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I. Introduction 

The species, D. virilis, was described by Sturtevant in 1916 and taxonomic­
ally belongs in the Subgenus Drosophila Fallen. This species is one of a 
group which includes D. littoralis (Meigen, 1830), the subspecies D. 
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americana americana (Spencer, 1938) and D. americana texana (Patterson, 
Stone and Griffen, 1940), D. novamexicana (Patterson, 1941), D. montana 
(Patterson and Wheeler, 1942) and D. imeretensis (Sokolov, 1948). In this 
group, D. virilis was regarded as the modern form most like the proposed 
ancestral form by Patterson and Stone ( 1952). Although virilis has the 
widest distribution of any other member of the group and has been reported 
in collections from four zoogeographic realms, Nearctic, Neotropical, 
Paleoarctic, and Oriental, the species is probably native in the eastern 
Paleoarctic and Oriental realms. Genetically, americana, texana, and 
nova11UI:xicana are the species most closely related to virilis, and all three 
species occur in North America. The other North American forms, such 
as montana and flavomontana, are more distantly related. The European 
forms include littoralis arid imeretensis. The extensive data on the genetic 
relationship of the various members of the virilis group have been discussed 
by Patterson and Stone (1952) and Stone (1962). 

ll. Morphological and Developmental Characteristics 

Morphologically, virilis has a blackish body color with clouded posterior 
crossveins and sterno-index varying from 0·8 to 0·9. The comparison of 
virilis with the closely related species, americana, has been reported by 
Spencer (1938, 1940a, b). In addition to the darker body color and 
clouded posterior crossveins characteristic of virilis, the two species differ 
in the size of the eyes, the eye pile, carina shape and the number of 
branches of the arista. There are differences in the physiological adaptations 
in the two species. The pupae of americana are found on the surface or 
edge of the food, whereas the larvae of virilis move out of the food and 
up the side of containers before pupation. The pattern of pupation for 
americana is dominant to that of virilis and is expressed in hybrids between 
the two species. Another consistent physiological difference between virilis 
and americana, as well as other members of the group, is the ease with 
which all the members of the group, except virilis, can be etherized. 
While it is difficult to etherize Drosophila virilis, care must be taken not to 
over etherize other members of the group. Another difference is the red 
pupal case color observed for americana as compared to the black or 
gray pupal case color found for virilis. Stalker (1942) determined that the 
location of the main factor for red pupal case color was in the 5th chromo­
some with modifiers present in the 2-3 fusion of americana. 

A. LIFE CYCLE 

The life cycle of virilis is approximately twice as long as that of D. 



31. THE GENETICS OF "DROSOPHILA VIR I LIS" 1367 

melanogaster. The period from egg to adult stage is approximately 18 days 
for virilis at 24°C. In addition, the young adults of D. virilis require an 
aging period of 6 days after emerging before consistent fertility for mating 
tests are obtained. A period of 6 days is usually sufficient for aging virgin 
females after hatching rather than the one day period for D. melanogaster. 
Young virilis males 1 or 2 days old contain non-motile sperm as the most 
mature germ cell type. The additional aging period is required for a 
sufficient supply of motile sperm to develop in the males (Clayton, 1962). 

B. HISTOLOGICAL STUDIES 

The course of meiosis in virilis spermatogenesis and several other species 
of Drosophila was first reported by Metz (1926). The chromosome behavior 
during meiosis was essentially the same in all the species studied. However, 
the study did not report the details of germ cell development, such as 
the time each stage of spermatogenesis appears in the development of the 
organism. The histological study of virilis by Clayton (1957, 1962) gives a 
complete time table for spermatogenesis. The time when each type of 
germ cell appears and the relative and absolute number of each type of 
germ cell in larvae, pupae and adult development were reported. 

The mean number of cells in each stage during germ cell development 
in larvae, pupae and adults of D. virilis is given in Table I. The relative 
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frequencies of each type of cell are illustrated in Fig. 1. Both Table I and 
Fig. 1 are from Clayton (1957). 

The mean number of cells (Table I) gives some measure of the total 
number of particular types of cells at any age of the larvae or pupae and 
some adult stages. Figure 1 illustrates the relative frequencies for the 
spermatogonial, primary spermatocyte and spermatid cells during the 
larval, pupal or adult periods. Both give the age at which any one type of 
cell appears. A more detailed time table of events and the relationship of 
the germ cell types with the morphological stage of development are 
given in Table II. This table also contains the data for sperm bundles 
and mature sperm as well as details on the time of appearance and develop~ 
ment of earlier stages. 

The meiotic process in virilis is essentially the same as that reported in 
D. melanogaster by Cooper (1950). One difference in the two species is 
the difference in the stage of morphological development which shows 
the development of particular meiotic stages. In melanogaster the first 
maturation division occurs in late larvae but in virilis first division meta~ 
phases are not observed until after pupation (Clayton, 1957). The appear~ 
ance of mature, motile spermatozoa in virilis is also delayed in adult males. 
When the adult fly emerges, the testes contain large masses of sperm bundles 
but functional (motile) spermatozoa are not predominant for 6 days. In 
melanogaster, the adult male testes contain an ample supply of motile 
sperm within 24 hours after emergence. 

C. CYTOPLASMIC ELEMENTS IN SPERMATOGENESIS 

Detailed studies of mitochondrial behavior and time intervals in the 
development of the primary and secondary spermatocytes of virilis were 
reported by Momma (1962). In Drosophila, as in most insects, the mito~ 
chondria are rod or thread~like bodies extending between the two spindle 
poles in telophase. This was reported for D. melanogaster (Cooper, 1950), 
for D. pseudoobscura (Dobzhansky, 1934) and previously for D. virilis 
(Metz, 1926). The detailed study for virilis (Momma, 1962), showed that 
during the latter stages of the growth period of primary spermatocytes 
the cytoplasmic volume increased and the mitochondria appear as rod or 
thread~like shaped bodies. In late prophase, probably diakinesis, the 
mitochondria have a definite orientation in arrangement. As the asters 
form for first metaphase, the mitochondria lie nearly parallel to the astral 
rays and cover the surface of the nuclei. At the same time, a number of 
Golgi~like elements accumulate close to the core of each aster. The 
mitochondria appear to be united into long strings and during metaphase 
the strings are extended with some strings bending into right and acute 
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angles. From late metaphase to early anaphase, the angular points of the 
mitochondria run against the plasma membrane. The mitochondrial 
strings become arranged parallel to the polar axis on the surface of the 
spindle body during anaphase. At telophase they are stretched between the 
daughter nuclei which are being formed. As the cleavage furrow fonns at 
the end of telophase, the mitochondrial bodies, as well as the cell body, 
are divided into two halves. After the cell body and mitochondria bridges 
have divided, the mitochondria become scattered around the reconstructed 
nucleus of each cdl. 

In the second division, the mitochondrial bundles are stretched directly 
between the poles along the spindles as the cell proceeds from anaphase II 
to telophase II. As the cleavage furrow appears in the cell body, the medial 
portion of the mitochondrial bundles decrease in diameter. During these 
stages the Golgi elements are granular in shape and surround each pole. 
As the furrow divides the cell body, the mitochondrial bundles are divided 
into approximately equal halves, and form masses in each daughter cell. 
The mitochondrial bodies condense into round masses which later fuse 
into a single body and come into contact at the base of the nucleus. This 
body becomes spherical in shape and forms the "nebenkern" in spermatids. 
Mitochondrial elements are distributed mechanically and passively by cell 
constriction but the active division of mitochondria is indicated by the 
work of Momma (1962). The mitochondria appear to be divided and 
separate into two essentially equivalent groups without regard to the 
cleavage furrow. Such active behavior of mitochondria was observed in 
living material and was more obvious for the second than the first division. 

