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ONDISJUNCTION of the X chromosomes in Drosophila was first studied 
by BRIDGES (1913, 1914, 1916). He determined the frequencies of nondis- 

junction under standard conditions. Recently HILDRETH and ULRICHS ( 1969) 
encountered variations in the frequency of nondisjunction when they subjected 
females to “high” (25°C)  or “low” ( IOOC) temperatures during prolonged 
periods of aging preceding egg deposition. The experiments presented here were 
designed to obtain detailed data on the effects of temperature and aging on non- 
disjunction of the X chromosomes in females of Drosophila melanogaster, includ- 
ing data on successive broods of females treated in various ways. 

MATERIALS AND METHODS 

Nondisjunction was studied among the F, of the cross y w 9 x f 8 (Samarkand wild-type). 
The y w PI females were collected from stock cultures of the type y w 9 x y w / y f  Y 8. The 
yf Y chromosome is a Y chromosome to which a small section of an X chromosome carrying 
the normal allele of y has been translocated. Any X X Y  females in  the stock would be recognizable 
by their y +  phenotype. Thus the use of y w parental females in the experimental cross assured 
that all were X X .  

In the main groups of experiments, the parental females were newly eclosed virgins “pre- 
treated” by being placed on “minimal food”2 at  25°C for 3 days which was the procedure used 
by HILDRETH and ULRICHS. After this common pretreatment period, the females were “treated” 
by being placed at  10°C or 25°C on minimal food for 0 day (control series “C-O”), or 3 days 
or 1, 2 or 3 weeks.3 During the aging periods of from 1 to 3 weeks the females were transferred 
from 1 to 3 times into new vials. After the respective “treatment”-i.e., the temperature and 
aging periods exclusive of the 3 days of pretreatment-each female was placed on normal food 
(standard culture medium-cornmeal, agar, molasses, yeast) and kept a t  25°C. Each female 
was given the opportunity to mate with two wild-type males4, at least 3 days old, on the first and 
again the sixth and seventh day after treatment. Each female was kept in a separate culture vial 
and transferred to new vials daily until the fifth day, and then every second day until the 13th 
day. In the control C-0 series, daily brood collections were made during the entire 13 day period. 

This work a a s  carried out under the auspices of the United States Atomic Energy Commission and supported in 
pakt by National Science Foundation Grant GB 6579. 

For the purpose of this paper, the term “minimal food” stands for a food mixture which reduces the ability of 
females to oviposit. A modified version of BURDICK’S medium (1954) was used. It  consisted of 20 g agar, 10 g 
brewer’s yeast, 43 g sugar, 4.3 g sodium nitrate, 1.4 g dipotassium phosphate, 0.7 g potassium chloride, 0.014 g ferrous 
sulfate, 0.7 g magnesium sulfate, 0.14 g tegosept in 12 ml of 95% ethanol, and water added to make a final volume of 
1000 ml (HILDRETH and ULRICHS 1969). 

The term ‘‘treatment” was defined as the period of aging under minimal food wnditions that followed 3 days of 
pretreatment. Therefore the treatment periods of 0, or 3 days or 1, 2, or 3 weeks at 1O‘C or 25°C comspoud to actual 
aging periods of 3, ti, 10, 17 or 24 days, respectively. 

In the following pages, the matings of single females with two males are somewhat inaccurately called “pair 
matings.” 

Genetics 65: 75-94 May 1970 
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The number of eggs deposited in the treatment series during the first day after termination 
of treatment was less than in the succeeding broods. In order to obtain sufficient data on fmt-day 
broods the experiment with single females was supplemented by mass matings using the same 
experimental procedures as in the main series except that only first-day broods were collected. 
To avoid overcrowding, a maximum of 15 females and 30 males per vial for the 10°C series 
and a minimum of 5 females and 10 males per vial for the 25°C series was used for the first-day 
broad collection. 

In addition to the control series C-0, in which the females were pretreated for 3 days, another 
control group, C, was reared which did not undergo pretreatment. This control is discussed later, 
as are also two special types of experimental series involved in the analysis of the first-day broods. 

It is of impsrtance to know how many eggs are laid by virgin females during the pretreat- 
ment and treatment periods. During the pretreatment period 225 females of the C-0 control 
series together laid 95 eggs, a mean of 0.42 eggs per female. For the experimental series, data 
are available for the number of eggs laid jointly over the pretreatment and early treatment 
periods or for later treatment periods alone. For each period, the number of eggs laid per female 
was estimated by counting the approximate numbers of eggs in several randomly selected vials 
of the experimental series, each of which contained 30 females during the treatment. The esti- 
mated number of eggs deposited before mating is about five per female at the highest and less 
than one at the lowest ammg the various series. 

Normal segregation of the X chromosome in the cross y w 9 x f 8 leads to wild-type 
females and y w males. Nondisjunction in the egg yields yf w+ triple-X metafemales, y w 
females ( X X Y ) ,  + males ( X 0 )  and 0Y zygotes which result in embryonic death. The triple-X 
metafemales have a very low viability, and hardly any develop to imagoes. If they occurred at 
all in our cultures they were not distinguished from regular + females. 

