtained in most periods. Sampling of meiotic and premeiotic 
cells included both two and three day mating periods. These are indicated in the 
tables and will be discussed in the RESULTS with the comparisons of the several 
types of radiations. The continuous drop in lethal damage obtained in periods H 
and I indicate that sampling has reached cells treated as spermatogonia. The 
designation of cell stages in virilis has been discussed more fully by ALEXANDER 
and STONE (1955) ; CLAYTON ( 1957) and ALEXANDER (1958a). 

In  the mature sperm test, seven-day-old males were treated and mated, indi- 
vidually, to three normal females or three marker females. Dominant lethal 
tests were obtained from the normal heterozygous females and translocation 
tests from marker females. 

RESULTS 

The data for the biological tests with 200 kv X-rays: ./-rays and 22 Mv X-rays 
are given in Tables 1, 2, and 3 and illustrated in Figures 1, 2 and 3. Data for 
treated mature sperm of seven-day-old males are included in Table 5. Tests with 
200 kv X-ray are indicated by the letter “X” followed by the number of the 
test; gamma rays are represented by “G” and 22 Mv X-rays by “B.” I n  Tables 
1, 2, and 3, the experiments with the radiation doses in roentgens and the calcu- 
lated relative absorbed dose expressed as rads are shown in the first column. The 
two-day remating periods are indicated in the second column by the letters A 
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TABLE 1 

Translocation und dominant lethal damuge with 200 ku  X-ray  

Experiment 
and dose Period 

A 
B 

x- 1 C 
(5OOr) D 

480rads E 
Air F' 

G* 
H 

A 
8 

x - 2  C 
(1000r) D 
960rads E 

Air F f  
G* 
H 

A 
€3 

x-3 C 
(2000r) D 

1920rads E 
Air F' 

G* 
H 

Tranqlocationsf Dominant lethals 

'Total Percent 
speim sperm with 

T2 T3 T2+? T4 T2+3 Ts tested translocation 

. . . . . . . . . . . .  . . .  . . .  
3 0 0 0 0 0 326 0.9 

20 0 0 0 0 0 363 5.5 
16 0 0 0 0 0 235 6.8 
2 0 0 0 0 0 150 1.3 

. . . . . . . . . . . .  . . .  . . .  

. . . . . . . . . . . .  . . .  . . .  

. . . . . . . . . . . .  . . .  . . .  

. . . . . . . . . . . .  . . .  . . .  
4 0 0 0 0 0 307 1.3 

. . . . . . . . . . . .  . . .  . .. 
48 5 0 1 0 0 349 15.5 
38 12 3 4 0 0 270 21.1 
2 0 0 0 0 0 221 0.9 

. . . . . . . .  . . .  
. . . . . . . . . . . .  . .  . . .  

. . . . . . . . . . . .  . . .  . . .  
31 9 0 0 0 0 290 11.4 

47 16 6 1 0 1 174 40.8 
5 1 1 2 1 0 14 71.4 
I 1 0 0 0 0 13 15.4 

. . . . . . . . . . . .  . . .  . . .  

. . . . . . . . . . . .  . . .  
. . . . . .  . . .  

Percent 
Eggs Pupae lethals 

. . . .  
3110 
1921 
2279 
2467 
2177 
2171 

693 

. . . .  
2698 
2146 
3484 
2525 
2659 
2220 
1451 

. . . .  
3378 
2555 
2488 
1257 
507 

1668 
1126 

. . . . . . .  
2944 5.3 
1738 9.5 
1672 26.6 
1406 43.0 
1700 21.9 
1802 17.0 
618 10.8 

. . . . . . .  
2402 11.0 
1309 39.0 
1061 69.6 
420 83.4 
915 65.6 

1527 31.2 
1272 12.3 

. . . . . . .  
2003 44.0 
633 75.2 
183 92.6 
35 97.2 
16 96.8 

748 55.2 
805 28.5 

* Three day mating period. 
i T,, T3, T,, T,, indicate translocations with the number of chromosomes involved; To+,, and TCCS) indicate the 

recovery of two different translocations from the same cell. 

through H or I. Results for 200 kv X-rays are presented in Table 1. For the 
biological tests, males taken at the same time were divided into three groups and 
each group treated with 500, 1000 or 2000r doses and the tests were run simul- 
taneously. Data for experiments, G-4, G-5, G-6, for ?-rays from cobalt-60 are 
included in Table 2. The various biological tests for these experiments were run 
simultaneously. The betatron experiments, B-4, B-5 and B-6 (Table 3 ) ,  were 
also made with three groups of males taken at one time and the tests for these 
three experiments were run  at the same time. The results with the betatron 
radiation were so unusual that two additional tests, B-7 and B-8, were run; one 
dose, 1000 rads, was intermediate between B-5 and B-6, and one dose, 2000 rads, 
higher than B-6. 