The duration of each meiotic phase of spermatocytes was also measured 
by Momma in this study. At 20oC, the successive series of divisions were 
followed in the same cell starting with prophase or metaphase and ending 
with telophase. The times in the first division were: metaphase I, 55 
minutes; anaphase I, 30 minutes and telophase I, 45 minutes. The time 
from the formation of the furrow to the complete division of the cell body 
was 25 minutes. This gives a total of 155 minutes from metaphase through 
the telophase division. The comparable periods in the second divisions 
were: metaphase, 35 minutes; anaphase, 25 minutes and telop.hase, 30 
minutes with a 20-minute period to complete the division into two cells. 
This gives a total of 110 minutes from metaphase until the completion of 
telophase. The 170 minutes reported for the second division would indicate 
an average of 60 minutes before metaphase. 
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m. Gene Variation 

A. VISIBLE MUTATIONS 

The number of genes in D. virilis was estimated as between eight and 
25 thousand but closer to eight thousand by Komai and Takaku (1949). 
This estimate is similar to the ten thousand genes estimated for D. 
melanogaster by Muller (1947). The visible mutations reported for virilis 
include changes in nearly all morphological characteristics such as the 
eye color, body color, bristles, wing and body size and shape as reported 
for melanogaster (Bridges and Brehme, 1944; Lindsley and Grell, 1968). 
The first extensive list of mutations for D. virilis was compiled by Chino, 
Kikkawa, and Lebedeff (1934) for the Drosophila Information Service. 
The list included the name of the mutation, the symbol, the linkage 
group and location of each mutation, the date of discovery, and any 
references to the published data concerning the mutation. A description 
of the mutation and the designation, as RK1, 2, 3, 4, or 5, were also 
included in this list. The list included the published data from the following 
authors: Chino (1929, 1930), Chino and Kikkawa (1933), Demerec 
(1926, 1927, 1928a, b, 1929a, b, 1930), Lebedeff (1932, 1933, 1934a), and 
Metz et al. (1923). The literature containing information for the described 
mutations of virilis is difficult to obtain and many of the mutant stocks have 
been lost. A list of the mutations of D. virilis was prepared and appears 
in Table III. This list is based on data which appeared in DIS No. 2 
(1934) and subsequent issues. Additional mutations were added from the 
published results of Chino (1936a, b, 1937). The symbol and name were 
taken from DIS No. 2 (1934) but most of the linkage groups and locus 
designation were based upon the results of Chino (1935, 1936a, b, 1937a, b, 
1940, 1941a, b). 

The extensive list of mutations indicates the genetic variation in virilis. 
Some of the mutations were recovered from natural populations, some 
from laboratory populations and some were induced by X-radiation (see 
references of Chino and Metz et al.). 

The natural populations of virilis, especially those in North America, 
are found in domestic habitats in fairly small population sizes. Visible and 
lethal mutations in six different populations were tested by Patterson et al. 
(1942). They report approximately two recessive visible mutations from 
each tested individual. The recessive lethals were not as frequent with 
approximately one-half the tested individuals carrying a lethal. The 
average number of visible mutations per tested individual agrees with the 
genetic variability measured as visible mutations in two other species of 
the virilis group, D. americana and D. texana (Alexander, 1952). From the 
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data of Patterson et al. (1942), the vz"rilis populations appear to be similar 
to the americana and texana population structure in that all three species 
show widespread "species-wide" mutations in a large number of the 
different populations tested and "population-specific" ones which are 
recovered from only one or a few populations. 

B. GENETIC ISOLATING FACTORS 

The most important types of genetic variability in natural populations are 
those which function to isolate the members of that population from other 
populations or other species. These appear to be more important in some 
species than others. They are important in virilis as compared to species 
which exhibit chromosome polymorphism such as D. pseudoobscura and 
D. williston£ (Dobzhansky, 1950; Da Cunha et al., 1953). Genetic isolating 
factors are not the only important factors for preventing gene exchange 
between any two forms but the present discussion will be limited to this 
type of isolation because of its importance in D. virilis, where chromosome 
polymorphism has not been detected. Other ecological and genetic isolating 
mechanisms have been discussed by Patterson and Stone (1952). 

In general, genetic isolating factors can be measured by mating geo­
graphical strains of one species to a closely related one and measuring 
the isolation by the fertility of the crosses, the number of F1 offspring 
produced and the fertility of the F1 and F2 offspring. Spencer (1938) was 
the first to test for sexual isolation among members of the virilis group. 
These experiments detected the success of crosses using virilis females in 
crosses to americana males. Patterson et al. (1942) showed that the sperm 
become non-functional in crosses of virilis males to amerz"cana females. 
Patterson (1954) crossed four geographic strains of virilis to other members 
of the vz"rilis group and found varying amounts of isolation. He concluded 
that many of the isolating factors are recessive, others were dominant, and 
that some factors produce an increased vigor when chromosomes from 
closely related species were heterozygous. There is also a gene-cytoplasm 
interaction which is sometimes important. The chromosomes of one species 
and the egg cytoplasm of another species may result in a high percent of 
sterility (isolation) whereas, other gene combinations are independent or 
counter the effect of the cytoplasm. 

Several members of the vi:rilis species group show Y -autosome com­
plementary fertility factors. In males certain autosomes of the hybrid must 
be from the same species as the Y chromosomes for the males to be fertile. 
In vz"rz"lis species hybrids the Y and chromosome 5 must be virilis for the 
males to be fertile (Alexander et al., 1952). In hybrids involving texana 
and americana the Y chromosome requires the 2-3 fusion and the chromo-
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some 5 from the same species, at least heterozygous, for the hybrid males 
to be fertile (Patterson et al., 1940). 

IV. Gene Homologies 

A comparison of similar genes in different species offers a method for 
studying evolutionary changes in Drosophila populations. Such comparisons 
are much more precise when the species are closely related 'and will 
produce offspring when crossed. Comparisons of the chromosomes (or 
elements) and genes are more difficult in species which are intersterile. 
Then, one of the few possible methods is by a comparison of the types of 
gene mutations present in each of the chromosomal elements. 

The difficulties encountered in this type of study have been discussed 
by Sturtevant and Novitski (1941) and Patterson and Stone (1952). These 
difficulties include mimic mutations at different loci. For example, the 
cardinal gene of vt"rilis (chromosome 4) and the sex-linked vermilion gene 
of melanogaster are both concerned with the biosynthesis of the brown 
eye pigments and both will develop non-autonomously. Despite their 
phenotypic similarity they are not homologous. The cardinal gene of 
vzrilis has no known counterpart in melanogaster. 

Comparisons of the mutations on the various chromosomes of virilis 
with those of melanogaster are given in Table IV. These comparisons are 
based on a system which was suggested by Muller (1940) and applied to a 
number of species by Sturtevant and Novitski (1941). The recognizable 
elements of melanogaster and virilis are lettered. The melanogaster sequence 
is used as the basic one for the comparisons to mTilis. The X chromosome of 
melanogaster is Element A; 2L, B; 2R, C; 3L, D; 3R, E; 4, F. The 
correspondence of the virilis chromosome to particular elements is based 
on the system used by Chino (1936b). The X chromosome of virilis 
corresponds to Element A, the 4 to B, 5 to C, 3 to D, 2 to E,, and 6 to F. 