Although some of the X 0  males are probably the result of X chromosome loss rather than 
nondisjunction, the y w and + exceptions were scored and discussed as if they were products 
of nondisjunction. No adjustment of the theoretical nondisjunctional frequency based on the 
actual count of y w exceptions was done. 

Among the total of 833 exceptional + males obtained from the series of experiments per- 
formed, 823 were sterile and therefore scored as X 0 ,  which includes 28 + males that died before 
the fertility test. Ten males were fertile. If nondisjunction of the X Y  pair in males is as frequent 
as nondisjunction of the X chromosome in females, the expected frequency of + X Y  males by 
coincidence of nondisjunction in both parents would have been 1.5 (based on the data on males) 
instead of the observed 10. Unless all or some of the 10 fertile f males were contaminants, it 
seems that the frequency of X Y  nondisjunction is several times that of X X  nondisjunction. It 
seems conservative to regard the 10 males as contaminants and not include them in the data. No 
attempt was made to distinguish between y w X X Y  and y w X X  exceptions. 

Statistical analyses were based on the chi-square test, using Yates’ correction when, given 
one degree of freedom, an expected class was less than five. The level of significance used is 
P = 0.01 unless noted otherwise. On account of the usually low frequency of nondisjunctional 
exceptions, it was at times necessary to pool the data of some broods. 

RESULTS 

The main body of data from the two control series and the eight experimental 
series is given in Tables 1 through 3 .  Numbers without parentheses include data 
on both female and male exceptions. They constitute the material to be analyzed 
in the following pages. In  addition, the data of F, males only are listed within 
parentheses. (Theoretically, the nondisjunction frequencies are about twice the 
listed values of exceptions in these tables and Figures 1 and 2 as explained in 
MATERIALS A N D  METHODS.) 
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TABLE 1 

Nondisjunction data: control series, C-0 and C 

Control s e r i e s  

Broods 
(days)  

G -0 G 

Nd/Total 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

2/ 3404 

61 14672 

91 21581 
( 81 10705) 

8/ 24 104 
( 4/ 11 892) 

8/ 26 104 
( 71 12967) 

4/ 22527 
( 2/ 11 186) 

8/ 21706 
( 71 10 752) 

9/ 196W 
( 7/ 9732) 
14/ 20668 

13/ 17237 
( 9/ 8410) 
10/ 13872 

( 7/ 6927) 
8/ 10213 

( 51 4985) 
21 6311 

( 1/ 3068) 

( 2/ 1686) 

( 2/ 7393) 

( io/ 10335) 

% Nd 

0.05 8 
(0.118) 
0.040 

( 0.02 7) 
0.041 

(0.074) 
0.033 
(0.033) 
0.030 
(0.053) 
0.017 
(0.017) 
0.036 
(0.065) 
0.045 
(0.071) 
0.067 
(0.096) 
0.075 
(0.107) 
0.072 
(0.101) 
0.078 
(0.100) 
0.031 
(0.032) 

Nd/Total 

O/ 27 

4/ 12236 
( 3/ 6259) 
61 18135 

( 6/ 9069) 

( o/ 17) 

5/ 19755 
( 5/ 9933) 

1/ 6001 
( O/ 2905) 
61 4783 

( 5/ 2350) 
2/ 4239 

( 1/ 2069) 
41 3 191 

( 3/ 1519) 
8/ 5364 

( 71 2680) 

31 6060 
( 1/ 2998) 

O/ 3299 
( O/ 1623) 
2/ 2486 

6/ 3089 
( 1/ 1486) 
2/ 3126 

( 1/ 1456) 
3/ 2539 

1 1/ 1234) 
O/ 2085 

( O/ 1015) 

( 2/ 1220) 

$ Nd 

0. 
(0.1 
0.032 
(0.047) 
0.033 
(0.066) 
0.02 5 
(0.050) 
0.016 
(0. 1 
0.125 
(0.212) 
0.047 
(0.048) 
0.125 
(0.197) 
0.149 
(0.261) 
0.049 
(0.033) 
0. 

(0.1 
0.080 
(0.163) 
0.194 
(0.067) 
0.063 
(0.068) 
0.118 
(0.081) 

0. 
(0.1 

Totals 101/222 039 0.045 52/ 96415 0.053 
( 71/110 038) (0.064) (36/ 47823) (0.075) 

~ 

Nd: Nondisjunctional exceptions. Numbers without parentheses: both sexes jointly; numbers 
in parentheses: males only. 
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A. The effect of aging females at high temperature (25 "C) on frequency 
of nondisjunctional exceptions 

Each of the four experimental series shows a trend toward higher frequency 
of nondisjunctional exceptions with increased aging (Table 2, last line). A com- 
parison of the totals of the four experimental groups with that of the control 
C-0 (Table 1) shows an increase of exceptions in each experimental group, the 
differences being significant at the 0.2% or lower level. I n  each experimental 
series, the frequency of exceptions is higher in the later than in the earlier 
broods (Table 2, Figure 1). The borderline for this phenomenon seems to be 
represented by the fifth-day brood. There are three apparent exceptions to this 
age effect. These are the first-day broods of the I-, 2-, and 3-week treatment 
series, which give higher frequencies than the next three broods. Statistical 
analysis shows, however, that the relatively high frequencies in the first-day 
broods of these series are not significantly different from the sum of the second- to 
fourth-day broods of the same series, and the first-day brood of the control C-0 
does not differ significantly from the sum of the first-day broods (P = 0.5-0.7). 