The kinds of translocations and the number recovered per cell are represented 
in Tables 1 and 2. Induced translocations, one per cell, involved two (T2), 
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BIOLOGICAL DAMAGE F R O M  RADIATION 983 

TABLE 2 

Translocation and dominant lethal damage wi th  1.17-1.33 Meu gamma rays 

Dominant lethals Translocations' 

Total Percent 
Experiment sperm sperm with Percent 

and dose Period T, T3 T,, T, Tz+3 Tb tested translocation Eggs Pupae lethals 

A . . . . . . . . . . . .  . . .  . . .  . . . . . . . . . . .  
B 2 0 0 0 0 0 286 0.7 1425 1313 7.9 

G-4 C 0 0 0 0 0 0 170 . _ .  1466 1288 12.1 
(500r) D 6 0 0 0 0 0 241 2.5 905 698 22.9 

480rads E 10 1 0 0 0 0 199 5.5 1937 962 50.3 
. . .  1311 734 44.0 Air F . . . . . . . . . . . .  . . .  
. _ .  1573 1073 31.8 G . . . . . . . . . . . .  . . .  

€3 . . . . . . . . . . . .  . .. . . .  . . . . . . . . . . .  

A 1 0 0 0 0 0  47 2.1 
B 8 0 0 0 0 0 398 2.0 

G-5 C 3 0 0 0 0 0 100 3.0 
(1000r) D 14 0 1 0 0 0 224 6.7 
960rads E 34 3 2 1 2 0 168 25.0 

Air F 0 0 0 0 0 0 27 . . .  
G . . . . . . . . . . . .  ... . . .  
H 0 0 0 0 0 0 79 . . .  

A 2 0 0 0 0 0  59 3.4 
B 25 2 1 0 0 0 309 9.1 

G-6 c 1 1  0 0 0 0 0 92 12.0 
(2000r) D 21 7 2 0 1 0 100 31.0 

1920rads E 9 2 0 3 0 0 28 50.0 
Air F 2 0 0 0 0 0  4 50.0 

G 0 0 0 0 0 0 17 . . .  
H . . . . . . . . . . . .  . . .  ... 

245 227 7.3 
2059 1752 14.9 
3052 2304 24.5 
1304 642 50.8 
2445 519 78.8 
1539 373 75.8 
1655 589 64.4 
. . . . . . . . . . .  

442 322 27.1 
1569 970 38.2 
3050 1206 60.5 
1930 267 86.2 
1902 62 96.7 
512 14 97.3 
766 168 78.1 
. . . . . . . . . . .  

~ ~ ~ ~ ~ ~~~~ ~ 

T,, T,, T4, T,, inbcate translocations with the number of chromosomes involved; To,, and T,,,, indicate the 
recovery of two different translocations from the same cell 

three (T3),  four (T,) or five (T,) chromosomes, and two different transloca- 
tions recovered from the same cell are indicated by (T2+2) and (T2+%).  The total 
number of sperm in each test are given. After betatron treatment of spermatid 
stages. only small numbers of offspring were obtained, and since only a few 
translocations involved more than two chromosomes, only the total number of 
translocations were included (Table 3 ) .  Data for the dominant lethal tests are 
shown as the total number of eggs and of pupae which developed. Percentages of 
dominant lethals indicate the proportion of eggs which failed to develop. 

Control tests for dominant lethals were carried out simultaneously with the 
B-7 and B-8 tests. Mature sperm from seven-day-old males and from adults, 
isolated as pupae, have also been tested. Results from the control crosses of 
1801.1 male x normal heterozygous females (1999 o x 2375.8 8 ) are included 
in Table 4. In the control tests, a total of 35,257 pupae developed from 38,355 
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TABLE 3 

Translocation and dominant lethal dwnage with 22 M u  X-rays 

Translocations Dominant lethals 

Percent 

I’npae lethals 
Esperinient Sample Nuniber of Percent dominant 

and dose Period s ~ z e  translocations translocations Eggs 

B-4 
500r 

(435 rads) 

B-5 
1 OOOr 

(870 rads) 

B-7 
1000 rads 

B-6 
2000r 

(1 74.0 rads) 

B-8 
2000 rads 

A 
B 
C 
D 
E 
F 
G 
H 
I 

A 
B 
C 
D 
E 
F 
G 
H 
1 

A 
B 
C 
D 
E 
F 
G 
H 
I 

A 
B 
C 
D 
E 
F 
G 
H 
I 

A 
B 
C 
D 
E 
F 
G 
H 
I 

333 
106 
101 
45 
62 

. . .  

. . .  

. . .  

. . .  

356 
45 

127 
116 
57 

. . .  

. . .  

. . .  

. . .  

79 
69 

121 
124 
. . .  
. . .  
. . .  
. . .  
. . .  

44-2 
62 
46 

111 
28 

. . .  

. . .  

. . .  

. . .  

137 
21 
90 
14 
35 
. . .  
. . .  
. . .  
. . .  

2 
1 
1 
0 
2 

. .  

. .  

. .  

. .  

6 
0 
3 
6 
3 

. .  

. .  

. .  

. . 

0 
0 

11 
10 
. .  
. .  
.. 
. .  
. .  

28 
7 
5 

33 
5 
.. 
. .  
. .  
. .  

13 
3 
9 
4 
3 

. .  

. . 

.. 

.. 

0.6 
0.9 
0.9 

3.2 
. . .  

. . .  

. . .  

. . .  

. . .  

1.7 

2.4 
5.2 
5.2 

. . .  

. . .  

. . .  

. . .  

. . .  

. . .  

. . .  
9. I 
8.1 
. . .  
. . .  
. . ,  
. . .  
. . .  

