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HE condition of dominant lethality is fulfilled when a haploid nucleus has 
been altered in such a manner that upon combination with a normal haploid 

nucleus the resulting heterozygote dies either immediately or eventually. Of the 
various mutation classes induced by physical or chemical mutagens, dominant 
lethality occurs with the highest frequency and is the simplest to measure. 

Three different types of dominant lethality are recognizable in Habrobracon 
by phenotype (ATWOOD, VON BORSTEL, and A. R. WHITING 1956). Type I domi- 
nant lethality, which occurs in oocytes irradiated in the first meiotic metaphase 
or prophase, is the most predominant and is characterized by a depression of 
mitotic rate with complete cessation of mitosis after the second or third nuclear 
division. This is followed by a curious syndrome involving production of Feulgen- 
negative nuclei that eventually enlarge (VON BORSTEL 1955). In the present in- 
vestigations we found that most of the dominant lethality induced in sperm is also 
of this type. Type I1 dominant lethality, which is inducible in metaphase I 
oocytes, is characterized by death after blastula formation and before hatching in 
the haploid (unfertilized) egg, but predominantly after hatching in the irradi- 
ated egg fertilized with normal sperm. Type I11 dominant lethality, which is in- 
ducible in prophase I oocytes, is characterized by death after blastoderm forma- 
tion and before hatching whether or not the egg is fertilized with normal sperm. 

Since progeny tests of dominant lethal heterozygotes are impossible, experi- 
ments of a reconstruction type were chosen as the simplest analytical procedure 
for interpreting the nature of radiation-induced dominant lethality. Since chro- 
mosome imbalance has been regarded as the main source of dominant lethality 
(MULLER 1954), the time and characteristics of death of aneuploids from tri- 
ploids and translocation heterozygotes were compared with the dominant lethal 
embryos induced by radiation. Both Habrobracon and Drosophila were used in 
order that (1) the various types of dominant lethality could be compared from 
one species to another, and (2) the unique advantages of each genetic material 
could be used for study of different aspects of the problem. 

MATERIALS A N D  METHODS 

The wasp Habrobracon juglandis is parasitic on the larva of Ephestia kiihniella, 
the Mediterranean flour moth. For hatchability and adult survival studies, the 

1 Operated by the Union Carbide Corporation for the United States Atomic Energy 
Commission. 
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wasps were transferred twice daily to two-inch stender dishes, each with a single 
new unstung caterpillar. The wasps were kept in incubators maintained at the 
optimal temperature of 30" C. The egg number was recorded, and dislodged eggs 
were placed back on the paralyzed host. Thirty hours later, hatchability counts 
were taken and the stage of death of the dead embryos was recorded. Classifi- 
cation of dead embryos was greatly facilitated by prevention of shriveling through 
the elevation of humidity with a pan of water in the incubator. After ten days, 
postembryonic deaths and surviving adults were counted. Habrobracon stocks 
No. 33 virgins and 17 oi males were used for the radiation experiments. 

The hatchability procedure used for  Drosophila melanogaster embryos was 
essentially that used by BAKER and VON HALLE (1953). Oregon-R males were 
irradiated and pair-mated with Oregon-R virgins. After 24 hours, the males were 
removed. Each female was placed on charcoal-agar medium to facilitate egg 
counting and, 24 hours later, was transferred to a fresh vial. The dead embryos 
were fixed and stained for cytological analysis with a whole-mount Feulgen pro- 
cedure in which the embryos are aligned on cover slips (VON BORSTEL and 
LINDSLEY 1959). The procedure was used for the translocation heterozygote and 
triploid studies as well. Care was always taken that dead embryos studied cyto- 
logically were from vials in which the hatchability was at least the lowest ex- 
pected value, to avoid, insofar as possible, selection of unfertilized eggs. 

Triploid females 
In  Habrobracon, hemizygous individuals or individuals homo- 

zygous for the same sex alleles become males; heterozygotes become females (P. 
W. WHITING 1943). Half the fertilized eggs from inbred stocks would normally 
become diploid males except that most of these individuals die just before or just 
after hatching. A few do become adults but are usually infertile. Occasional 
(about one in ten) diploid males are fertile and have diploid sperm. Daughters 
from the cross of a diploid male with a normal female are always triploids. The 
offspring from a triploid virgin female would have anywhere from the haploid 
number of chromosomes (IO) to the diploid number (20). Aneuploid embryos 
from five different triploids were examined. 

Triploid Drosophila were first described by BRIDGES ( 1921 ) . 
Their origin is usually unknown. One probable common source is a tetraploid 
piece of gonia1 tissue that occurs in the mother and gives rise to diploid ova. 
Aneuploid embryos from two different spontaneous triploids crossed with Oregon- 
R males were examined. 

Habrobracon: 

Drosophila: 

Translocations 
Since translocation stocks were unavailable in Habrobracon, 

a method was devised for  their detection in genetically unmarked stocks. The 
translocations were induced with X-rays in males and determined by testing for 
the resultant inherited partial sterility. Several males from each F, female show- 
ing reduced egg viability were mated to wild type females, and the F2 females 
were tested for reduced hatchability. Those females showing reduced hatch- 

Habrobracon: 
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ability are considered as being heterozygous for a translocation. (A detailed 
presentation of this material will be published elsewhere.) Aneuploid females 
from four different stocks showing inherited partial sterility were examined. 