On the other hand, the pooled data of the I-, 2-, and 3-week series show a 

/ 4 
/ \----- I 13W) 

.e.-__. 

I I 1 
8 9 IO II 12 13 4 . 5  Days 2 3 

I ' Broods I I I 

XBL698-I099 

FIGURE 1.-The frequencies of nondisjunctional exceptions in each brood of the control C-0 
series and the treatment series at 25°C. 3D, lW, 2W, and 3W: 3-day, I-, 2, or 3-week periods 
of aging. 
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FIGURE 2.-The frequencies of nondisjunctional exceptions in each brood of the treatment 
series at 10°C. 

significant difference in frequency of nondisjunctional exceptions between the 
sum of the first broods and the sum of the second- to fourth-day broods (P = 0.01 ) . 
A similar comparison involving pooled data from the 3-day and 1-, 2-, and 3-week 
series is insignificant a t  the 7 4 %  level, and a comparison involving pooled data 
of the control C-0 and the four experimental series yields borderline significance 
at the 5-7'3, level. 

As is shown later, the second- to fourth-day broods in each experimental series 
at 25°C do not show any age effect. In contrast the preceding analysis indicates 
that the first-day brood aged at 25°C shows a tendency to increased frequency of 
exceptions with increased period of aging, from 1 to 2 or 3 weeks. This tendency, 
if real, is of a minor nature, and more data are required to establish its reality. 

The differences between the early and late broods were analyzed further by 
subdividing the broods into two subgroups, comparing the first- to fourth-day 
broods with the fifth to the last day broods. Chi-square tests between the two 
subgroups show no difference in the control C-0 (P = 0.3-0.5), a difference 
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significant at the 3% level in the 3-day treated series, and differences significant 
below the 0.1 % level within the 1-, 2-, and 3-week treated groups. When the two 
subgroups were composed of the first- to fifth-day and the sixth- to last-day 
broods, very similar results were obtained. There is thus a significant difference 
between the early and late broods of all four experimental series but not in the 
control C-0. 

Further tests relate to the question whether there are differences between the 
early and late subgroups of the control us experimental series. No significant 
differences were found between the first- to fourth-day broods, whereas the fifth- 
to last-day broods differed at less than 0.1 % probability. Homogeneity tests for 
the early subgroups showed insignificant differences (x2 = 2.40, df = 4, P = 0.5- 
0.7), whereas tests of the late subgroups showed highly significant inhomo- 
geneity (x2 = 200.7, df = 4, P < 0.001). 

Additional comparisons between different early broods within the control and 
experimental series, showed no aging effect during the first- to fourth-day brood 
period. On account of the small numbers of nondisjunctional exceptions it was 
necessary to group the four broods in sets of two: first- plus second-day broods 
us third- plus fourth-day broods. All comparisons show statistical homogeneity. 
In addition, comparisons between the sums of the second- to fourth-day broods 
for the control C-0 and for the four experimental series also show homogeneity 
in contrast to the highly significant differences between the frequencies of excep- 
tions in the fifth- to thirteenth-day broods of the control C-0 and the various 
agzd series. 

In order to analyze the aging effect between the individual fifth- to thirteenth- 
day broods, each brood of the various experimental series was compared with the 
corresponding group of the control C-0 series. Since the two 10- l l th -  and 12- 
13th-day broods represented somewhat small samples, the 1 O-13th-day broods 
were treated as a single group. The only significant difference between the control 
C-0 and the 3-day-treated series was that between the 6-7th-day broods 
(P < 0.001). Between the l-week-treated series and the control there was a sig- 
nificant difference between the 6-7th-day, 8-9th-day and 10-1 3th-day broods; 
the only insignificant difference related to the 5th-day brood (P = 0.2-0.3). Com- 
parisons between the control C-0 and the 2- and 3-weeks series showed significant 
differences for all brood groups. It thus appears that the 6-7th-day brood is most 
sensitive to the aging effect of 25°C under the minimal food condition. The 8- 
13th-day broods are next in sensitivity, with the 5th-day brood being least 
sensitive. 

In summary, aging at 25 "C increases the frequency of nondisjunctional excep- 
tions in the later broods. In the earlier broods there is no effect of aging except 
for the first brood in pooled data of the 1-, 2-, and 3-week treatment series, which 
give higher frequencies of exceptions in first-day than in the 2-4th-day broods. 

B. The effect of aging females at low temperature (IOOC) 

1.  Comparisons with C-0 controls: Table 3 and Figure 2 provide the data for 
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the various series of females aged at 10°C. On the whole, the pattern of effects 
of aging is similar at 10°C and 25°C. There is, however, a striking difference 
between the effects of the two temperature treatments on the frequency of ex- 
ceptions in the first broods. 

Comparisons between the 25 "C control C-0 and the various low-temperature 
series show significant increases in nondisjunctional exceptions of the sums of 
all broods in all four treated series. The same is true for the sum of all broods 
except the first, and for the sums of the 5-13th-day broods. For sums of the 
2-4th-day broods, only the 3-week treated series differs significantly from the 
control C-0 (P = 0.01). 