6.3 
11.3 
10.9 
29.7 
17.9 
. . .  
. . .  
. . .  
. . .  

9.5 
14.3 
10.0 
28.6 
8.8 
. . .  
. . .  
. . .  
. . .  

1750 
1328 
1278 
1930 
1303 
1513 
1198 
1359 
. . . .  

1712 
2492 
2568 
2556 
1559 
2280 
1035 
720 

. . . .  

335 
673 

1024 
1358 
208 7 
1210 
1048 
2224 
1000 

1976 
2310 
3250 
2839 
1900 
417 
822 

1074 
. . . .  

586 
1007 
1196 
1090 
1361 
352 
784 

1399 
857 

1620 
1245 
1197 
1769 
1016 
1219 
795 
91 1 

. . . .  

1510 
2081 
2073 
1657 
700 
868 
392 
335 

. . . .  

275 
498 
64.2 
62 1 
514 
334 
303 
940 
47 1 

1325 
1483 
1499 
583 
2 73 
43 
83 
86 

. . . .  

351 
530 
35 7 
196 
100 
16 
56 

275 
409 

7.4 
6.2 
6.3 
8.3 

22.0 
19.4 
33.6 
33.0 
. . .  

11.8 
16.5 
19.3 
35.2 
55.1 
61.9 
62.1 
53.5 
. . .  

22.5 
26.0 
37.3 
54.3 
75.4 
72.4 
71.1 
57.7 
52.9 

33.0 
35.8 
53.9 
79.5 
85.6 
89.7 
89.9 
92.0 
. . .  

40.1 
47.4 
70.2 
82.0 
92.7 
95.5 
92.9 
80.4 
52.3 
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100- 
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MATING PERIOD C D F G H .. 
DAYS 8 - 9 IO-  II 12- 13 I 15 16 - 18 19 '21 22- 23 

_cI. --- 
TYPES OF CELLS SPERM SPERMATIDS MEIOTIC SPERMATOGONIA 

FIGURE 1.-Domhant lethal damage in immature germ cells of Drosophila virilis with 200 
kv X-ray. 

eggs to give an average control value of 94.5 percent for egg development. Each 
of the control tests, which include remating periods, fell within three percent 
of the average value of 94.5 percent for all tests. The egg development in the 
first day's laying period was usually lower than for the second, third or fourth 
day. The radiation tests also showed a lower value for the first day than for 
either of the following three days. 

For the studies of dominant lethals, normal heterozygous females were used 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/44/6/979/6060776 by guest on 25 M

ay 2023



M. L. ALEXANDER, et al. 

Et W0r (MO rads) 

0 1WOr (960 rads) 

2000 r (1920 rads) 

I d 
MATING PERIOD A B C D E F G 

DAYS 6 -  7 8 - 9 I O -  II 12 - 13 14 -15 16 - 17 18 - 19 

TYPES OF CELLS SPERM SPERM AT1 DS ME IOTlC SPERMATOGONIA 

FIGURE 2.-Dominant lethal damage in the immature germ cells of Drosophila uirilis with 

- v v- 

1.17-1.33 Mev gamma rays. 

to prevent interference from homozygosity of recessive lethals which might 
have collected in the standard stocks. Only a very small percent of lethals could 
result from spontaneous origin of similar lethals in the different strains. How- 
ever, the control tests showed that not all of the eggs developed into pupae. A 
sperm fertilization test was used to determine whether some of the eggs which 
failed to develop had not been fertilized, Eggs were taken, at random, from con- 
trol tests which were similar to those indicated in Table 4 and also from the 
1801.1 standard stock. The eggs were placed on a slide, crushed under a cover- 
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- leg19 20E21 22123 
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FIGURE 3.-Dominant lethal damage with 22 Mv X-ray. 

slip, and checked microscopically for the presence of sperm. In virilis, the coiled 
tails of mature sperm are easily detected in eggs for an hour after eggs have 
been deposited by the females. When a fertilized egg is crushed, the coiled tails 
of sperm can be detected usually in the cytoplasm in the micropyle region. The 
proportion of eggs in which no sperm were observed corresponded to the pro- 
portion which failed to develop in the control tests. Apparently the 5.5 percent 
of eggs which failed to develop resulted from the absence of sperm fertilization 
of eggs rather than from recessive lethals. The postmeiotic cells in the radiation 
tests gave similar results. 

200 ku X-rays 
With 200 kv X-rays, the amount of dominant lethal damage varied in the 

different types of germ cells of spermatogenesis (Table 1, Figure 1). In post- 
meiotic cells (periods B-E), the first sample tested, B, contained the lowest per- 
centage of lethal damage. This period represents cells treated as sperm bundles. 
In cells treated as spermatids, the amount of lethal damage increased and was 
highest in the most immature spermatids (period E).  Although there was an 
increase in lethal damage in spermatids at all three dose levels, the differences 
show up better with the 500r (480 rads) test as shown in Figure 1. The post- 
meiotic spermatids of period E also showed higher percentages of translocations 
than did the cells of period B. This higher percentage was accompanied by 
increases in multiple breaks which result in translocations involving more than 
two chromosomes. 

The translocation rate dropped in period F, indicating that germ cells treated 
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988 M. L. ALEXANDER, et al. 