The gene homologies are based on Metz et al. (1923), Chino (1929, 
1936, 1941a) and Sturtevant and Novitski (1941). The loci for the melano­
gaster mutations are based upon the revised volume of mutations of D. 
melanogaster by Lindsley and Grell (1967). 

A. ELEMENT A 

The X chromosomes of the two species show convincing parallel mutations 
in the cases of yellow, forked, singed, glazed (with lozenge), crossveinless, 
scute, white, Notch, miniature, dusky, rudimentary, Beadex and bobbed. 
The homologies of vermilion in melanogaster, virilis, simulans and pseudo­
obscura were established by eye disk transplants (Howland et al., 1937). 
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The additional comparisons of echinus of virilis with echinus of me/ana­
gaster, magenta with ruby, vesiculated with vesiculated, decline with wavy, 
ragged with cut, apricot and garnet, and small bristles with tiny were 
suggested by Chino (1941a). These latter comparisons were considered 
doubtful homologies but served as corroborative evidence for the similarity 
of the X chromosome for the two species suggested by Sturtevant and 
Novitski (1941). 

B. ELEMENT B 

The similarity of chromosome 2L of melanogaster with chromosome 4 
of viriJis is based upon the similarity of dachsous, Star and reduced in the 
two spe<,:j~. Clipped of virilis is considered to be one of the truncate alleles 
of dumpy (Chino, 1941). 

The coffi,parisons by Chino of rough-4a of virilis with roughish of 
melanogaster: black with black, Squat with Squat, and flipper with pupal 
are consider~~ more doubtful (Sturtevant and Novitski, 1941). There is 
also som!! q1.1estion as to whether veinlet of virilis is homologous to veinlet 
of melanogaster. Plexus of virilis could correspond to either net of 2L or 
of plexus on 2R of !fUJlanogaster. Lanceolate of virilis has no comparable 
mutant in the 2L arm of rtJ!!lanogaster but is similar to lanceolate in the 2R 
arm. 

C. ELEMENT C 

Eosinoid (5) of virilis appears to be similar to brown (2R) of melanogaster 
in that a white eye color results when eosinoid is combined with either 
scarlet or cii,mabar (Mori; 1937). The vestigial and straw mutations also 
appear to support the homologies of the virilis 5 chromosome with 2R of 
melanogaster (Chino, 1941). The scarlet gene of the 5 chromosome of 
virilis was suggested as being the same as cinnabar on 2R of melanogaster 
by Sturtevant and Novitski ( 1941) and was later shown to be autonomous 
by eye disk· transplantation and therefore falls into the scarlet-cardinal 
group (Price, 1949a). The reqllliping s1.1ggestiC1ns of Chino (1941) that 
ruffied of virilis is homologoull to intwined (3L of !fUJlanogaster), fat to fat 
(2L), dachsoid with four-jointefi (2L), mahogony :with clot (2L) and with 
sepia (3L), Beaded with Beaded (3R) and morula with morula (2R) have 
been questioned by Sturtevant and Novitski (1941). Branched might be 
the same as either net (2L) or plexus (2R) of melanogaster. 

D. ELEMENT D 

The best similarities of mutations to indicate the homology of chromosome 
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3 of virilis with 3L of melanogaster are short vein of virilis with veinlet of 
melanogaster (Chino, 1941); hunch with ascute (Metz et al., 1923) and the 
dominant dark eye colors, Garnet of virilis with Henna of melanogaster 
(Sturtevant and Novitski, 1941). The suggested homology of cinnabar of 

TABLE IV. Gene Homologies of Drosophila melanogasteT and Drosophila virilis.a 

melanogasteT 
(X Chromosome) 

Mutant 

yellow 
scute 
white 
Notch 

· echinus 
ruby 
crossveinless 
vesiculated 
cut 
singed 
lozenge 
vermilion 
miniature 
dusky 
wavy 
garnet 
tiny 
rudimentary 
forked 
Bead ex 
bobbed 

melanogaster 
(Chromosome 2L) 

Mutant 

net 
dachsous 
Star 
dumpy 
black 
reduced 

Element A 

Locus 

0·0 
0·0 
1·5 
3·0 
5·5 
7·5 

13·7 
16·3 
20·0 
21·0 
27-7 
33-0 
36·1 
36·2 
40·7 
44·4 
44·5 
54·5 
56·7 
59·4 
66·0 

virilis 
(X Chromosome) 

Mutant 

yellow 
scute 
white 
Notch 
echinus 
magenta 
crossveinless 
vesiculated 
ragged 
singed 
glazed, rugose 
vermilion 
miniature 
dusky 
decline 
apricot 
small bristles 
rudimentary 
forked 
Bead ex 
bobbed 

Element B 

Locus 

0·0 
0·3 
1·3 

13-0 
48·5 
51·2 

virilis 
(Chromosome 4) 

Mutant 

plexus 
dachsous 
Star 
Clipped 
black 
reduced 

Locus 

2·9 
3·8 

105·0 
102·9 

8·7 
83·5 
25·0 
27·0 

160·0 
50·0 

127·0 
25·5 
78·0 
78·1 
34·4 

136·0 
131·5 
122·6 

89·0 
94·5 

170·5 

Locus 

0·0 
173·0 

84·0 
68·5 

195·0 
176·5 
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TABLE IV-(continued) 

Element C 

melanogaster virilis 
(Chromosome 2R) (Chromosome 5) 

Mutant Locus Mutant Locus 

straw 55·1 straw 147·0 
cinnabar 57·5 scarlet 67·5 
vestigial 67·0 vestigial 131·0 
plexus 100·5 branched 141·0 
brown 104·5 eosinoid 91-4 

Element D 

mela110gaster virilis 
(Chromosome 3L) (Chromosome 3) 

Mutant Locus Mutant Locus 

veinlet 0·2 short veins 24·5 
Henna, 23·0 Gamet 8·0 
scarlet 44·0 cinnabar 9·5 
ascute 46·0 hunch 31·0 

E1ementE 

melmwgaster virilis 
(Chromosome 3R) (ChromosOme 2) 

Mutant Locus Mutant Locus 

glass 63·1 varnished 231·5 
Delta 66·2 Confluent, Delta 45·0 
crumpled 93·0 concave 214·0 
claret 100·7 brick 248·0 

Element F 

melanogaster virilis 
(Chromosome 4) (Chromosome 6) 

Mutant Locus Mutant Locus 

abdomen rotatum 0·0 abdomen rotatum 0·3 
shaven 0·1 stubby 0·8 

a Based on the data of Sturtevant and Novitski (1941) and Chino (1941). 
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virilis (3) with scarlet of melanogaster (3L) by Sturtevant and Novitski 
( 1941) was strengthened by the results of Price ( 1949a) with eye disk 
transplantations. The rose gene of virilis (3) was compared with rose of 
melanogaster (3L), spread with dihedral, and rolled with rolled by Chino, 
but these possible homologies were considered doubtful by Sturtevant 
and Novitski. 

E. ELEMENT E 

The possible gene homologies suggest that chromosome 2 of virilis is 
similar to 3R of melanogaster. Confluent (2) of virilis is considered homo- . 
logous to Delta (3R) of melanogaster by Chino (1941). Concave of virilis 
appears to be similar to crumpled (3R) of melanogaster (Metz et al., 1923) 
and varnished similar to glass (Sturtevant and Novitski, 1941). Other 
genes which are in the corresponding element of both species are ebony 
of virilis and ebony of melanogaster, and brick of vir£/is and claret of 
melanogaster. Broken may correspond to crossveinless-b or crossveinless-c 
(3R) of virilis (Chino, 1941). These latter genes are not considered as 
good genes for determining homologies but do appear in the correct 
elements (Sturtevant and Novitski, 1941). 