Two translocations were used in this study, T(2;3)SN and 
T(2;3)Xa. In each case stocks bearing these translocations were crossed to Ore- 
gon-R; the daughters bearing the translocations were backcrossed to Oregon-R 
males, and the dead embryos collected and studied. The specific stocks used were 
T(2;3)SM C y  c3G Sb Ubx/st c3G ca and In(3LR) lJbxlso, UbxlS0 es/T(2;3)Xa. 

Irradiation procedure 
A G.E. Maxitron-250 unit was used to administer the X-radiation. The ma- 

chine, operated at 250 kvp, 30 ma, had a tungsten target, 0.1 mm of A1 inherent 
and 3 mm of A1 added filtration (half-value layer, 0.40 mm of Cu). Dose rates 
of 330,675,1000, and 1885r/minute were used at 39,31,23, and 16.5 cm, respec- 
tively, in different experiments. Habrobracon eggs in the first meiotic metaphase 
were irradiated at the lowest rate, 330r/minute; Habrobracon sperm, 675r/min- 
Ute; Drosophila sperm, 1000r/minute; and Habrobracon eggs in the first meiotic 
prophase, 1885r/minute. 

Drosophila: 

METHODS OF ESTIMATING LETHALS 

Equations for estimating the frequency of dominant and recessive lethal muta- 
tions in Habrobracon were derived by ATWOOD et al. (1956). Since these equa- 
tions are more generally useful than at first indicated, and since they are used 
throughout this paper, some of them are listed here and their properties discussed. 

The frequency of embryo dominant lethal mutations, D, that depress hatch- 
ability when sperm are irradiated can be estimated by 

where m is the hatchability frequency of eggs from mated females, Vu is the 
surviving proportion of unfertilized eggs (estimated from unmated controls), 
and f is the proportion fertilized. Adult survival data can be inserted in Equation 
( 1  1 to estimate D’. the frequency of total dominant lethal mutations; m’ and 
V’?, for adults would correspond to m and V u  for embryos. 

In irradiated eggs, the frequencies of fertilized eggs dying at any stage of 
development, sf, were computed from the data in Table 1 by 

where sllz is the proportion of embryos from mated females that die at a particular 
stage of development and su is the proportion of embryos from unmated females 
that die at the same developmental stage. Equation (2) is of the same form as 
Equation (1). When the equation is used for all stages of embryonic, larval, and 
pupal development, it is a step-by-step analysis in which the effect of fertilization 
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on the expression of death of irradiated eggs can be compared with that of unfer- 
tilized irradiated eggs. In all graphs describing the radiation effects, the fre- 
quency of the stages of death of fertilized eggs was computed from the data in 
Table 1; the negative values obtained in a few instances are caused by random 
fluctuations in the frequency of death at the various stages of development. 

In previous publications (ATWOOD et al. 1956; CLARK and MITCHELL 1952; 
A. R. WHITING and MURPHY 1956), the value of f has been taken from controls 
because adults in experiments were usually not counted and f has been assumed 
usually to be from 0.60 to 0.67. For an absolute determination from the experi- 
ment itself, the proportion fertilized, f, is given by 

q+v: -" 

where q is the ratio of surviving adult females to total eggs (ATWOOD et al. 1956). 
Equation ( 3 )  can be restated simply as 

where p is the ratio of surviving adult males from mated females to total eggs 
from mated females. This formulation is valid under any condition of lethality, 
and is used in the data analyses throughout except for the triploid females, 
where a value of f of 0.67 was used because no adults survived. Equation (3) also 
was used to estimate f values for the irradiated sperm given in Table I for com- 
puting Figures 2 and 5 .  Except where data from unmated control females indi- 
cated a considerable discrepancy, V u  was taken to be 0.95 and V ;  was taken to 
be 0.90; variations from these values as much as ten percent will not have more 
than a four percent effect on f or D. 

CLASSIFICATION 

Hubrobrocon embryos: The stage of death can be determined with reasonable 
accuracy on the unfixed unstained Habrobracon embryo. The egg chorion is 
two microns thick and is transparent. The embryos are classified in five differ- 
ent categories, Stages 1,2,  3,4, and 5 (Figure 1).  Stages 3 and 4 can be further 
subdivided, although the stages are not separated in the data reported here. The 
stages of death are sequential in embryogenesis. but the absolute times of death 
during embryogenesis have not been accurately determined. 