TABLE 4 

Control egg-deuelopment tesis* 

Mature sperm 
Eggs 2.157 

Percent to develop 84.6 
Young males 

Mating periods A, B, C ,  D, E 
Eggs 361 

Percent to develop 95.5 
Mating period G 

Eggs 617 
Percent to develop 95.0 

Mating period H 
Eggs 1,077 

Percent to develop 94.4 

Percent to develop 98.8 

Mating period I 
Eggs 324 

Mating period J 
Eggs 213 

Percent to develop 98.6 

Eggs 2.592 
Percent to develop 95.6 

Average, all periods 

Pupae 
Mating periods A, B, C. D, E, F, G 

Eggs 4.944 
Percent to develop 90.7 

2.696 
97.3 

739 
97.1 

466 
98.1 

503 
99.2 

300 
96.7 

479 
95.6 

2,507 
97.4 

5.774 
93.5 

2,605 
97.2 

810 
94.4 

464 
96.6 

387 
93.3 

325 
97.2 

639 
95.1 

2.625 
95.4 

4.246 
95.6 

2,048 
98.0 

518 
97.3 

23 8 
99.2 

905 
98.3 

5 79 
97.1 

295 
98.6 

2.535 
97.9 

3,625 
94.2 

9,507 
94.5 

2,448 
96.0 

1,785 
96.9 

2.872 
96.3 

1,528 
97.4 

1,626 
96.7 

10,259 
95.6 

18,589 
93.4 

in the meiotic divisions were included in this period. Translocations have not 
been recovered from cells treated while in meiotic divisions or in premeiotic 
stages (ALEXANDER 1958a). The percentage of dominant lethals recovered from 
meiotic cells is lower than that observed for the preceding period of E, with the 
500 and the 1000r doses. At these two lower doses, the lethal damage decreased 
in frequency as treated cells included spermatogonia. With 2000r the lethal 
damage in meiotic cells was high, the frequency being similar to that obtained 
for treated spermatids. The frequency of lethals dropped to 55 percent for period 
G and to 28 percent for period H. A frequency as high as 28 percent of dominant 
lethals was obtained in matings 22 to 23 days after treatment of the males. In 
spermatogonial cells increases in lethal damage were produced with increases 
in dosage. These differences reflect, primarily, differences in induced lethals 
which survive the meiotic divisions and act as lethals in embryonic development. 

The lethal frequencies for the various mating periods are plotted at the three 
dose levels in Figure 4. The data for periods B, C, D and E indicate an increase 
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TABLE 5 

Dominant lethal damage in mature sperm 

Percent Percent 
dominant Type of egg 

radiation Dose Experiment Eggs Pupae development lethals 
- 

500r 
(480 rads) x - 4  2716 2533 93.3 6.7 

1 OOOr 
(960 rads) x-5 2730 2430 89.0 11.0 

X-6 2807 1961 69.9 30.1 
200 kv 2000r x-7 15656 9880 63.1 36.9 

x-19 8547 6002 70.2 29.8 
X-rays (1920 rads) x-11 5963 2749 46.1 53.9 

Totals (X-6,7,11,19) 32973 20592 62.5 37.5 

(2880 rads) x-20 7019 3696 52.7 47.3 

- - - - 

3000r 

500r 
(480 rads) G- 1 2893 2641 91.3 8.7 

1.1 7-1.33 1 OOOr 
Gamma rays (960 rads) G-2 1975 1801 91.2 8.8 

2000r G-3 5359 4146 77.4 22.6 
( 1920 rads) G-13 9666 6609 68.4 31.6 

G-18 8600 5235 60.9 39.1 

Totals (G-3,13:18) 23625 15990 67.7 32.3 
- - - - 

in sensitivity of postmeiotic cells to radiation treatment, with spermatids (period 
E) being the most sensitive. All types of immature postmeiotic cells were more 
sensitive to radiation treatment than mature sperm of seven-day-old males 
(Table 5) .  The first period, A, was not included in this experiment although 
other tests (unpublished) indicate that dominant lethal frequencies for sperm 
bundles are similar to those for mature sperm. As shown in Figure 4, the fre- 
quencies of lethals in meiotic and spermatogonial cells (period F, G, and H) are 
all lower than the frequency obtained in period E. In period H, the lethal fre- 
quencies remained higher than the control levels. 

The relationship of the frequency of dominant lethals to increases in the radia- 
tion dose (Figure 4) appears to be nonlinear for mating periods B-F which 
include postmeiotic and meiotic cells. When the data are used for calculations of 
linear curves with the usual equation of Y = ,+PX, the relationships of the 
data for some periods to the regression lines are in good agreement although 
others show imperfect fits. The data for premeiotic cells (period G, H) were 
more suggestive of linear relationships. The differences in the sensitivity of the 
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I -POSTMEIOTIC GERM CELLS I E  
F 
D 
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G 
8 
SPERM 
H 

460 960 1920 

DOSE IN RADS 

FIGURE 4.-Dominant lethal damage with 200 liv X-rays. 