Comparisons between the low temperature treated and control C-0 series show 
no significant differences for  each of the 2nd-, 3rd-, and 4th-day broods and the 
3-day and l-week treated 5th-day broods. The exception is the 3rd-day brood 
of the 3-week treatment series, discussed later (P = 0.03-0.04). After treatments 
of 2 and 3 weeks, but not for shorter periods, the 5th-day broods have signifi- 
cantly higher rates of exceptions than the control C-0 (P = 0.002). The same 
holds true for most of the comparisons for 6-7th-, 8-9th-, and 10-13th-day 
broods, with only borderline significance reached by the %day treated series for 
the last two brood groups (P = 0.05 and 0.02). The lack of effect of treatment 
on the early broods except the first and the effects on the later broods correspond 
to the findings from high-temperature treatments, whereas there is a contrast 
between the two temperature effects. 

The greatest difference concerns the first-day broods. In contrast to the 25°C 
series, for which there was no clear-cut difference between first-day treated and 
C-0 broods, all 10°C treated series-3 days, 1, 2, or 3 weeks-produce first-day 
broods with very highly increased frequencies of exceptional flies (Table 3, 
line 1 ) . The first-day broods are analyzed below in detail. 

2. Comparisons with high-temperature aged series: In the preceding section 
the frequency of nondisjunctional exceptions in low-temperature-aged females 
was compared with that in high-temperature control C-0. The treated series thus 
is different from the controls in two attributes, temperature and age. In order to 
separate the influences of these factors, the results of the various low-temperature- 
aged series were compared with those of the high-temperature series of equally 
aged females. (It is likely that the general physiological effects of aging at the 
two temperatures are not identical. However, no adjustment for such differences 
has been made. On the whole this did not seem necessary). 

Comparisons between the totals of all broods at high and low temperatures 
show no significant difference in the 3-day aged series (P = 0.1-0.2) but highly 
significant differences in the 1- and 2-week series, and a difference at the 5-6% 
level for the 3-week series. These differences are primarily due to the exceedingly 
high frequency of exceptions in the first-day broods of the low-temperature series. 
This is shown by comparisons between the first-day brood of low-temperature- 
treated series and the sum of all others, and between the first-day brood and the 
sum of the 2-4th-day broods (P < 0.001 in each comparison). Similarly, the 
first-day brood of all low-temperature series differs significantly from those of 
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the corresponding high-temperature series. These differences in the first-day 
broods between the high- and low-temperature series show that the main factor 
responsible for the difference is the temperature and not the aging treatment. 

In  order to test for differences between the high- and low-temperature series 
independently of the first-day brood, the sum of the 2-13th-day broods was used 
for comparison. Three of the four comparisons yielded insignificant differences 
(more than 10% level) and the fourth, relating to the 2-week treatment, was 
significant at about the 2% level. Thus, there seems to be only a minor tempera- 
ture effect, if any, for the sum of 2-13th-day broods. 

Further analysis showed some minor temperature effects on certain broods of 
specific aging series. One of these concerns the third-day brood, which does not 
show a temperature effect in any but the 3-week aging series (P = 0.02-0.03). 
This is similar to the situation in which the sum of the 2-4th-day broods are 
compared with the control C-0. Three of the latter comparisons show no signifi- 
cant differences, but the fourth, involving the 3-week series, does reach signifi- 
cance. Specifically, the difference between the 2-4th-day broods of the high- and 
low-temperature 3-week series may be assigned to the 3rd-day brood, but only 
at a 3% level of significance. 

The comparisons between the later broods of the low- and high- temperature 
series indicate no significant differences except two of the four comparisons of 
the 6-7th-day broods. Those for the 1- and 2-week treated series are significant 
at about the 2% level. 

In  summary, low-temperature treatment profoundly increases the frequency 
of exceptional flies in the first-day brood. Later broods are mostly not, or in two 
cases only slightly, affected. One of these, the 3rd-day brood, is affected only by 
the longest treatment period (3 weeks), the other, the 6-7th-day brood, shows 
an effect after 1- and 2-week treatment. 

C. Analysis of the first-day broods 

For the 3-day low-temperature series, the frequency of nondisjunctional ex- 
ceptions in the first brood is nearly 0.6%, and for the 1-, 2-, and 3-week treated 
series it is 5.14,8.11, and 5.55%, respectively (Table 3, line 1). These frequencies 
are from 10 to 140 times those of the first-day broods of the control C-0 and from 
17 to 65 times those of the corresponding high-temperature-treated series. The 
following analysis is intended to determine the stage in oogenesis that is respon- 
sible for the unusually high frequencies of nondisjunctional exceptions. 

Each of the first-day broods came from eggs deposited within 24 hours after the 
treated virgin females were given the opportunity to mate. This accounts for the 
rather small number of offspring obtained in comparison with subsequent brood 
collections. The sizes of first-day-brood sibships from pair-mated parents, control 
C-0, or treated with high or low temperatures, are given in Table 4 together with 
the frequencies of nondisjunctional exceptions among them. It is seen that the 
majority of treated females produced only a few offspring during the first-day 
brood collection. The highest number was 25, from a 3-day treated female. The 
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highest number of siblings among which exceptional flies appeared was 10 (two 
cases), from the 3-day low series. All other exceptions came from sibships of 8 or 
less. These facts strongly suggest that the nondisjunctional offspring of the first- 
day broods came from the first 10 fertilized and viable eggs deposited by a treated 
female after the first mating. 