Stage 1 is the embryos in which death occurs during karyokinesis before the 
blastoderm forms; the embryos have a mottled white appearance and one end, or 
both, is filled with a clear fluid. Stage 2 is the blastula stage up to the beginnings 
of tissue differentiation and is characterized by two homogeneous white bands. 
Embryos in Stage 3 are those in which the yolk mass is changing from white to 
yellow and the yolk is beginning to become more centrally located. Stage 4 is a 
nearly fully developed embryo and can be readily distinguished by the presence 
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FIGURE 1.-Stages at which radiation death is expressed during the development of Habro- 
bracon embryos. 

of tracheal elements and ureate cells. Stage 5 is made up of fully developed 
embryos that die at any time during the hatching process. Stage 3a is distin- 
guished from 3b by- the heterogeneous distribution of the yolk in the former. 
Stage 4a embryos are those in which tracheal elements are just beginning to 
form and 4b embryos have fully formed tracheal elements and ureate cells. The 
gut occasionally ruptures in Stage 4 embryos, and the yolk in these may be 
homogeneously distributed throughout or be somewhat concentrated in the pos- 
terior end of the embryo. The embryos in Figures 3, 4, and 5 were classified in 
this manner. 

At random intervals, the embryos were fixed and stained. For the most part, 
this was done for microscopic examination of embryos that had died in Stage 1 
(preblastula). Five different stages of death in fixed and stained Habrobracon 
embryos have been described (A. R. WHITING, CASPARI, KOUKIDES, and KAO, 
1958) that correspond roughly to the stages determined on the unstained em- 
bryos. Table 2 shows the same batch of irradiated dead embryos staged unstained, 
then fixed, stained, and staged by cytological methods. No attempt was made to 

TABLE 2 

Comparison of methods for determining t ime  of death of Habrobrucon embryos irradiated as 
Metaphase I eggs wi th  Z l O O r  

Egg5 from virgins Eggs from mated females 

Unstained Stained LJns tained Stained 

Stage of embryonic Xumber Percent of Number Percent of Number Percent of h-umber Percent of 
de\ elopinent analyzed total analyzed total analyzed total analyzed total 

1 362 69.4 136 73.5 377 65.9 113 67.2 
2 15 2.9 8 4.3 28 4.9 9 5.4 
3 90 17.2 30 16.2 56 9.8 18 10.7 
4 45 8.6 8 4.3 69 12.2 15 8.9 
5 10 1.9 3 1.6 42 7.3 13 7.7 

Total 522 100.0 185 99.9 572 100.0 168 99.9 
- 
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keep track of the individual embryos from the unstained through the stained 
states, and the two analyses were done by different investigators. The good agree- 
ment demonstrates that the much faster analysis of unfixed, unstained material 
is reliable. In  every other case in which microscopic analysis was performed, the 
embryos were first classified with respect to stage of death and then arranged on 
cover slips in a manner that allowed direct individual comparison with the stage 
of death as determined on the unfixed, unstained embryos. Microscopic analysis 
at intervals provided a control for the much faster analysis on the unfixed, 
unstained embryos. 

Habrobrucon larvae and pupae: Although Habrobracon larvae go through five 
instars, it is convenient to assign only four stages (6, 7, 8, and 9) to the larval 
developmental period. Stage 6 is composed of larvae that die after hatching but 
that never feed. Stage 7 larvae feed but die at the end of the first larval instar or 
at the beginning of the second. Stage 8 larvae die in the intermediate stages of 
growth. Stage 9 larvae have finished feeding and die before spinning a cocoon. 

Stage 10 is composed of larvae that have spun a cocoon, and pupae in stages too 
early for the sexes to be discriminated. Stage 11 pupae are white or just begin- 
ning to darken; in these, sex can be determined. Stage 12 pupae are well de- 
veloped in body coloration but the wings have not expanded; the antennae may 
or may not be still attached to the thorax. Stage 13 pupae have expanded wings 
and appear ready to eclose. 

Drosophila embryos: Analysis of dead Drosophila embryos was done on fixed 
and stained whole-mount preparations only. The embryos were classified in three 
categories: Stage 1 is made up of embryos that died during karyokinesis, before 
enough nuclei were present to form a blastoderm. Stage 2 consists of embryos that 
died at or just before blastulation. Stage 3 is comprised of embryos that died 
after tissue formation began but before hatching. Even though the last category 
is a broad one, our interest is particularly centered on Stage 1 since it is most 
predominant after irradiation of the gametes. 

RESULTS 

Radiation-induced dominant lethality 

Type I lethality, that expressed before blastoderm formation, is predominant 
when Habrobracon or Drosophila gametes are irradiated with doses that are 
lethal to the majority of embryos. This is shown in Figure 2, where dose-action 
curves compare the proportion of embryos dying before blastoderm formation 
with the embryo hatchability. With Habrobracon sperm (2c) or metaphase I 
eggs (2b) or Drosophila sperm (2d), the dose-hatchability responses are ap- 
proximately exponential; to a large extent, this is a manifestation of the simple 
exponential nature of the Type I lethality in response to dose. The Habrobracon 
eggs irradiated in prophase I exhibit two-hit kinetics (Figure 2a). Drosophila 
eggs irradiated in prophase I also show that two hits are requisite for lethality 
(PARKER 1955; KING, DARROW, and KAYE 1956; KING 1957). The Habrobracon 
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FIGURE 2.-Dose-action curves for Habrobracon prophase I (a )  and metaphase I (b) oocytes 
and Habrobracon (c) and Drosophila (d) sperm. Hatchability data are from A. R .  WHITING, 
1945 b ; KENWORTHY, 1956 0; ATWUOD et al., 1956 A; and these experiments a. 1.0 - pro- 
portion dying before blastoderm formation. 