-POST MEIOTIC GERM CELLS 
--I- MEIOTJC AND PREMEIOTIC 

100- 
-I 90- v) 

480 960 I920 

DOSE IN RADS 

FIGURE 5.-Dominant lethal damage with 1.17-1.33 Mev gamma rays. 

various types of cells to the same dose of radiation make it difficult to compare 
the dose-response curves for different cells using the same three doses of radia- 
tion. In some cells, 500r of X-rays produce only eight percent lethal damage 
whereas in others 50 percent lethals are produced. 

1.17-11.33 MeV gamma rays 
The frequencies for dominant lethals and translocations produced with 

gamma-rays are shown in Table 2 and illustrated in Figures 2 and 5.  Among 
the products of postmeiotic cells, lower frequencies of dominant lethals were 
detected in the progeny of the first mating periods, A and B, than in the later 
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- POSTMEIOTIC GERM CELLS 
100- E---- MEIOTIC AND PREMEIOTIC CELLS (AVER. 

v) 
-I 90- 

70- 
60- t- 5 50- 
40- I X 30- 
20 - $ 
IO- 

4 80- 

CONTROL 
I I I 

435 870 I720 

DOSE OF RADS 

FIGURE 6.-Dominant lethal damage with 22 Mv X-ray from a betatron source. 

matings of periods C, D, and E (Figure 2) .  As with X-rays, young spermatids 
were more sensitive to radiation than sperm bundles. An increase in transloca- 
tion frequencies in spermatids was also evident. At 500r, there was an increase 
from less than one percent translocations to five percent; at looor, an increase 
from two percent to 25 percent; and at 2000r, from three percent to 50 percent. 
The frequency of dominant lethals remained high in period F and only small 
numbers of F, males were obtained for translocation tests. The lethal frequency 
remained high through period G where testing was discontinued. 

The percentages of dominant lethals are plotted for each dose for cells from 
all mating periods in Figure 5. The data used to plot the curves for immature 
cells are included in Table 2. The dominant lethal data for mature sperm of 
seven-day-old males are included in Table 5. In the first mating period, A of 
the immature cell tests, dominant lethal frequencies were obtained for two of 
the three doses and the frequencies were quite similar to those obtained for 
mature sperm. With respect to dominant lethals, there appears to be no great 
difference between mature sperm and sperm bundles in response to treatment. 
Mating periods such as C ,  D, and E for which the treated cells were predom- 
inantly spermatids gave higher lethal values. The meiotic cells (period F) and 
spermatogonia (period G) have slightly lower lethal frequencies than do the 
most sensitive spermatid cells of postmeiotic types. The dose-response curves for 
the various mating periods appear to be of a nonlinear type. The coefficient of 
correlation to a linear curve varied with most values indicating imperfect 
relationships. 

22 Mu X-rays-betatron 
Lethal damage with 22 Mv X-rays was similar to the results obtained with the 

other two radiations in that among the postmeiotic cells, sperm bundles were 
less sensitive to radiation than spermatids. The numbers in the translocation 
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tests were too small for quantitative analyses but the data were extensive enough 
and consistent enough to show definite increases in translocation damage in 
spermatids. 

The most significant results with betatron treatments were the high lethal 
frequencies obtained for meiotic and spermatogonial cells (Figure 3 ) .  The high 
values attained in postmeiotic cells were obtained also in meiotic cells (measured 
in mating period F) and in those cells analyzed through the use of G and H 
periods. Similar results were obtained in both series of tests with 22 Mv X-rays 
-with tests B-4, B-5, B-6 and in tests B-7, B-8. The lethal frequencies remained 
at 50 percent in progeny produced when treated males were remated for an 
additional two days (period I) in the second series. 

In Figure 6, the data for tests B-5, B-6 and B-7 are plotted for each mating 
period to compare the sensitivity differences in the periods with regard to dom- 
inant lethal damage. A gradual, consistent increase in sensitivity was observed 
among postmeiotic cells as more immature spermatids were represented in the 
tests. The lethal frequencies for meiotic and spermatogonial cells (F, G, H) were 
at least equal to or greater than those for spermatids (period E).  Since the results 
for periods F, G and H were so similar, the data for these three periods were 
averaged for plotting the curve representative of premeiotic periods in Figure 6. 
The high frequency of dominant lethals in premeiotic cells for 22 Mv X-rays 
(Figure 6)  is distinctly different than those for premeiotic cells with 200 kv 
X-rays illustrated in Figure 4. 

Conpurutiue eflectiueness in spermatogenesis 
The efficiency of the radiations for producing lethal damage varied with the 

three radiations. For postmeiotic cells, 200 kv X-rays were more efficient than 
y-rays and 22 Mv X-rays. The radiation doses in these experiments allow esti- 
mates for 50 percent lethal damage in postmeiotic cells as measured by periods 
C, D, and E, of meiotic cells from period F, and spermatogonial cells from period 
G. The calculated doses necessary for  50 percent lethal damage for the three ra- 
diations are indicated in Table 6. Relative Biological Efficiencies were calculated 
from the ratio: 