F. ELEMENT F 

The dot chromosomes of b'Jth virilis and melanogaster (4) appear to be 
homologous. The best cm ·arisons are abdomen rotatum in both species 
and stubby of virilis to shaven of melanogaster. The homology of Gap of 
virilis with cubitus interruptus of melanogaster is doubtful. 

V. Genetic Control of Sex Determination and Dif(erentiation 

The study of Bridges ( 1932) of Drosophila lead to the conclusion that 
sex is determined by a quantitative balance between female determining 
factors on the X chromosome and male determining factors on the auto­
somes. Several studies with D. virilis offered the possibilities of extending 
this analysis to the determination of sexual differentiation by specific genes. 

There have been several mutants reported for D. virilis which disrupt 
the normal development of sexual characteristics. These facto"rs differ 
from the genetic balance systems of male and female determining factors 
in that they are inherited as single factors (or several closely linked factors) 
and can be suppressed by specific genes. One intersex mutation, ix"', is 
an autosomal recessive located on the third chromosome and its character­
istics were reported in several papers by Lebedeff (1934b, 1938, 1939). 
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When homozygous, ixm jixm led to a sterile intersex phenotype in genetic 
females (XX :2A) but showed no effect in males (XY :2A). The intersex 
condition varied from female-like individuals with undifferentiated ovaries 
to male-like individuals with underdeveloped testes. Between these two 
extreme expressions were a number of hermaphroditic individuals with 
some portions of both the male and female reproductive systems. Variations 
in expression of the intersex condition were dependent upon modifier genes. 
Without such modifying genes, the genetic females developed into sterile 
males when the ixm was homozygous. The presence of recessive or semi­
dominant modifier genes resulted in varying degrees of hermaphroditism 
when various intersex lines were crossed. Several dominant suppressor 
genes of ixm 'Yere also reported. One suppressor, S 3, was linked with ix"' 
on the third autosome but the S1 suppressor gene was located on one of 
the other autosomes. The suppressor genes were effective in suppressing 
the male-like development when heterozygous or homozygous in genetic 
females. They produced no suppression of normal sexual development in 
genetic males. 

Another mutant, JxB (Blanco), acts as a dominant in zygotic females to 
produce intersexes but does not modify zygotic males (Newby, 1942). 
The external characteristics produced by JxB in zygotic females consist 
of the male-like characteristics of vertical genital valves and claspers and/or 
the female characteristic of small ventral plates. Internally the intersexes 
had one or more male-like structures but over one-half also had some 
female-like structures. The gonads, morphologically, resembled neither 
the ovaries or testes except for the' presence of the yellow pigment charac­
teristic of testes. Histologically, the gonads varied with ovarian testis-like 
cells. The studies on the development of the intersex individuals showed 
that not one but two genital imaginal disks were formed. The primary disk 
developed into the male system. The secondary disk was formed some 
five days later and developed into the female system. Generally the male 
system was better developed than the female system. The genetic tests by 
Stone (1942) located the JxB factor or factors on chromosome 2. The 
intersexes were not modified by replacement of any of the other autosomes 
by outcrossing. The lack of modification by other genes indicated that 
the JxB factor is just one gene, but the absence of crossing over in the 
male prevented the exact proof of this. Price ( 1949b) showed, by using 
X-ray induced recombinations in males, that the JxB factor is close to 
brick (248·0). The recombinations were not extensive enough to determine 
if one or several closely linked factors produce the JxB effect. 

Several problems concerning sex determination, that of sexual differ­
entiation of a reproductive system and the sexual determination of the 
male or female system have been discussed in relation to the intersex 
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genes in virilis. Both factors, the homozygous recessive ix"'/ix"' and the 
heterozygous dominant JxB, upset the balance in the diploid XXAA­
female of virilis and produce some degree of maleness. Neither of the 
intersex genes change the normal development of males (XY AA). Lebedeff 
(1938) and Stone (1942) both consider that the intersex gene may act 
either to stimulate or fail to inhibit the additional system (male system) 
in genetic females. Lebedeff (1938) suggests that the normal allele (lx"') of 
ix"' is an autosomal male determining gene and that the mutant form is an 
intersex modifying gene which is involved in sex differentiation rather 
than sex determination. In the case of ixm, a number of modifier genes 
were observed and are considered important in the hypothesis set forth by 
Lebedeff. In the absence of modifier genes, the genetic females developed 
into sterile males when ix"' was homozygous. However, the modifier 
genes act as suppressor of maleness and produce some form of herma­
phrodite when present. Briefly, Lebedeff considers that the gene for 
maleness (Jxm) in the autosome can be balanced by a gene for femaleness 
(F) in the X chromosome. These factors are equal in potency in determin­
ing whether the individual will be a male or female. The balance can be 
pushed toward femaleness when these factors are in balance by the inhibi­
tion or suppression of the activity of the male determining lx"' gene by 
modifier genes. The F (lx"'lx"') genotype develops into normal males since 
the lx"' genes are not balanced by F factors in the X chromosome and 
suppression by modifier genes does not occur. 

Stone (1942) considered that the intersex genes were not genes for 
producing hermaphroditic individuals, thus not being neomorphs as 
indicated by Lebedeff (1938) or as suggested by Dobzhansky and Spassky 
( 1941) for intersex mutants of D. pseudoobscura. Stone considered that 
these genes are mutations of normal alleles of genes which control sexual 
differentiation. Both ix"' and JxB affect the 2X:2A individuals and could 
be either genes for maleness which have a greater effect than normal alleles 
or genes for femaleness which have mutated to forms which are not effective 
in the suppression of the differentiation of the male system. Any unbalance 
in the male and female genes, either by mutation or aneuploidy (2X:3A) 

_ results in mixtures of varying parts of male and female systems being 
produced. A control of the system by modifier genes may be possible with 
the ix"' gene (Lebedeff, 1938) but the absence of such modifier genes with 
lxB (Stone, 1942) does not indicate a general, overall, control by modifier 
genes. However, the modifier genes may serve to produce an imbalance 
of male and female genes in the system to produce the hermaphroditic 
(or intersex) condition. 

One other usually accepted characteristic of intersex development was 
questioned by Newby (1942) after histological studies on JxB. The "time-
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law" of Goldschmidt ( 1934, 1938) suggested for the first interpretation 
of intersexes of Lymantria, indicates that an individual will develop 
according to its chromosomal sex up to a certain point and then change 
to development of the other sex. The main objection to such an interpreta­
tion of JxB, is the presence of not one but two genital primordia. The 
primary imaginal disk develops the male-like characteristics and the 
secondary disk forms the female-like characteristics. The turning point 
theory generally assumes that only one disk is present and the develop­
ment of the disk should first be female and later be male. Even in this 
case where two imaginal disks are present the primary disk forms the 
male characteristics and not the female characteristics as would be expected 
since the chromosomal sex of the organism is female. 

VI. Unsb..ble Genes 

The first case of unstable genes reported for Drosophila was in D. virilis 
by Demerec (1926) and extensive genetic studies of four cases were 
reported by Demerec (1941). 