oocyte data are from unfertilized eggs; induced recessive lethals contribute about 
0.10 of the deaths to both metaphase I eggs and prophase I eggs at the 0.37 sur- 
vival level. 
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Cytologically, the Type I lethality in Habrobracon is characterized by meiosis 
at the normal rate and then by an abrupt depression in the rate of mitosis, with 
complete cessation at the second or third division. A few hours later, anomalously 
Feulgen-negative nuclei arise, which eventually enlarge ( VON BORSTEL 1955). 
In Drosophila, the Type I syndrome is similar in that no or few Feulgen-positive 
nuclei are seen; however, Feulgen-negative nuclei seem not to be produced after 
the cessation of mitosis. Absolute criteria for distinguishing dominant lethal 
embryos from unfertilized eggs have not been established in Drosophila. 

That Type I lethality is truly dominant is demonstrated in Figures 3 and 4, 
where it can be seen that the time of expression of the early death induced in a 
Habrobracon egg nucleus is affected only slightly by fertilization with a normal 
sperm. The early expression of death is represented by the first peak in the graph. 

Type I1 dominant lethality, which is induced at only the first meiotic meta- 
phase and whose expression is delayed by fertilization, is illustrated in Figure 3. 
There is a consistent but slight depression in the frequency of Stage 1 deaths after 
fertilization but the most marked effect is on the Stage 3 lethals. This group is 
depressed dramatically, and the expression of death then occurs as a long slow 
wave that reaches a maximum during late embryogenesis and the early larval 
period. The frequency of death then declines but rises again slightly during the 
midpupal period. At the higher dose level of 1100r (Figure 3), where there is an 
average of about two inactivating events per nucleus, Stage 3 in the unfertilized 
group is depressed by absorption into the large number of Stage 1 deaths; and in 
the fertilized class, most of the expression of delayed death occurs at the earlier 
stages of development. Delay is therefore inversely correlated with dose. It can be 
seen, however, that a conditional delay is still expressed during the early larval 
period (Stage 6 in Figure 3b). 

An obvious shift of time of death during embryogenesis after fertilization oc- 
curs with both the Type I1 dominant lethality and the Type I11 dominant lethal- 
ity, which is lethal after blastulation and before hatching whether or not the 
eggs are fertilized (VON BORSTEL, ATWOOD, and A. R. WHITING 1955). The differ- 
ent terminology is retained, however, since (1) the delay does not extend into 
the posthatching stages in the eggs fertilized subsequent to irradiation at pro- 
phase I, where Type I11 lethals are typically induced, (2) the stages of meiosis 
that were irradiated to induce Type I1 and Type I11 lethality are vastly different 
in both morphology and radiation sensitivity, (3) the patterns of frequency of 
postblastulation death differs among eggs irradiated in prophase I and metaphase 
I, (4) it is conceivable that the basis of Type I1 dominant lethality may be differ- 
ent from Type I11 lethality, and (5) though there still remains a very real pos- 
sibility that Type I1 and Type I11 are a continuum (see DISCUSSION), the less 
marked expression of delay in prophase I irradiated eggs has the heuristic value 
of indicating that a more severe damage must take place in prophase. 

Type I11 dominant lethality is shown in the data from irradiation of eggs in the 
first meiotic prophase (Figure 4). Again, fertilization with normal sperm causes 
a slight depression of the Stage 1 lethals. The frequency distribution pattern of 
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FIGURE 3.-Frequencies of death at different stages of developmellt of embryos irradiated 

with 875r (a) and 1100r (b) as eggs at the first meiotic metaphase. Solid columns, unfertilized; 
open columns. fertilized with normal sperm. 

postblastulation death (Stage 2 on), stage by stage. among the unfertilized eggs 
is modified from that characteristic of the deaths from irradiation of metaphase 
I eggs (Figure 3a, b). It is interesting that the increased frequency in death at 
Stage 6 not only was increased over those found in irradiated metaphase I eggs 
but is as high as or higher than the frequency of fertilized prophase I eggs dying 
at the same stage. The frequency of death at Stage 6 of the unfertilized and ferti- 
lized embryos irradiated at prophase I possibly accounts in part for the absence 
of Type I1 dominant lethality induced in irradiated prophase I eggs. 
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FIGURE 4.-Frequencies of death at  different stages of development of embryos irradiated 

with 15,000r (a) and 18,000r (b) as eggs at the first meiotic prophase. Solid columns, unfertilized; 
open columns, fertilized with normal sperm. 

When sperm are irradiated, many deaths occur during the larval stages, par- 
ticularly at 4000r (Figure 5). This indicates that a certain amount of Type I1 
dominant lethality is probably induced in sperm. Two experiments at 4000r 
(Figure 5b, c )  are shown to illustrate the variability that can occur from experi- 
ment to experiment. At 6000r (Figure 5d), the frequency of deaths during all 
larval and pupal stages is depressed, presumably because the deaths at Stage 1 
account for nearly 90 percent of all deaths. 