Under normal conditions the number of functional ovarioles in Drosophila 
nelanogaster has been estimated as between 10 and 30 per ovary (KING 1957; 
KOCH and KING 1966). If the most mature oocyte at the distal end of each ovariole 
is inseminated and develops successfully before the rest of the oocytes, one can 
expect 20 to 60 offspring per female from eggs that were mature at the time of the 
first mating. The fact that the first-day brood from the low-temperature-treated 
female shows the striking effect on the frequency of exceptions among sibships 
of less than 10 leads to the conclusion that the effect is on the mature eggs. How- 
ever, since all females were pretreated for 3 days at 25°C on minimal food in the 
present series, one cannot specify the actual number of mature eggs in the ovaries 
at the end of the treatment without checking directly. 

In order to obtain information on the state of the ovaries, egg counts in the 
ovarioles of the females were made immediately after the 2-week high- and low- 
temperature treatment. The ovaries were dissected out, fixed, stained by the 
Feulgen method, mounted on a slide, and the number of Stage 14 eggs was deter- 
mined under the microscope (KING, BURNETT and STALEN 1957; CUMMINGS and 
KING 1969). Some of the females had an egg in the uterus, that was excluded 
from the count. 

In each series, 25 females (50 ovaries )were studied. The females with low- 
temperature treatment showed an average of 7.4 2 0.47 (SE), and a range of 
from 4 to 12 eggs at Stage 14 per female (3.7 0.19; 1 to 7 per ovary). The 
females with high-temperature treatment showed an average of 68.84 2 2.76, 
and a range of from 37 to 92 eggs per female (34.42 -+ 1.21 ; 14 to 55 per ovary). 
No eggs between Stage 11 to 13 were observed except one Stage 13 egg in the 
low series. 

These data compared with the number of F, from the females treated in the 
above manner and shown in Table 4, columns 7 and 8 indicate the following: In 
the low-temperature series, the highest number of F, per female was 8 (average 
1.4) and the highest number of mature eggs per female was 12 (average 7.4), 
whereas in the high-temperature series, 17 (average 2.6) and 92 (average 68.8) 
were the comparable numbers, respectively. There were thus more mature eggs 
present in the ovaries than corresponding numbers of F, individuals of the first- 
day brood. This may be due to the presence of unfertilized or disintegrated mature 
eggs as a result of the treatment, a situation reported by PATTERSON, BREWSTER 
and WINCHESTER (1932) in their studies of the joint effect of aging and of 
X radiation on the frequency of nondisjunction. Furthermore, lethality during 
development may also be a contributing factor to the difference in numbers of 
mature eggs and F,. 

The presence of unfertilized eggs was suggested by the study of 2-week 
low-temperature treated series. Those vials intended for first-day brood egg 



86 CHIYOKO TOKUNAGA 

TABLE 4 

Ananlysis of the first-day broods from pair matings in the control C-0 and in each experimental 
series. Number of parental ( p )  females classified according to the number of their offspring 

(see first column) 

Number of 
F per P 9 1 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

io 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

25 

Control 
c -0 
25'C - 
!9 
25 

34 

57 (1) 

54 

50 

48 

28 

25 

22 

10 

7 

15 

11 

1 

4 

8 

1 

1 

Treatment series 

3 days 1 week 

25'C 

6 

4 

3 

10 

i o  
13 
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collections which failed to produce any viable offspring were checked for the 
presence of eggs laid. From 165 pair matings, a total of 17 vials did not produce 
offspring but contained a maximum estimated number of 10 eggs per female. In  
11 of the 17 vials, second day brood collections produced a total of 236 offspring, 
none of which was a nondisjunctional exception. 

While counting the mature eggs in the 2-week low-temperature treated female, 
however, severe disintegration was not observed. Only occasional accumulation 
of a small amount of black pigment in the egg, and in very rare cases abnormal 
appearance of the cytoplasm, was noticed. In the low-temperature treated ovary, 
where few mature eggs were observed, 10 or more ovarioles were present in most 
of the cases. Most of them contained only very early stages of the ova. It seems 
likely that the oocyte, rather than having disintegrated, did not noticeably develop 
as judged from the 2-week treatment series. This assumption is well supported 
by the study of ovaries at the end of the 3 days pretreatment on minimal food at 
25°C. From the 25 females (50 ovaries), the average of 6.0 f 0.52, and a range 
of from 2 to 12 eggs at Stage 14 per female (3 2 0.21; 0 to 7 per ovary), was 
observed. Therefore, during the following 2-week low-temperature treatment, 
these Stage 14 eggs are retained in the ovary and consequently show an extremely 
high nondisjunction frequency at meiosis. In  the high-temperature series, the 
presence of a large number of eggs is apparently due to the presence of retained 
eggs. 