Unstable genes may mutate in several directions but in most of the 
cases studied by Demerec ( 1941) in virilis the unstable genes were recessive 
and mutated to the normal ( +) condition. Having reverted they were then 
as stable as any other wild type allele. The four cases of unstable genes 
were all sex-linked. They are: reddish body color (y"), magenta eye color 
(m) and two cases which show miniature wings (mt-3 and mt-5). Two 
alleles of reddish were recorded; one was stable and one was an unstable 
allele. At the miniature locus, some thirteen alleles were detected. Six of 
the eleven were unstable and the remaining seven were stable. One stable 
and one unstable allele of magenta (m) were recovered. 

The re-a allele (y"-a) (reddish) showed a restricted period of instability 
(Demerec, 1928b ). The instability of this gene was restricted to the matura­
tion divisions of females heterozygous for re-a andy+, y or y••-1• The re-a 
allele was otherwise stable in heterozygous females. It was stable when 
homozygous in females and in males. The miniature genes which were un­
stable (the mt-3 and mt-5) were phenotypically different but each appeared 
in three well-defined forms or sub-alleles. The miniature-alpha (mt-a) 
alleles were unstable in both germinal and somatic tissue; the miniature­
beta (mt-b) alleles were stable in both types of tissues and the miniature­
gamma (mt-c) genes were unstable only in somatic cells and stable in 
germinal tissue. The three forms also differed as to type of offspring 
produced. The mt-a gene produced miniature, mosaic and normal offspring. 
The mt-b form produced only miniature offspring and the mt-c allele 
produced both miniature and mosaic offspring. These miniature genes 
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appeared to be stable during the first eight cleavage divisions and probably 
during the early stages of somatic and germinal development. They 
become unstable only in the later stages of development. 

The rates of reversions of the unstable loci were unaffected by such 
environmental agents as a 10°C variation in temperature, exposure to 
carbon dioxide or to X-rays (Demerec, 1932a). Particular factors were 
effective in changing the mutation rates for the various unstable genes. 
Reddish is unstable only in females, younger females showing a higher 
percent of reversions than older ones. For the mt-c allele the rate of rever­
sions is twice as high in males than in females (Demerec, 1932b). Besides 
such sex differences, other genes may also influence the mutability rate 
(Demerec, 1928a, 1928b). Five autosomal genes increased the rate of 
reversion of miniature. The gene M only affected the mutability of the 
mt-a allele and increased reversions in germinal tissue but not in somatic 
tissue. The M gene is probably on the 6th chromosome. Four autosomal 
genes increased the reversions of both mt-a and mt-c in somatic cells. 
These were effective enough to increase the percentage of mosaic spots 
from 4% to 95% when one ofthe factors was present. Three of the factors 
were dominant. S-1 was located on the second chromosome, S-3 on either 
the third or fifth chromosome. A third gene, s-2, was recessive and was 
located on the fifth chromosome. The S-4 factor appears to result in earlier 
mutability since larger inosaic areas were observed than with S-1, s-2, or 
S-3. 

VII. Chromosome Variation and Gene Rearrangements 

Salivary gland polytene chromosome maps of D. virilis have been published 
by Fujii (1936, 1942), Hughes (1939), Griffen (Patterson et al., 1940) and 
Hsu (Figure 68, in Patterson and Stone, 1952). Fujii (1942) indicated the 
approximate cytological position of some genes and induced chromosomal 
rearrangements. Spontaneous inversions have not been reported for virilis 
but a spontaneous fusion of chromosomes 3 and 5 was reported by Chino 
and Kikkawa (1933). A cytological study of the various members of the 
subspecies group indicates that a number of fusions and inversions have 
occurred in the evolutionary history of the species. The gene orders in 
virilis and americana were compared by Hughes (1939) and comparisons 
of the gene order in virilis, americana, texana, and novamexicana were 
reported by Patterson et al. (1940, 1942). Warters (1944) studied the gene 
order in a number of strains in all these species. Hsu (1952) reported the 
rearrangements in gene order in the five elements in the various members 
of the virilis species group. These studies show that a number of different 
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gene arrangements have become fixed, as homozygous rearrangements, in 
the evolutionary history of the various members of this group. In addition, 
several fusions of chromosomal elements have been detected in the 
chromosome phylogeny (Patterson and Stone, 1952). The primitive gene 
order and metaphase configuration of five rods and one dot are found in 
D. virilis. A fusion of the second and third chromosomes appears in texana 
whereas the subspecies americana shows this fusion and an additional 
fusion between the X and fourth chromosome. None of the montana-like 
forms of this species group show either of these fusions but do have a 
}-shaped second chromosome resulting from a pericentric inversion. D. 
littoralis has a fusion between the third and fourth chromosomes. 

D. virilis is chromosomally a monomorphic species, but the evolutionary 
history of the group shows the importance of chromosome variation in 
the formation of different species and subspecies. A detailed discussion 
of the numerous genetic tests and the complete cytological analyses of this 
group by J. T. Patterson, WilsonS. Stone and their many students and 
co-workers at the University of Texas Laboratory is neither possible nor 
proper in one section on the genetics of virilis. It is important that virilis 
is the most primitive living member of the group. A summary of the 
evolutionary history of the virilis species group is illustrated in Fig. 2 which 
appeared in the 1962 paper by Stone. The original data on the evolutionary 
history were presented in Patterson and Stone (1952). The virilis group 
phylogeny shown in Fig. 2 illustrates the diploid chromosome elements 
of the males of the species, subspecies, and necessary primitive forms. The 
X and the autosomes are numbered to distinguish the fusion of elements 
from pericentric inversions in one element. The paracentric inversions 
are indicated by capital letters where the inversions occurred and small 
letters in the descendent forms with the inversions. Italic letters appear 
when the inversions are heterozygous. Overlapping inversions were not 
distinguished from those which are not overlapping. The X chromosome 
of D. ezoana and littoralis contained so many inversion changes that they 
could not be analysed. The various inversions indicated were described 
by Hughes (1939); Griffen (Patterson et al., 1942); Warters (1944); and 
Hsu (1952). According to this relationship Stone (1962) considers that 
virilis gave rise to a high evolutionary rate line in Primitive I although he 
also considers the possibility that the stable virilis line may have been 
produced from Primitive I. The two species differ by only one inversion 
in the second chromosome. The high evolutionary rate of Primitive I 
gave rise to several forms. The Primitive II species gave rise to the 
texana-americana-novamexicana complex. The Primitive III species may 
have been produced from either Primitive I or II. The species ezoana 
and littoralis and the several species of the montana group (which are not 
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illustrated) developed from a form similar to Primitive III. The phylogeny 
of the virilis group shows that several types of possible chromosome varia­
tions and gene rearrangements have been important in its evolutionary 
history. 

\.1-\ ... 1 
2-:;:::::- :: ~5 2~ :: ~5 

ll I\ 
XY 

VIR/LIS 
XY 

PRIMITIVE I 
X y 

NOVAMEXICANA 

FIG. 2. The virilis group mitotic chromosome phylogeny. (From Stone, 1962.) 
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VDI. V -type Position Effects 

Somatic variegations as the result of V-type position effects were analysed 
in D. virilis by Baker (1953) using a gene which is normally located in a 
heterochromatic region. The peach gene (pe) is located in the last four 
bands of heterochromatin at the base of chromosome 5-the 5 2H region. 
When the recessive peach mutant is heterozygous with rearrangements 
involving this heterochromatic region of chromosome 5, the eye color 
appears as a mosaic of peach and normal eye colors. The mottling patterns 
appear as patches of peach or normal pigment on the complementary 
background; mottling of different colored pigments in a salt and pepper 
pattern was not observed. The modification of the pigment distribution in 
the eye was recessive ; variegation was produced when the chromosome 
rearrangement was heterozygous with the recessive peach mutant or when 
the rearrangement was homozygous. 