DOSE OF 200 KV X-RAYS FOR 50% LETHAL DAMAGE 

DOSE OF GAMMA RAYS OR 22 MV X-RAYS FOR 50% LETHAL DAMAGE 

Therapy X-rays (200 kv) were more effective than gamma rays and 22 Mv 
X-rays as shown by the results in the C and D periods. The average values for 
gamma rays and 22 Mv X-rays are similar although the average for 7-rays is 
slightly higher. At the stages measured by period E the relative efficiency of 7- 
rays is similar to th.at of 200 kv X-rays. In meiotic cells, F, both y-rays and 22 Mv 
X-rays were more efficient than 200 kv X-rays. In these germ cells the relative 
efficiency for producing lethal damage was just reversed to that obtained for 
postmeiotic cells. Differences in period G were greater and when based on mating 
periods, gamma rays and 22 Mv X-rays were twice as efficient. The two periods 
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TABLE 6 

Relative efficiency of 200 ku X-rays, gamma rays and 22 M u  X-rays 

Types of genii cell 

Postmeiotic Meiotic Spermatogonial 
Types of 
radiation c D E F G 

Doses in rads for 200 kv X-rays 1250 750 570 790 1720 
50% lethal damage Gamma rays 1720 990 510 590 770 

22 Mv X-rays 1650 1170 810 760 690 

200 kv X-rays 
Relative biological Gamma rays 

0.73 0.75 1.11 1.34 2.23 

efficiency ZOO kv X-rays 
22 Mv X-rays 

0.76 0.64 0.70 1.05 2.39 

F and G represent a total of six days with 200 kv X-rays and only four days for 
22 Mv X-rays. This may tend to overestimate the RBE values for G in this test 
although additional experiments showed that with 22 Mv X-rays the dose for 
50 percent dominant lethals remained about the same for periods G, F, and H, ur 
for a period of six days. With 200 kv X-rays the lethal values have dropped to 
lower values in a comparable period counted in days (F and G). Fifty percent 
lethal damage was tested in an additional two day period, I, for the betatron 
radiation with a 1000 rads dose. The estimated dose with the 200 kv X-ray 
source for 50 percent lethals for the 22-23 day mating period is a minimum esti- 
mate of 1720 rads which is twice that required with 22 Mv X-rays (betatron). 

DISCUSSION 

Variations in several types of biological damage have been reported for dif- 
ferent stages of germ cell development of Drosophila. Spermatid types of post- 
meiotic cells are more sensitive to radiation than are mature sperm. A peak in 
dominant lethal damage in spermatogenesis was reported for melanogaster by 
LUNNING (1952). The radiosensitivity peak was shown to include spermatids 
as well as spermatocytes by AUERBACH (1954). Other types of biological damage 
such as sex-linked recessives, autosomal recessives, deletions and translocations 
were also found to be higher in spermatids in her experiments. The high sensitiv- 
ity cf spermatids to radiation effects resulting in translocations and dominant 
iethals in virilis was reported by ALEXANDER, CLAYTON and STONE (I954), and 
ALEXANDER and STONE (1955). Sensitivity differences in postmeiotic sperm and 
spermatids have also been observed with several types of radiations. Besides the 
use of therapy X-rays, biological tests have been obtained in melanogaster with 
X-rays from a betatron linear accelerator source by MOSSIGE (1956) and FRITZ- 
NIGGLI (1956). With virilis, in addition to ionizing radiations such as therapy 
X-rays, gamma rays and betatron X-rays (ALEXANDER 1957, 1958a), the sensi- 
tivity differences for developing germ cells have been reported for fission neu- 
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trons and accelerator neutrons (ALEXANDER 1956. 1958b,c). Biological damage 
in spermatids is consistently higher with different biological measures using 
a series of different types of radiations. 

In  the present experiments, the relative efficiencies of the three ionizing rada- 
tions are compared, using the ratio of the doses necessary for lethal damage in 
50 percent of the cells. The relative effect for each type of radiation and the 
effect upon the various types of postmeiotic, meiotic and spermatogonial cells 
can be compared directly. 

The relative biological efficiency ( RBE) values calculated for postmeiotic 
spermatid cells of periods C, D and E are given in Table 6. In postmeiotic cells, 
the three ionizing radiations, 200 kv X-rays, gamma rays and 22 Mv X-rays, 
increased the biological damage in spermatids above that for sperm cells. The 
effectiveness of 200 kv X-rays on spermatids was higher than that obtained with 
gamma rays or 22 Mv X-rays. The RBE value for the various types of cells 
using gamma rays, as well as the average value of 0.86, was somewhat higher 
than the 0.70 value for the betatron. 

The RBE values for postmeiotic germ cells of uirilis with the three radiations 
correspond generally to the relative physical values of the radiations measured 
by the Linear Energy Transfer (LET) or by the ion density per micron. Differ- 
ences in the b-ological damage with the radiations are not as great as differences in 
the LET values calculated according to the methods of GRAY (1947) or COMACK 
and JOHNS (1952). According to GRAY’S calculations 200 kv X-rays have a value 
of 80 ion pairs/p or a LET value of 2.6 kev/p; gamma rays from cobalt-60 have 
a value of 11 ion pairs/p or a LET value of 0.36 kev/p and 22 Mv X-rays have a 
value of 8.5 ion pairs/p or 0.28 kev/p LET. According to the biological data re- 
ported in Table 6. the average RBE values for cobalt-60 is 0.86 of that for 200 kv 
X-rays. yet the difference in LET values for  X-rays and gamma rays is much 
greater. Calculations of mean LET values for three radiations by BURCH (1957) 
include considerations of secondary or &track formation. With these calculations 
the mean LET values per micron of water are 24.4 for therapy X-rays, 19.6 for 
cobalt-60, and 18.4 for 25 Mv betatron X-rays. The ratio of these values of 1 .00: 
0.80: 0.75 for the quality of the radiations agree more closely with the differences 
obtained in the biological tests. The RBE values were 1.0:0.86:0.70 for therapy 
X-ray:-,-rays:22 Mv X-rays in these experiments. The data for mature sperm 
(unpublished) allow estimates of RBE values but the data are not extensive 
enough to establish exact values as yet. The RBE values for cobalt and the beta- 
tron are no lower than 0.8 and are generally in agreement with the values for 
spermatids. 