Genetically contrived dominant lethality 
None of the embryos from the five mated or unmated triploid Habrobracon 

females reported here survived past the larval stage of development (Table 3) ,  
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TABLE 3 

Stage of death of gametes from triploid Habrobracon females 
~~~ 

Star? of de\eloDment at death 

Embiyos Larvae 

Viable enibryos/total 1 2 3 4  5 6 7 8 9 

1 0/17 . .  . . 7 10 . .  . . . .  . .  .. 
2 0/50 6 1 31 12 . .  .. . .  .. . .  

Unmated 

Mated 
3 0/39 2 . .  8 21 8 . .  . .  .. . .  
4 2/37 3 . .  1 20 11 .. 1 . .  1 
5 1/41 4 1 4 2 3  8 . .  1 .. .. 

but haploid male survivors have occasionally been found (A. R. WHITING, per- 
sonal communication). All embryos from the two triploid Habrobracon virgins 
died before hatching and, predominantly, after blastoderm formation (Figure 6). 
The few embryos that died before blastoderm formation (in both the fertilized 
and unfertilized groups) were stained and examined. All had gone through at 
least eight cleavages and all had Feulgen-positive nuclei and were therefore not 
comparable to radiation-induced Type I lethal embryos. When the females were 
mated with normal males (in this case, haploid brothers), the embryos died 
slightly later in development, but the majority died before hatching (Figure 6). 

A mated Drosophila triploid female has a high likelihood of producing some 
viable offspring since the haploid number is four. Also segregation in a Dro- 
sophila triploid is not random, and a balanced chromosome complement is ob- 
tained less often than expected (BEADLE 1935). SANDLER and NOVITSKI (1956) 
called this nonrandom segregation in triploids the “crowding effect” and they 
argue that an assumed general homology shared by all the chromosomes pro- 
vides a consistent explanation for the phenomenon. Furthermore, embryos tri- 
somic for chromosome 4 are viable, and the X chromosome as a trisomic allows 
enough viability for about two thirds of the animals of this constitution to hatch 
and some of those hatching to survive larval and pupal life and become super- 
females. Of the embryos from triploid females that did not hatch, over 90 percent 
died at the blastoderm stage or later (Table 4).  Those dying earlier could have 
been unfertilized eggs. 

TABLE 4 

Stage of death of gumetes from triploid Drosophila females 

Stage of development at death 
~ 

Viable embryos/total Pre blas todel m Blastoderm Postblastoderm €latching 

59/365 13 16 1 24 3 

Dead embryos were sampled for frequency reaching each stage 
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FIGURE 6.-Frequencies of death at different stages of development of aneuploid eggs from 

triploid Habrobracon females. Solid columns. unfertilized; open columns, fertilized with normal 
sperm. 

During meiosis in  a translocation heterozygote. the chromosome segregation 
pattern is such that 50 percent or more of the gametes have a deficiency for a 
chromosome segment and a duplication of another chromosome segment. When 
aneuploid eggs were oviposited by virgin Habrobracon translocation hetero- 
zygotes, the embryos died before hatching (Figure 7 ) .  Wasps from aneuploid 
eggs fertilized with normal sperm died predominantly after hatching, during the 
larval or pupal stages. These closely resembled in action the Type I1 dominant 
lethals induced by radiation in metaphase I eggs: the embryos from unfertilized 
eggs died with reasonable specificity during mid-embryogenesis, whereas the 
death pattern of all embryos from fertilized eggs tended to rise with a long, slow 
wave that had its highest peak just before. during, and after hatching and an- 
other small peak at  mid-pupation. With all five translocations, most of the em- 
bryos died during embryogenesis after blastoderm formation; most of them had 
many cells (50,000 or more) with well-differentiated cell membranes. This is 
especially remarkable since, presumably, a large piece of chromosome is missing 
from the genome in each instance. These genes were therefore not necessary for 
development up to that time. The embryos from translocation heterozygotes that 
did die in Stage 1 were sampled. The few that were fixed and stained did not ap- 
pear to have died in the manner characteristic of the radiation-induced Stage 1 
dominant lethals; that is, more than seven nuclear divisiom had occurred and 
the nuclei were Feulgen positive and did not swell. 
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n n ,  n ,  

Of the 297 dead embryos from two different Drosophila translocation hetero- 
zygotes, 93.1 percent died at the blastula stage or later (Table 5 ) .  Those that 
died before blastula formation (corrected for those lost) represent only 5.4 
percent of the total embryos and possibly were unfertilized eggs. 

L T ,  , , m n n n .  n n n ,  

DISCUSSION 

The aneuploid embryos from triploid virgin Habrobracon females provide a 
unique opportunity for  testing the effect of extreme genetic imbalance on em- 
bryogenesis. Both the haploid and diploid embryos develop normally; embryos 
from a triploid virgin will contain anywhere from the haploid to the diploid 
number of chromosomes. If anything as drastic as radiation-induced loss of sev- 
eral chromosomes should bring about Type I dominant lethality, it should be 
mimicked precisely by aneuploids from triploid virgins. Not one of the embryos 