Thirty-two X-ray-induced rearrangements were analysed by Baker and 
all showed at least one break in the basal heterochromatic region of the 
fifth chromosome. Among the rearrangements, variegations were produced 
when the rearrangements placed foreign heterochromatin either distal or 
proximal to the peach locus. Foreign heterochromatin originating from 
either the Y chromosome or the basal portion of the fourth chromosome 
produced variegation. Variegation also resulted when euchromatic regions 
of chromosomes were placed either proximal or distal to peach. Baker 
(1953) concluded that the appearance of variegation is dependent upon 
the movement of either euchromatic or heterochromatic regions near the 
peach locus and upon the interruption in the continuity of the hetero­
chromatin. 

Foreign heterochromatic regions are effective in producing variegation 
when they are involved in chromosome breakage and moved in close 
juxtaposition to the peach locus. Extra heterochromatin, such as an extra 
Y chromosome, does not enhance the variegation (Baker, 1953). The lack 
of enhancement with extra heterochromatic regions (extra Y chromosome) 
was also observed for variegation of genes normally euchromatically 
located (e.g. yellow-mottling; Girvin, 1949). 

The basal heterochromatin region of the fifth chromosome occupies 
only a small region of the salivary gland chromosomes but in the metaphase 
ganglion at least two-fifths of the total chromosome length appears as a 
heterochromatic region (Baker, 1954). Baker studied the relative positions 
of the breakage points in the heterochromatin in ganglion metaphase 
chromosomes. A break in the long heterochromatic region can result in 
variegation even though it is not physically close to the peach locus. The 
important requirement appears to be a break in the heterochromatin 
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region which functions as a unit. Such breaks disrupt the continuity of 
the heterochromatin and result in the variegation. 

Parental genotype affects the variegation of the offspring even though 
the components of the parental genotype are not transmitted to the offspring 
(Spofford, 1959). A number of various types of one-generation parental 
effects have been described by Spofford (1959, 1961), Baker and Spofford 
(1959), and Hessler (1961) for melanogaster. In virilis, Schneider (1962) 
tested the maternal effects of parents, homozygous or heterozygous, for a 
series of six translocations which produce variegated position effects. The 
parental genotype had an influence on the amount of pigmentation which 
appeared in the heterozygous variegated offspring. The drosopterins and 
other pteridines, some of which are intermediates in the formation of the 
red pigments, were measured quantitatively in the eyes and also in the 
testis sheath of males. The heterozygous variegated offspring were con­
sistently more highly pigmented when the arrangement, R (pe+), was 
transmitted by a homozygous female parent than when transmitted by a 
heterozygous female or by a heterozygous male. Homozygous males 
produced offspring with more pigment than heterozygous males. There is 
also in some cases a suppression of pigmentation in offspring from mothers 
carrying a Y -5 translocation although the offspring themselves did not 
receive the Y chromosome. Non-pigment pteridines show no consistent 
pattern as far as the parental source of translocations are concerned. 

IX. Crossing Over and Disjunction 

A. CROSSING OVER 

The first crossover studies in D. virilis were reported by Weinstein (1922) 
using the sex-linked genes of sepia, crossveinless, forked, Triangle, and 
rugose. In these recombination tests the coincidence of double exchanges 
varied from 0·68 to 0·89 with the average distance between exchange 
points from 12·7 to 65·9 crossover units. From these tests, and previous 
data, the most frequent distance between exchange points in double 
crossovers was 47; this estimate agrees with that of 46 calculated for 
D. melanogaster. Additional gene loci for crossover tests with the X-chromo­
some of virilis were used by Jennings (1923) and Kikkawa (1932a). They 
concluded that the strength of interference to double crossing over in 
melanogaster seems to be somewhat greater than in virilis. In both species, 
interference arises after one break has occurred and inhibits a second 
break for a certain distance. This inhibition then gradually disappears 
beyond a certain distance of the first break. Kikkawa (1932a) tested the 
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characteristics of interference with a series of curves based on the coinci­
dence of crossing over with the crossover distance between genes on 
the X-chromosome of virilis. The shape of the curves and the absence of 
a secondary maximum or a symmetrical fall to the curve suggested that 
the "loop theory", which required interchanges at nodes where chromo­
somes overlap each other, was not adequate to explain the results observed. 
The synapsis of chromosomes was considered by Kikkawa (1932a) to be 
the important factor for the exchange between strands of different homo­
logous chromosomes. He postulated that exchange can occur at any 
point on the chromosome where synapsis takes place. 

The crossover studies in virilis contributed to the generally accepted 
characteristics of crossing over, such as interference, synapsis of homologous 
chromosomes for crossing over, an exchange of portions of strands of different 
homologous chromosomes, and non-crossover between sister strands of 
the same homologous chromosome. Other characteristics of crossing over, 
such as (1) the time of crossover (two-strand or four-strand stage); (2) 
that only two of the four strands are involved in crossing over at any one 
place on the chromosome and (3) that the first meiotic division is reductional 
and the second equational (for the centromeres), required the data obtained 
from the attached-X chromosome of melanogaster (Anderson, 1925). 

An interrelationship between crossing over in the various chromosomes 
has been reported for melanogaster. The amount of crossing over has been 
reported to increase in one chromosome when inversions were present 
heterozygous in another chromosome (Steinberg, 1936). The same type 
of interrelationship was tested in virilis by Wilson (1950). Crossing over 
was tested in the X-chromosome in hybrids between D. virilis and D. 
americana texana, D. a.americana or D. novamexicana. Each hybrid offers a 
different number and types of inversions in the autosomes. An increase in 
the number of autosomes which contained heterozygous inversions appears 
to decrease the amount of crossing over in the X-chromosome rather than 
increase the amount of crossing over as in melanogaster. 

Additional data for crossing over in D. virilis were reported by Kikkawa 
(1933, 1934, 1935a). In virilis, the males showed an almost complete 
reduction in crossing over as in melanogaster. The few cases of possible 
crossing over in males of melanogaster (Muller, 1916; Bridges and Morgan, 
1919) were attributed to mutation, reversions, deficiencies, duplication or 
somatic crossing over. The second chromosome of virilis males was tested 
using four genes which give clear, consistent morphological characteristics. 
In addition, two of the genes, confluent (0·0) and incomplete (0·1), were 
some 111 units from the other two genes, Rounded (111·0) and varnished 
(128·0). The longest region is between incomplete and Rounded (Region 2) 
and should show the highest rate of crossing over. This was confirmed 
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by testing for crossing over in females (Kik.kawa, 193Sa). The possibilities 
of mutations and reversions were eliminated as explanations since the 
expected recombination would separate two of the genes from the other 
two. The recombination values in Region 2 in males were reduced from 
close to SO% in females to 0·0078% in males. Only three crossover indivi­
duals were observed in a sample of 38,598. 

The data for crossing over in the second chromosome of males supple­
mented and supported the previous recombination tests between Gap and 
glossy on the dot-like chromosome 6 of virilis (Chino and Kikkawa, 1933). 
Tests in chromosomes 2 and 6 of virilis males indicated that the re­
combination in virilis was higher than in melanogaster. In addition to the 
higher rates in virilis males, the genetical maps of virilis females are longer 
than in melanogaster females for chromosomes of equal cytological size 
and length. The X-chromosomes of the two species are similar in cytological 
length, but the virilis X-chromosome is comprised of 2·8 times more 
crossover units than the X-chromosome of melanogaster (Chino and 
Kikkawa, 1933). 