The above conclusion that the low temperature effect is on the mature egg is 
supported indirectly by the outcome of a special experiment in which newly 
eclosed females, instead of being pretreated at 25°C for 3 days on minimal food, 
were placed immediately on minimal food at 10°C for 3 days and then transferred 
to cormal food at 25°C and given the opportunity to mate. (All subsequent 
handling, including brood collections, was the same as for the control C-0) . In the 
newly eclosed females the most advanced eggs are in Stage 7 (KING 1957). I t  is 
estimated that under normal conditions it takes about 19 hours to proceed from 
the beginning of Stage 8 to Stage 14. It then takes an estimated 1.98 hours in 
Stage 14 to reach full maturity. This estimation varies according to the condition 
of the female (DAVID and MERLE 1968). Thus at least 21 hours are required by 
newly eclosed females to produce mature eggs ready to be fertilized. If the first- 
day-brood effect of low-temperature-treated females on nondisjunction is exerted 
on mature eggs, no increase of exceptions over other than low-temperature-treated 
flies was to be expected from the females without pretreatment. The first day 
brood collection from 420 females (120 pair mated, 300 mass mated) , yielded only 
a single normal segregant male. The second-day brood consisted of a total of 9493, 
including four male exceptions (0.04%). Based on males only, 4 out of 4741 were 
exceptions. This second-day brood, obviously, is not derived from treated mature 
eggs but from earlier stages. which do not show a low-temperature effect although 
~ 

Number of nondisjunctional exceptions is given in parentheses. Each exceptional fly came from 

* Two out of the listed five from one mother. + Two from one mother. 
$ Three out of the listed four from one mother. 
$5 Two from one mother. 

a different mother except in the following four cases: 
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they had been exposed to 10°C for 3 days. A x 2  test applied to the sum of the first 
two broods from nonpretreated 3-day low-temperature-treated females compared 
with the first-day brood of the control C-0 showed complete homogeneity (P = 1 ), 
but a comparison of the first two broods from nonpretreated 3-day low-temper- 
ature-treated females with the first-day brood of the pretreated 3-day low- 
temperature series yielded significant differences (P = 0.001 ). 

A special experiment was performed to test whether the low-temperature effect 
on the mature egg is still effective after removal of the treatment. The low- 
temperature experiments of 1 and 2 weeks’ treatment time were repeated in mass 
matings and, at the end of treatment the females were transferred to minimal 
food at 25°C for 24 hours. They were then placed on normal food and mated, and 
first-day broods were collected. These broods did show increased exceptions. Dur- 
ing the 24 hours at 25°C before mating, a total of 550 females which were treated 
for 1 week at 10°C deposited 12 eggs (= 0.02 eggs per female), and a total of 
1350 females treated for  2 weeks at 10°C deposited 164 eggs (= 0.02 eggs per 
female). In the l-week-treated series exceptions occurred in 3.27% (62 out of 
1892 flies; males only: 29/927), and for the 2-week-treated series, in 6.66% (135 
out of 2027 flies; males only: 67/1024). Compared with the l-week low-temper- 
ature series (Table 3, line 1) ,  which gave 5.13% exceptions, the 3.27 percentage 
is significantly different, while the 6.66 percentage is not significantly different 
from 8.1 1 % of the &-week low series (line 1 ) . However, the two percentages, 
3.27 and 6.66, are so much higher than all but first-day brood frequencies that 
there is no doubt that the low-temperature effect persists beyond 24 hours. 

I t  has long been known that the male exceptions are much more frequent than 
female exceptions. This preponderance of male exceptions has been attributed 
not to a process of nondisjunction but to single X chromosome loss at meiosis 
(MORGAN, BRIDGES and STURTEVANT 1925). This is borne out by these experi- 
ments, including control C-0 and eight series of high- and low-temperature 
treatment, which yielded 318 female and 667 male exceptions. It is noteworthy 
that the hypothesis of an X chromosome loss does not seem to apply to all broods 
of the C-0 and high- and low-temperature series. The first-day broods of the low- 
temperature series seem to show a rather substantial tendency toward equality of 
the sex ratio of exceptions seen in the last two columns of Table 3, line 1. Here 
the ratio is 58 0 0 : 72 8 8 ,  P = 0.1-0.2 for deviation from equality. The clarifi- 
cation of this interesting problem will depend on future study. 

In summary, the high frequency of exceptions is caused by the low temper- 
ature treatment of the mature eggs retained in the ovary during the treatment 
period. This effect persisted beyond 24 hours after the termination of the 2 weeks 
low temperature treatment. 

D. Analysis of control series 

The foregoing results involved females who had been kept on minimal food. 
In  each series, aging effects were apparent in the later halves of the broods. This 
section deals with tests made with females cultured under normal conditions. 

Newly eclosed females were placed at 25°C with males (at least 3 days old) 
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on normal food. Daily brood collections were made from the day of eclosion 
until the 16th day. During this period males were present from the first to the 
fourth day and again during the ninth and tenth days. In this control “C” 
series, 120 pair matings were used, supplemented for the first 4 days by mass 
matings involving 300 females. 