I 2 3 4 5 6 7 8 9 1011 1213 1 2 - 4  5 

TABLE 5 

Stage of death of gametes from Drosophila female translocation heterozygotes 

6 7 8 9 1011 1213 

Dead embryos 

Tran4ocation 

Lost during 

enibryos/total chromatin) Blastoderm Pnstblistodernl procedures 

Preblastod ern1 fixation 
Viable (little or no and staining 

Xasta 192/371 10 3 146 20 
Star of 

Muller 285/470 10 2 126 47 
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resembled a Type I lethal; therefore, it follows that Type I dominant lethality is 
not caused by the loss of one or more chromosomes. The same argument can be 
advanced for the genetic imbalance provided by the segregation of translocation 
heterozygotes, except that the loss is less extreme. But with the translocations, 
the effect of a hypohaploid genome on development can be assayed as well as the 
hypodiploid genome, and there again the Type I lethality is not mimicked. 

The aneuploid embryos from the triploids can be regarded as resembling 
Type I11 lethals since, having the hypodiploid set (between 10 and 20 chromo- 
somes), most of them died after blastula formation and before hatching. When 
the eggs were fertilized, the chromosome number was between 20 and 30, and 
though time of death shifted to later embryonic stages, most of the embryos still 
died before hatching. The translocation heterozygotes produced offspring that 
died in a manner directly analogous to the Type I1 dominant lethals induced with 
radiation at metaphase I. 

A class of radiation-induced lethality comparable to the Type I1 dominant 
lethality has not been demonstrated in Drosophila and is not demonstrable except 
for the sex chromosomes. Therefore, all postblastulation-prehatching deaths de- 
scribed here are by definition analogous to the Habrobracon Type 111 class. This 
class is seen in the dose-action curve of Drosophila sperm (Figure 2d). The post- 
blastulation-prehatching dominant lethals comprise the area between the two 
curves, and, interestingly enough, occur at a lower frequency than postblastula- 
tion lethals in Habrobracon. Among possible explanations are that, with the 
lower chromosome number in Drosophila. chromosome aberrations are less likely 
if the target for Type I lethality is of a nearly constant size from Habrobracon 
to Drosophila, or that sperm are inactivated at low doses in Drosophila and that 
some of the Type I deaths are actually unfertilized eggs (see KAPLAN 1958; D. L. 
LINDSLEY, C. W. EDINGTON, and E. S. VON HALLE, unpublished). The difference 
between the curves when the Habrobracon eggs are irradiated (Figure 2a, b) is 
exaggerated by induction of any recessive lethals, since recessive lethal mutations 
cause death predominantly after blastulation (A. R. WHITING et al. 1958) and 
the metaphase I and prophase I egg data used for Figure 2a, b are from unferti- 
lized eggs. 

In addition to the genetically contrived embryo dominant lethals from triploids 
and translocation heterozygotes, Drosophila embryos were constructed that 
lacked the X and Y chromosomes with their associated nucleoli (VON BORSTEL 
and REKEMEYER 1958). These embryos came from the cross of attached-X fe- 
males (XX/O) with attached-XY males (XY i o ) .  Approximately 25 percent of 
the offspring have neither the X nor the Y chromosome but do retain the com- 
plete autosomal complement. These embryos die after the tenth to twelfth mi- 
tosis, many divisions after and under entirely different circumstances from the 
radiation-induced Type I dominant lethal Drosophila embryos. This is an im- 
portant consideration since GAULDEN and PERRY (1958) have shown that ultra- 
violet microbeam irradiation of the nucleolus of the grasshopper neuroblast 
permanently inhibits mitosis. In Drosophila, lack of the nucleolus does not mimic 



DOMINANT LETHALITY 1069 

the primary radiation lesion. This does not exclude the nucleolus or nucleolus- 
organizer region as the radiosensitive target in Drosophila but does impose the 
restriction of nucleolar alteration rather than nucleolar inactivation. In  eggs ir- 
radiated in the first meiotic prophase, the nucleolus is present, but only the nu- 
cleolar organizer is present during the first meiotic metaphase and in sperm. 
Type I dominant lethality is identical for eggs irradiated in metaphase I or pro- 
phase I or for irradiated sperm. This indicates that, should the nucleolus be 
involved, which we believe unlikely, the nucleolar organizer rather than the 
nucleolus would have to be considered as the primary target. 

The classification of radiation-induced dominant lethals presented in this pa- 
per is phenotypic rather than causal. Since a relatively clear-cut separation of 
the phenotypes exists and since certain of the induced dominant lethal types can 
be mimicked, provisional explanations for the three types can be presented. These 
are regarded as nuclear effects since radiation damage to the cytoplasm is con- 
sidered to be without influence; numerous reasons for this have been listed else- 
where (ATWOOD et al. 1956). Furthermore, separate inactivation of the Habro- 
bracon nucleus and cytoplasm by ionizing radiation has shown that one (Y particle 
striking the nucleus can bring about death of the embryo (ROGERS and VON BOR- 
STEL 1957) whereas 21 x 106 (Y particles must strike the cytoplasm of individual 
eggs to inactivate 90 percent of a batch of eggs (VON BORSTEL and ROGERS 1958). 