The relative efficiencies of the radiations were different when meiotic and 
spermatogonial cells were sampled by use of periods F and G. Lethal damage in 
50 percent of the cells was observed with lower doses of gamma rays and 22 Mv 
X-rays than with therapy X-rays. With meiotic and premeiotic cells (periods 
F, G, H), the observed lethal damage and increases jn ion density of the radia- 
tions showed an inverse relationship. The males were sterile or semisterile when 
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used in matings 16-19 days (period F, G) after treatment. Semisterility of the 
males has been shown to be due, in part, to the absence of mature sperm in 
treated males during certain remating periods (ALEXANDER and STONE 1955). 
The absence of sperm results from degeneration of spermatogonial cells after 
radiation treatment. Low frequencies of lethals recovered after therapy X-rays 
as compared to gamma rays and 22 Mv X-rays imply a differential action for 
producing cell degeneration in spermatogonia with the various radiations. Those 
of higher ion densities produce more cell degeneration, and fewer injured cells 
survive and continue through spermatogenesis for genetic testing. This drop in 
lethal damage was found to be more noticeable when fission and accelerator 
neutrons were tested (ALEXANDER 1958b,c). In  tests using pupae, all treated 
postmeiotic and meiotic cells contained lethals, whereas, in premeiotic cells the 
lethal damage was not significantly higher than in the controls. The differences 
between a value of 100 percent lethals for one mating period and only one or 
two percent lethals in the following period make it difficult to explain the dif- 
ferences by chromosome sensitivity alone. The survival of some cells indicates 
that the presence of resistant cells and differences in sensitivity as measured by 
mutation rates in sperm and spermatogonial cells occur (ALEXANDER 1954 and 
unpublished). However, it is difficult to assume that the sensitivity for chromo- 
some breakage can account for a difference this large, and even more difficult 
to assume that no biological damage has been produced by the doses of neutrons 
which were used. Since cell degeneration may result after neutron treatment 
(ALEXANDER 1958b) the selection against certain types of damage by cell de- 
generation among premeiotic cells most probably occurs. More complete dis- 
cussions of cell degeneration in Drosophila from radiation treatment appear else- 
where and will not be included here (WELSHONS and RUSSELL 1957; ALEX- 
ANDER 1958a). 

MOSSIGE (1956) checked recessive lethal damage in the germ cell cycle of 
melanogaster at doses of 1000 and 2500r using 175 kev X-rays and 31 Mev 
X-rays. The RBE values were calculated by comparing the recessive lethal 
damage produced by the two radiations. These ratios varied in the cycle with 
the two radiations although 175 kev X-rays were usually more efficient than 31 
Mev X-rays except in mature cells at the lowest dose. At the 2500r dose, there 
were also variations, and the betatron became more efficient later in the cycle 
(five days after irradiation). These results could be interpreted in the same way 
as the uirilis data since these differences between the therapy X-ray and betatron 
would be expected at the higher dose in premeiotic cells. 

Variations in RBE values for ionizing radiations have been reported in a num- 
ber of cases. A discussion of cases where conflicting results have been reported 
with Drosophila appears in EDINGTON and RANDOLPH (1958). Differences in 
measurement of doses, calculations of dosage, different biological measures of 
radiation damage and definition of RBE values accounts for some differences. 

The RBE values obtained for postmeiotic germ cells of uirilis agree, in gen- 
eral. with those reported previously for mature sperm of melanogaster (for 
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summary see ZIRKLE 1954). Similar radiations, 200 kev X-rays, 1.25 Mev y-rays 
and 23 Mvp X-rays, were used for testing breakage and reunion frequencies in 
Tradescantia by ARNASON and MORRISON ( 1954). They found the comparative 
efficiencies for chromosome breakage with 200 kev X-rays, 1.25 Mev y-rays and 
23 Mvp X-rays to be 1.0:0.82:0.74 in one experiment and 1.0:0.73:0.68 in an- 
other. The frequency for chromosome reunion paralleled the breakage frequency 
fairly closely. CONGER et al. (1958) reported RBE values for X- and y-rays and 
1.3-. 2.5- and 14.1 Mev neutrons using Tradescantia. The results for Drosophila 
(unpublished) agree with their results, The 2.5- and 14.1 Mev neutrons were 
obtained from the same source for the Drosophila work. The mouse data obtained 
for the same three ionizing radiations from the same source show similar results. 
SINCLAIR and BLACKWELL (1958) reported RBE values for the same three sources 
using LD,, doses in mice. They report a ratio of 1.0: 0.86: 0.82 for 200 kvp X-rays, 
cobalt-60.7-rays and 22 Mvp X-rays. The average values for postmeiotic cells in 
Drosophila are similar to these values. The results with the betatron radiation is 
somewhat lower than the values obtained with mice. However, this value also 
appears to be lower than that for mature sperm of Drosophila and the values 
may be different for spermatids and sperm. 