Several experiments on the modification of crossing over by environmental 
factors (or non-inherited variations) were reported for D. virilis females 
by Kikkawa (1934). Gene recombination in the distal, intermediate and 
proximal portion of the X-chromosome of virilis was tested at a temperature 
of 25oC and 30°C. At the higher temperature, crossover values were 
decreased in regions distal to the centromere and, to a lesser degree, in 
the middle (intermediate) region. However, recombination was increased 
in the region proximal to the centromere at the higher temperature. 
Similar results were observed for the X-chromosome with X-ray treatment 
(Fujii, 1933). The autosomes appear to respond the same way. The distal 
end of the fifth chromosome showed a reduction in crossing over with an 
increase in temperature and with X-ray treatment. These characteristics 
of recombination in virilis agree with those for melanogaster (Kikkawa, 
1934). 

B. NoN-DISJUNCTION 

The frequency of primary non-disjunction of the sex chromosomes in 
virilis differs somewhat between strains. The rate of primary non-disjunc­
tion of the X-chromosomes in virilis females varied from 1:3,459 (Arai, 
1930) to 1:1,430 (Demerec and Farrow, 1930) to 1:912 (Kikkawa, 1932b). 
A rate of 1:1000 in virilis is considered to be the most representative for 
primary non-disjunction of the X-chromosome and is higher than the 
average rate of 1:2000 for melanogaster (Kikkawa, 1932b). The primary 
non-disjunction rate was increased to 1:174 (Arai, 1930) or 1:162 
(Demerec and Farrow, 1930) after X-ray treatment. The exceptional 
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individuals, XXY (~) and XO (d') resulting from primary non-disjunction 
in females were not recovered in equal numbers as expected. The XXY: XO 
ratio was reported as 1 :1·7 by Arai (1930), 1:11 by Demerec and Farrow 
(1930) and 1:15 by Kikkawa (1932b). The relative ratio of XXY:XO 
individuals is distorted further by the use of X-rays. The relative number 
of XO males was increased from 1: 1·7 to 1 : 2·5 by X-rays in the strain 
used by Arai (1930) and from 1:11 to 1: 20 by Demerec and Farrow (1930). 

In contrast to the higher rate of primary non-disjunction in virilis, the 
rate of secondary non-disjunction appears to be lower in virilis females 
than in melanogaster. A rate of 1·3% secondary non-disjunction was 
reported by Weinstein (1922) but only 0·67% was reported by Demerec 
and Farrow (1930) and 0·53% by Kikkawa (1932b). These are lower than 
the 4·3% reported for melanogaster by Bridges (1916). The exceptional 
(non-disjunction) classes of XXY and XO were approximately equal in the 
experiments of Weinstein (1922) and Demerec and Farrow (1930), but 
Kikkawa (1932b) reported an increase of the XO exceptions with a ratio 
of 1 : 4·5 for the XXY: XO types. 

The non-disjunction studies in D. virilis were extended to include XXY 
and XXYY females and XYY and XYYY males. Kikkawa (1932b, 1935b) 
found that the XXY females gave a ratio of 5:3 (or 1· 3 : 1) of XX: XXY 
daughters when a 1 : 1 ratio was expected from the melanogaster experiments 
(Bridges, 1916). Kikkawa (1932b) suggests that this results from the 
elimination of the Y-chromosome in the meiotic divisions. Several virilis 
strains were utilized by Kikkawa ( 1935b) and the number of XY and XYY 
males from XXY females was studied. The expected 1 :1 ratio was found 
to be 1·3: 1 for the XY: XYY males. Eggs containing an X-chromosome 
were much more frequent than those containing both an X and Y. 
Secondary non-disjunction was only 0·48 o/o. All of the studies on secondary 
non-disjunction in XXY females by Kikkawa (1932b, 1935b), Weinstein 
(1922) and Demerec and Farrow (1930) show a ratio of 1: 1·6 of exceptional 
female to male progeny instead of the expected 1 :1 ratio. 

The frequency of non-disjunction in the XXYY females was very low. 
The segregation was primarily XY-XY; very rarely XXY-Y or XYY-X 
segregations were observed. XX-YY segregation was not observed in the 
tests of Kikkawa (1935b). These results with virilis differ from the results 
of Stern (1929) for melanogaster. 

In XYY males, XY-Y segregation is more frequent than X-YY in both 
melanogaster and virilis. In melanogaster the XY-Y segregation is about 
twice as frequent as X-YY segregation (Bridges, 1916; Stern, 1927, 1929) 
while in virilis the XY-Y segregation is about 3·8 times more frequent 
than X-YY. The disjunction in XYYY males was primarily of XY-YY. 
Only one individual in 479 resulted from the X-YYY segregation 
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(Kildawa, 1935b). Baker (1956) measured non-disjunction in XYY and 
XYYY males of virilis with one or more of the Y chromosomes marked 
with the peach gene (yPe+) which produced somatic variegation. Cyto­
logical examination showed that the chromosomes associated as multivalent 
groups in metaphase I as in melanogaster (Cooper, 1949). The XYY and 
XYyPe+ virilis males showed a segregation pattern similar to that reported 
by Ki.kkawa ( 1935b ). XY-Y segregation was the more frequent type and 
occurred 75-80% of the time in triploid males. The marked yPe-Jo chromo­
some did not change the segregation pattern when present with the 
normal Y in triploid males. When both Y chromosomes were yPe+, 
disjunction of xype+ from yPe+ occurred only with a frequency of 48%. 
This difference in segregation types appears to be dependent upon the 
presence of the two marked Y chromosomes. The presence of extra 
chromocentric material in the marked Y and the possibility of a closer 
association of these Y chromosomes than an association of the X and Y 
may explain the results with the triploid males. However, when tetraploid 
males with a complement of one normal Y and two ype+ chromosomes 
and an X chromosome were tested, the 2-2 segregation was random 
among the Y chromosomes. The two yPe+ chromosomes did not show a 
higher rate of segregation to the same pole than the Y and yPe+ chromo­
somes (Baker, 1956). 

C. CRossiNG OvER IN NoN-DISJUNCTION XXY FEMALES 

The rate of crossing over was compared in XX females and XXY females 
by Kikkawa ( 1932b ). The regions ec-cv, cv-sg and sg-mt in the X­
chromosome of D. virilis were tested in the normal XX female and non­
disjunction XXY females. The frequency of crossing over in XXY 
females was not different from that in XX females. The Y -chromosome 
does not exert any influence upon crossing over in the X-chromosome of 
virilis. These results are similar to those reported for melanogaster by 
Anderson (1925) and Bridges and Olbrycht (1926). 

X. Radiation Studies 

Numerous studies of genetic damage resulting from radiation in Drosophila, 
as well as other genetic systems, have been reported since Muller's original 
report of the mutagenic effect of X-rays in 1927. Mandl (1964) has pub­
lished an extensive review of radiation-induced genetic effects and factors 
which modify induced damage. Although a few of the older publications 
are cited, the review covers publications from 1957 to 1964. Conger (1960) 
reviewed some aspects of genetical protection against radiation exposures. 
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Reviews of earlier genetic work are included in Muller (1954) and in 
Chapter 26 of this volume. 