Since the egg cytoplasm is tremendously resistant to the radiation and since cypto- 
plasmic damage yields a recognizable syndrome, cytoplasmic injury can be con- 
sidered as contributing nothing to the three classes of dominant lethality discussed 
here. For Drosophila, ULRICH (1955,1956) has shown that the egg nucleus is far 
more sensitive to X-radiation than the cytoplasm. 

This results in death before the blastoderm is 
formed and, both in Drosophila and Habrobracon, is distinctive in appearance. 
In  neither organism can the Type I dominant lethality be mimicked by loss of 
chromosomes or chromosome parts, nor, in Drosophila, by the loss of the sex 
chromosomes with their associated nucleoli. It has been suggested, for Habro- 
bracon. that this kind of dominant lethal, in which mitosis is permanently in- 
hibited at the second or third nuclear division, is associated with a defect in de- 
oxyribonucleic acid (DNA) synthesis since the Type I syndrome is associated 
with the production of Feulgen-negative nuclei that eventually enlarge ( VON 

BORSTEL 1955). Other than inferred evidence from irradiation of other organisms 
that DNA synthesis is blocked by radiation or mustards while synthesis of ribo- 
nucleic acid and protein are not ( BODENSTEIN and KONDRITZER 1948; HERRIOTT 
1951; KANAZIR and ERRERA 1954; HAROLD and ZIPORIN 1958a,b), the data to 
support such a hypothesis are limited. Furthermore, KELLY ( 1957) has compiled 
an impressive amount of evidence indicating that inhibition of DNA synthesis 
by radiation is secondary to an inhibition of mitosis. CAVE and BROWN (1957) 
suggest that the most likely explanation for the dominant lethality that occurs 
very early in Lilium is genetic imbalance in the embryo that slows the rate of 
division; nuclear division would not be synchronized with growth-controlling 

Type Z dominant lethality: 
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substances, and the nuclei are then subject to further deleterious changes. If a 
mechanism other than genetic imbalance is substituted in this scheme, such as a 
drastic decrease in division rate from radiation damage to centromeres (or even 
centrioles in animals) or to a nuclear system not necessarily involving chromo- 
somal aberration, then CAVE and BROWN’S hypothesis could explain Type I 
dominant lethality. A mutant has been discovered recently that. when homozy- 
gous in a female Habrobracon, mimics the Type I lethal syndrome in each laid 
egg ( VON BORSTEL, unpublished). Feulgen-negative nuclei that eventually en- 
large are produced. It appears that, in the mutant, normal activation of the egg 
is prevented and the syndrome resembling the Type I lethal embryo is caused by 
an imbalance of nuclear and cytoplasmic differentiation. This further indicates 
that the permanent inhibition of mitosis caused by radiation need not be achieved 
through chromosomal aberration. 

Type IZ dominant lethality: This class of radiation-induced lethality is mim- 
icked in character by the aneuploid proportion of the offspring from Habrobracon 
translocation heterozygotes. It seems reasonable to conclude that the deaths in 
each instance have a common origin-chromosomal imbalance. Irradiation of 
eggs in metaphase I produces chromosome fragments, but no bridges. in anaphase 
I (A. R. WHITING 1945a,b). Bridges are seen in subsequent divisions, indicating 
that sister union has occurred and the breakage-fusion-bridge cycle is generated 
(MCCLINTOCK 1938). Hatchability is lower than would be expected from 
chromosomal aberrations alone (A. R. WHITING 1945b). 

Besides those Type I1 lethals resulting from the breakage-fusion-bridge cycle, 
some of the radiation-induced Type I1 dominant lethals may be caused by for- 
mation of a translocation with the subsequent incorporation into the pronucleus 
of the aneuploid segregant from the resulting heterozygote (MULLER and HERS- 
KOWITZ 1954; PARKER 1954). These are the so-called “half translocations” 
(ABRAHAMSON, HERSKOWITZ, and MULLER 1956). Other lethals could be caused 
by formation of translocation dicentrics and still others through production of 
gross interstitial deletions. It is reasonable to assume that all these could be mim- 
icked in action by the aneuploids from translocation heterozygotes. The propor- 
tion of Type I1 lethals of each kind would, of course, vary markedly with the 
dose since some would be one hit and others would be two hit. Data presented by 
HERSKOWITZ and SCH~LET (1957) and by PARKER and HAMMOND (1958) indi- 
cate that only a small proportion of the dominant lethals induced in Drosophila 
oocytes could come from translocation formation and aneuploid segregation 
during the ensuing meiotic divisions. 

As the radiation dose to metaphase I eggs increases from 875 to 1100r (Figure 
3) ,  the mean of the stage of death of the fertilized eggs is pushed back toward the 
mean of the stage of death of the unfertilized eggs. This indicates that injury is 
more severe and that probably several chromosomes become involved. At the 
higher dose to metaphase I eggs. most of the conditionally delayed dominant 
lethals are expressed before hatching, but enough still occur after hatching to yield 
a measurable frequency of conditionally delayed dominant lethality when hatch- 
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ability is the criterion and the frequency is computed algebraically, whereas none 