Variations in biological damage involve the environmental concentration of 
oxygen. The amount of biological damage can be varied by changing the type of 
cell treated and by changing the type of radiation. Different types of cells re- 
spond differently to the same concentration of oxygen. Also neutrons and X-rays 
produce different amounts of biological damage in similar types of cells with 
different concentrations of oxygen (ALEXAKDER 1958a,b,c). 

A consideration of biological damage produced by various radiations is not 
simply dependent upon the physical characteristics measured by the LET or ion 
density of the radiations. The physiology of the cells and the interactions of the 
cell to environmental conditions must be included along with the differences in 
the physical characteristics of the radiation. When results obtained with neu- 
trons and X-rays are compared, the LET values of different radiations and the 
biological damage recovered from the radiations agree better with the LET using 
mature sperm than that for spermatids, meiotic and premeiotic cells. Mature 
sperm are affected less by environmental changes than are spermatids. When 
oxygen is eliminated from the environment by treating with nitrogen gas, trans- 
location damage in spermatids is twice that in sperm bundles following treatment 
either with neutrons or X-rays (ALEXAKDER 1958b,c and unpublished). When 
treatments are carried out in environments of oxygen, the increase in damage to 
spermatids from neutrons is also doubled. whereas from X-rays, the damage is 
more than doubled. This is reflected in the RBE values. The RBE ratios become 
lower for spermatids subjected to the two radiations. For example, when 14 Mev 
neutrons and 200 kv X-rays are compared with treatments in nitrogen, the neu- 
trons are approximately twice more effective than X-rays in both sperm and 
spermatids. When comparisons are made of results with treatments in oxygen, 
the 14 Mev neutrons are again twice more effective in sperm, but both are 
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equally effective in spermatids. This difference in sperm and spermatids is also 
obtained when fission neutrons and 200 kv X-rays are compared (ALEXANDER 
1958b). 

This enhancement by X-rays in spermatids may be explained as due to an 
increase in the importance of secondary tracks from the primary ion pathways 
when the opportunity is offered in the biological system. This possibility would 
require different considerations of secondary tracks with different types of cells. 
Another consideration is the problem of whether the different types of biological 
damage are produced by primary or secondary tracks or both. In  dividing cells 
the degeneration of cells from radiation treatment points out another distinct 
difference in responses which are dependent upon the biological system. 

It would be merely an assumption, at the present time, to explain the resulting 
differences with the three ionizing radiations as due either to quantitative differ- 
ences with the same mechanism of action for all three radiations, or to different 
mechanisms for each radiation. The differences obtained with meiotic and sper- 
matogonial cells indicate that the action or actions of the radiations may be dif- 
ferent although the observed results of cell lethals in nondividing cells may give 
a relative effectiveness expected from the LET values of the radiations. The 
cytological observation of damage using root tips of Vicia faba and Ehrlich carci- 
noma of the white mouse (FRITZ-NIGGLI 1954) showed that with 180 kv X-rays a 
complete absence of mitotic figures occurred for 36 hours after treatment. With 
31 Mev X-rays, mitosis was not suppressed although many of the mitotic figures 
were abnormal. A different radiobiological action for these two radiations may 
also be implied from these results. 

SUMMARY 

Dominant lethal and translocation damage in the mature and immature germ 
cells of Drosophila uirilis were observed for ionizing radiations of 200 kv X-rays, 
y-rays from the cobalt-60 and 22 Mv X-rays from a betatron source. 

Among postmeiotic types of cells, both dominant lethals and translocations 
were produced with a higher frequency in spermatids than in sperm. 

A comparison of the Relative Biological Efficiency of the three radiations in 
various types of postmeiotic cells showed a higher efficiency of 200 kv X-rays 
than y-rays of 22 Mv X-rays. The average RBE values for postmeiotic cells 
were 1 .OO: 0.86: 0.70 for therapy X-rays, y-rays and betatron X-rays. 

The percentages of biological damage produced by the various radiations 
agree in a quantitative manner with the physical measurements of Linear 
Energy Transfer or ion density per micron of the radiations. The agreement in 
the differences in ion density and difference in biological damage depends upon 
the method for calculating the LET or ion density of the radiation. 

The biological results suggest that any one set method will not be sufficient to 
wholly describe the radiobiological action dependent upon the physical char- 
acteristics of the radiation. 

Radiation treatment of spermatogonial cells produced different results. Higher 
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values of lethal damage were observed following 22 Mv X-rays and y-rays than 
following therapy X-rays. The 22 Mv X-rays (and -/-rays) were as much as 
twice as effective in producing lethal damage. 

The difference observed for the postmeiotic (nondividing) cells in comparison 
to dividing cells of meiotic and spermatogonial types is explained as due to a dif- 
ferent effectiveness of the radiations for producing cell degeneration in sperma- 
togonial cells. Smaller amounts of lethal damage would be observed for the 
radiations of higher ion density since a greater proportion of the cells would 
degenerate and not survive to continue through spermatogenesis for genetic 
testing. 
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