The frequencies of exceptions in each brood varied (Table 1). More data 
will be required for a fully valid analysis. It is, however, already possible to 
draw certain conclusions if one groups broods in a manner used in earlier 
discussions. If one divides the C series into four successive groups, the follow- 
ing facts appear: The first group, consisting of broods 1-4, shows 0.029% 
exceptions (15/50153) ; the second group, consisting of broods 5-8, shows 
0.071 % (13/18214) ; the third group, consisting of broods 9-12, shows 0.075% 
(13/17209); and the last group, consisting of broods 13-16, shows 0.101% 
(11/10839). A x2 test shows the four groups to be heterogeneous (P=  0.007), 
suggesting that the later broods tend to have an increased frequency of excep- 
tions. There is also heterogeneity when the broods are divided into 2 groups 
only, 1-8 us 9-16 (P = 0.007). 

As seen earlier, the first- to fourth-day broods of the various experimental 
series at high-temperature treatment as well as the control C-0 were very 
similar despite their differences in aging treatment. In  the control C series, the 
corresponding broods are those of the first to the fifth days as judged by the very 
small number of eggs laid on the first day. This small number is accounted for 
by the procedure which led to brood collection immediately after eclosion, 
whereas a minimum of 21 hours is required to develop eggs ready for insemina- 
tion and deposition. For the same reason the 13th day of the experimental and 
C-0 series is represented by the 14th day of the C series. If one tests for homo- 
geneity between the l-5th-day us the 6th-14th-days grouped broods, one finds a 
significant increase of exceptions in the latter group (P < 0.001 ) . If a test is made 
using the female’s age as a dividing criterion instead of the brood number, one 
must consider that the females of the C-0 series went through 3 days’ pretreat- 
ment, so that the first- to fourth-day broods of the C-0 controls come from females 
corresponding to the fourth to seventh days age of the C controls without pre- 
treatment. With these ages used as dividing markers, the 4-7th-day and the 
8-16th-day broods of the C series also are significantly different (P = 0.01-0.02). 
In  the C-0 series, on the contrary, a comparison between the l-4th-day us 5-13th- 
day grouped broods does not yield a significant difference (P = 0.3-0.5). Such 
differences do appear, however, when the C-0 broods are grouped in smaller units, 
e.g., 1-4th-, 5-9th-, and 10-13th- day broods or 1-3rd-, 4-5th-, 6-7th-, 8-9th-, 
and 10-13th-day broods: for  comparisons involving three groups, P = 0.02-0.03; 
for comparisons involving five groups, P = 0.01-0.02. Similarly, when the early 
l-4th-day broods of the C-0 series are compared with the last (10-13th-day) 
broods, the latter are higher in frequency of exceptions than the former (P = 
0.02-0.04). Corresponding comparisons in the C series give highly significant 
differences: l-4th-day group us ll-14th-day group, P = 0.009; l-5th-day group 
us 13-1 6th-day group, P < 0.001. 

Thus both the C-0 controls with 3 days’ aging pretreatment and the C controls 



90 CHIYOKO TOKUNAGA 

- 
Stem line 

J 1 Oogonium 0 Cystoblast 

> 
I 

I 

I 

I 
!. 

- 

L 

!. 

1 

I 

4 successive 
cystocyte 
divisions 

@\c;s;Er 
cystocytes 

Stage I 

Stage 2 

Stage 4 

Stage 6 

Stage 14 
Mature egg 



NONDISJUNCTION IN DROSOPHILA 91 

without such pretreatment show a tendency to increase frequency of exceptions 
in the later part of life of the females during the 13 or 16 days, respectively, of 
their egg laying. Whether the relative difference between the two control series 
in the intensity of the aging effect is caused by the difference in pretreatment of 
the two control series (3 days us. none) or is due to statistical variability remains 
unknown. 

DISCUSSION 

An association between maternal age and nondisjunction of chromosomes in 
humans has long been known, particularly for chromosome 21 (PENROSE and 
SMITH 1966) and the sex chromosome (LENZ, NOWAKOWSKI, PRADER and SCHIR- 
REN 1959). In Drosophila, no proof for such an association has been furnished 
(KELSALL 1963) except when aging is combined with X-ray treatment (PATTER- 
SON, BREWSTER and WINCHESTER 1932; UCHIDA 1962). The latter combination 
is also effective in humans (UCHIDA, HOLUNGA and LAWLER 1968). 

This paper reports on aging and low temperature effects on X chromosomal 
nondisjunction in Drosophila based on counts of the viable nondisjunctional 
exceptions including all the XO males, some of which actually are likely to be the 
result of X chromosome loss. 

Aging effects at 25°C are found in the later broods of 6th- to 13th day and even 
the least sensitive 5th-day brood can be affected by longer periods of aging. A 
similar pattern of aging effect was observed at 10°C, which perhaps indicates 
that the speed of oogenesis after the removal of treatment does not differ greatly 
between the two different temperature treatments. It has been estimated that 
oogenesis requires about six days, at maximum efficiency, from oogonia to Stage 
1 oocytes (KOCH and KING 1966). Stage 1 to full maturity at Stage 14, has been 
estimated to be 79 hours (DAVID and MERLE 1968). Thus, the whole cycle requires 
approximately 10 days (Figure 3 ) .  Accordingly, the 5th-day broods represent 
16-cell cyst stages at the end of treatment and the 13th-day broods represent 
oogonia. However, this does not take into consideration a possible delay resulting 
from the aging on minimal food. 