are found at any dose when prophase I eggs are irradiated (Table 5, ATWOOD et al. 
1956). 

T y p e  111 dominant lethality: This type of dominant lethality remains some- 
what of an enigma. In some respects it would appear to be a more marked form of 
the Type I1 dominant lethal-the delayed expression brought about by fertiliza- 
tion of the egg with a normal sperm is still extant but is contracted into the pre- 
hatching period of embryogeny (Figure 4). If this is the case, then more chromo- 
somes would have to be involved in bridge-breakage in each embryo than those 
postulated as occurring in eggs irradiated at 1100r at metaphase I (Figure 3b). 
However, even at the 1100r dose to metaphase I eggs in which an average of two 
or more inactivating events per nucleus have occurred, the conditional delay still 
protrudes into the postembryonic period. Still, if chromatid breakage has a 
much lower prophase/metaphase sensitivity ratio than Type I lethality or re- 
cessive lethal or visible mutations (A. R. WHITING and MURPHY 1955), then 
Type I11 lethality could be merely a severe manifestation of Type I1 lethality. 
Type I11 dominant lethality is best mimicked by the aneuploidy resulting from 
segregation in triploid Habrobracon virgins. This would suggest that loss of one 
or more chromosomes is brought about by the radiation. It would seem that 
nothing could mimic chromosome loss better than chromosome loss, but based 
on chromosome mechanics alone, it is difficult to visualize the origin of such an 
aneuploid from irradiation of diplotene chromosomes. Mitigating against the hy- 
pothesis of chromosome loss accounting for all the Type I11 lethals is the sub- 
stantially high proportion of deaths that occur during the larval and pupal stages 
in unfertilized eggs, which, curiously enough, do not seem to be covered by a 
normal sperm (Figure 4b). They could be recessive lethals in the haploid that 
are balanced by conditionalIy delayed dominant lethals in the diploid. The exact 
role of recessive lethals in total mortality of unfertilized eggs remains a problem 
for the future. 

The beautiful simplicity inherent in the chromosome imbalance theory of 
dominant lethality as the primary source of all dominant lethals makes this the- 
ory difficult to discard. The theory enjoys an extraordinary advantage in that it 
is easy to find evidence to support it and nearly impossible to find direct evidence 
against it. The breakage-fusion-bridge cycle can still be invoked as the source of 
all the three classes of radiation-induced dominant lethals described here, but 
restrictions must be included for any postulated type of bridge-breakage that 
could cause the very early deaths. The principal restriction is that Type I domi- 
nant lethals must arise from a specific kind of break that does not get involved in 
normal chromosomal rearrangement, or that a chromosome breaking during the 
course of a special type of breakage-fusion-bridge cycle has properties that cause 
it to block mitosis. Of course, for the mitotic inhibition hypothesis, a mechanism 
for the mitotic block must be evolved that is compatible with exponential kinetics 
for sperm or eggs in metaphase I or two-hit kinetics for eggs in prophase I. 
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CONCLUSION 

Although chromosome imbalance phenomena can mimic some of the domi- 
nant lethality induced by radiation, the majority of radiation-induced dominant 
lethals in Habrobracon and Drosophila are not mimicked by genetically con- 
trived loss of chromosomes or loss of chromosome parts. 

SUMMARY 

1. Three kinds of dominant embryo lethals, distinguished phenotypically, are 
induced by radiation in Habrobracon; a similar situation exists in Drosophila but 
only two kinds are distinguished by our criteria. 

2. The first type (Type I), and most predominant kind, of dominant lethal is 
expressed before blastoderm formation in both Habrobracon and Drosophila. 

3. The second type (Type 11) occurs in Habrobracon and results in death of 
the haploid embryo after blastoderm formation and before hatching, and pre- 
dominantly after hatching if the embryo is fertilized with normal sperm. An 
analogue of this type has not been sought in Drosophila. 

4. The third type (Type 111) brings about death of the Habrobracon embryo 
after blastoderm formation and before hatching in either the haploid or diploid 
embryo; the type of dominant lethal in Drosophila that dies during later embry- 
ogeny is analogous since death occurs in the diploid embryo after blastoderm 
formation but before hatching. 

5. Aneuploid eggs from Habrobracon females heterozygous for a translocation 
mimic the Type I1 radiation-induced dominant lethals. 

6. Aneuploid eggs from Habrobracon triploid females and from Drosophila 
translocation heterozygotes and triploids mimic Type I11 dominant lethality. 

7. Drosophila zygotes deprived by genetic means of the X and Y chromo- 
somes and lacking the associated nucleoli develop further than radiation-induced 
Type I dominant lethal embryos. 

8. None of the forms of aneuploidy contrived genetically in these experiments 
mimic the radiation-induced Type I dominant lethal, but a mimicking situation 
not involving aneuploidy has recently been discovered. 
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