The aging effect on nondisjunction occurred not only in the experimental 
series with storage on minimal food, but also in untreated control females. In the 
C control, where daily brood collections under normal conditions were carried 
out for 16 days, there was a clear trend toward increasing frequency of exceptions 
in the later broods. 

The drastic low-temperature effect found in the first-day brood in the experi- 
mental series requires a minimum duration of treatment period. It is not the 
result of the temperature shock experienced upon the initial change from 25°C 
to 10°C and the terminal change back to 25°C. It is restricted to mature eggs, and 

FIGURE 3.-Schematic representation of the estimated timing of egg development in an 
ovariole operating at maximum efficiency at 25°C (after the studies of KING 1957, KOCH and 
KING 1966, KOCH, SMITH and KING 1967 and DAVID and MERLE 1968). The intervals on the time 
scale are not proportional to one another. Also, the dimensions of the different stages are not 
proportional to one another. 
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is maintained beyond 24 hours after cessation of the low-temperature treatment 
in cases of 1- and 2-week treatments. The tendency toward an equal sex ratio of 
exceptions found in the drastic low-temperature effect case suggests that the 
exceptions in this case do not include many cases of chromosome loss. 

Another effect on nondisjunction demands further work. It is the weak effect 
in the 3-week low-temperature series on the 3rd-day brood. The 3-week effect 
may have been involved in the earlier experiments of HILDRETH and ULRICHS 
(1969), in which the low-temperature treatment was also 3 weeks. Their data, 
which were not divided into daily broods, cover off spring corresponding to the 
first-, second-, and in part the third-day brood. Thus the effect on nondisjunction 
observed by them must have been caused mainly by the effect on the first-day 
brood and, to a minor degree, on the third-day brood. 

Studies on amphibians and mammals have led to various assumptions regard- 
ing the cause of nondisjunction. One of these assumptions suggests postovulatory 
overripeness of normally mature primary oocytes ( WITSCHI and LAGUENS 1963; 
BUTCHER and FUGO 1967; MIKAMO 1968). In humans, it has usually been 
assumed that aging affects the eggs prior to ovulation, but GERMAN (1968) has 
suggested that the aging effect is exerted after ovulation. This suggestion, how- 
ever, has been shown to account for, at most, only a small fraction of cases 
(PENROSE and BERG 1968; CANNINGS and CANNINGS 1968; JAMES 1968; GOOD- 
HART 1968; MATSUNAGA and MARUYAMA 1969). 

In D. melanogaster, the eggs involved in producing the first-day brood in the 
present experimental series of high- and low-temperature treatment correspond 
to vertebrate eggs exposed to overripeness in the studies just cited. The effects of 
aging apparent in later broods are based on influences exerted on younger egg 
stages, which correspond to those in the majority of human cases relating to 
chromosome 21. 

The high series did not show a clear-cut effect on nondisjunction in the first-day 
brood. although a tendency toward increase with increasing length of aging 
existed. More data are needed to substantiate the possible effect of overripeness 
independent of temperature in Drosophila, but the effect, if any, would be very 
minor in comparison with the effect of combining overripeness and low tem- 
p era ture. 

It is hoped that the drastic low-temperature effect on the first-day brood will 
become a useful tool for clarification of the nature of the process of non- 
disjunction. 

The author is very grateful to Dr. CURT STERN for his critical comments during the course 
of investigation and during the preparation of the manuscript. The outstanding technical assistance 
of Mrs. COLE ULRICHS is especially appreciated, as well as help by Mrs. FRANGOISE BACHER and 
Miss SUSAN BOGART. Thanks are also due to Dr. ROBERT C. KING for his helpful comments and 
to Dr. CHIN L. CHIANG for his statistical advice. 

SUMMARY 

Females of Drosophila melanogaster were subjected, during a premating treat- 
ment on minimal food, to various periods of aging from 3 days up to 3 weeks at 
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25°C and 10°C. The effects of these treatments were measured as increases in 
the frequency of nondisjunctional exceptions of the X chromosomes.-No aging 
effect at 25°C was found among the first- to at least fourth-day broods although 
there was a possibility of the presence of a minor effect on the first-day brood 
when aging was longer than one week. The effects found in later broods roughly 
correspond to the 16-cell cyst stages up to oogonia at the end of treatment.-An 
age effect in the females on nondisjunctional exceptions is also apparent in flies 
raised under continuously normal conditions. In a study of 16 successive daily 
broods, the later broods had increased frequencies of exceptions.-An exceed- 
ingly strong increase of exceptions occurs in the first-day broods after 1 or more 
weeks of treatment of the females at low temperature (10°C) . The frequency of 
exceptions is as high as 140 times that found in controls and experimental series 
not involving low temperature. Even low-temperature treatment of only 3 days' 
duration seems to be effective. It is not the temperature shock involved, but a 
certain minimal length of exposure to low temperature that is responsible for 
the striking increase of exceptions. The effect is almost exclusively based on 
influences on the retained mature eggs in the treated female and extends over 
at least 24 hours after removal from treatment.-A weak low-temperature effect 
has also been observed in the 6-7th-day broods of the 1- and 2-week-treated series 
as well as in the third-day brood of 3-week treated females. 
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