In Drosophila virilis, translocations and dominant lethal damage have 
been utilized most often as measures of radiation damage. The karyotype 
of five rods and a dot chromosome offers a method to detect a larger 
number of chromosome breaks than in melaMgaster with only the X, two 
autosomes and a dot chromosome. In melaMgaster, a second break in the 
same chromosome may not be detected in translocation tests. Dominant 
lethal tests are based upon the failure of egg development. Failure of 
development due to genetic lethal effects or to a lack of egg fertilization 
by sperm can be distinguished in virilis. The method of detection of sperm 
in eggs was first used by Patterson et al. (1942) and a modified method was 
reported by Alexander (1963). This method of sperm detection in eggs is 
not possible in melanogaster. 

A. SPECIFIC Loci 

One of the first radiation studies using Drosophila virilis was reported by 
Girvin (1949) who tested mutation rates at seven specific gene loci on the 
X-chromosome. Gynandromorph and somatic mosaics were also scored. 
The loci of yellow (y 40a), crossveinless (cv), vermilion (v), singed (si2), 

dusky (dy), white (w) and apricot (ap 10•) were used in these tests. The 
results are given in Table V. The mutation rate is expressed by the 
number of mutations per roentgen of X-radiation. For this rate, the 
number of mutations W.lS divided by the total sample scored for the loci 
and the dose of 3047 R. 

The singed locus gave the highest rate with apricot, vermilion and 

TABLE V. Mutation Rates at Specific Loci on the X-Chromosome of D. virilis.a 

Total Mutations 
Including Mutation rate 

Locus Total sample Determined undetermined Xl0- 8 per r 

y 83,949 12 13 4·6- 5·0 
C'/) 58,525 4 9 2·2- 5·1 
v 56,525 8 12 4·6- 7·0 
si 83,949 29 56 11·3-21·9 
dy 83,949 9 16 3·5- 6·3 
w 20,744 8 8 12·7-12-7 
ap 66,525 28 38 13·8-18·7 

AVERAGE 7·5-11·0 

a Based on the data of Girvin (1949). 
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dusky showing the next highest rates. The yellow and crossveinless loci 
showed the lowest rates (Table V). Girvin (1949) reports that the mutation 
rates of these loci in virilis are higher than those of the homologous loci 
in melanogaster. These comparisons are based upon the data for melanogaster 
reported by Patterson and Muller (1930) and Patterson (1932, 1933). The 
rate for the white locus was approximately twice as high in virilis than in 
melanogaster. The two species also differed in the ratio of viable and lethal 
induced mutations. The data of Patterson (1932) for melanogaster showed 
only 9 viable and 45 lethal mutations at the yellow, white, crossveinless, 
vermilion, singed and garnet loci. This is approximately 17% viable 
mutations among the total. In virilis, 49 of 89 mutations were viable (55%). 
These comparisons are between homologous loci in the two species but 
the dosage used in the melanogaster experiments is not definitely stated by 
Patterson (1932) although Girvin (1949) states that the rates of mutations 
were compared with the same dose of X-rays. 

If sex-linked virilis mutations are compared to mutations at autosomal 
loci in melanogaster, with a 3000 R dose, then virilis shows 55% viable 
sex-linked mutations and melanogaster only 34% viable autosomal muta­
tions. The average rate for all seven sex-linked loci in virilis is 11·0 X 10-8/r 
as compared to 5·98 X 10- 8/r for melanogaster (Alexander, 1954). This is 
based on the total number of mutations recorded. When the rates were 
based on only the mutations which were tested further, the vi'rilis rate is 
7·5 x 10- 8/r as compared to the melanogaster rate of 5·72 x 10- 8/r. These 
rates are not too different. However, the rates of three (si, w, ap) of the 
seven loci in virilis were as high or higher than the autosomal loci 
(Alexander, 1954; and Patterson, unpublished observations, included in 
Alexander, 1954). The other four loci gave rates of 2·2 or 4·6 x 10- 8/r 
and were similar to the melanogaster rates. Based on the available data 
for comparisons, the virilis mutation rates appear to be higher than those 
in melanogaster. Only a comparison of homologous loci in both species 
treated at the same time with the same dose of irradiation will allow precise 
estimates of the difference or similarity in mutation rates in these two 
species. 

B. IoNIZING RADIATioNs 

A series of experiments on the modification of X-ray induced genetic 
damage by environmental change in D. virilis have been published. The 
response of mature sperm at 2 and 28°C temperature in air with increasing 
doses of X-radiation was reported by Baker (1949). A higher rate in trans­
location damage was observed at the lower temperature when the total 
dose was 2000 R or more. The temperature effect was also observed in, 
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similar tests by Haas et al. (1954). The temperature effect is thought to 
depend upon the high solubility of oxygen, which is increased 1·6 times, 
at the lower temperature and possibly also by the reduced activity of other 
biological protective agents at the lower temperature (Baker and Edington, 
1952; Baker and von Halle, 1953; Haas et al., 1954). 

Further tests by Haas et al. (1954) showed that an increase in the dose 
rate of X-radiation from 100rjminute to 1867rjminute also increased the 
translocation rate. This increase was observed when treatments were 
carried out in atmospheres of air, 99· 5 % 0 2 and 96% N 2 + 4% 0 2• The 
most significant differences were observed when X-ray treatments were 
done in a 96% N 2 + 4% 0 2 atmosphere. The enhancement of translocation 
damage was observed at both the high and low temperature. 

The enhancing effect of oxygen on X-radiation treatment was first 
tested in virilis by Baker and Edington (1952). With a dose of 2000 R, 
translocation damage increased as the concentration of oxygen was 
increased. The results for 100% nitrogen (0% oxygen) was 3·7%; for 
95% nitrogen + 5% oxygen, 9·9%; for 79% nitrogen + 21% oxygen, 
16·1 %; and for 100% oxygen was 17· 2 %· Translocation damage increased 
approximately 1 % for each 1 % increase in oxygen up to a concentration 
of 21% oxygen. In mature sperm, an additional increase in oxygen from 
21% to 100% oxygen only increased the translocation damage by an 
additional 2 %. 

In addition to a change in oxygen concentration, various physiological 
systems involved with oxygen were tested by Haas et al. (1954). The gases 
used were carbon monoxide, carbon dioxide and mixtures of these gases · 
with oxygen. The physiological changes resulting from these gases often 
produced unexpected results. Carbon monoxide is known to inhibit the 
cytochrome oxidase system and at a high temperature and fast dose rates, 
higher rates of translocations were observed with X-ray treatment in a 
95% carbon monoxide + 5% oxygen mixture than when a higher con­
centration of oxygen was present (80% carbon monoxide + 20% oxygen). 
With a lower temperature, similar amounts of translocation damage 
were seen in both gas mixtures. These results were explained by proposing 
that oxygen restored the protective activity of the cytochrome system at 
the higher temperature but not at the lower temperature (Haas et al., 
1954). The combination of 80% carbon monoxide+ 20% oxygen did 
not show the usual increase in translocation damage with the faster rates 
of radiation. The slower rates of irradiation gave higher rates of trans­
locations. Apparently in this particular atmosphere of gases, a slower rate 
of irradiation requires time for some cumulative action to affect breakage. 

When 20% oxygen was combined with carbon dioxide, the translocation 
damage was higher than in air with a 20% oxygen concentration. The 
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same results were observed when 20% oxygen was combined with carbon 
monoxide. If carbon dioxide and carbon monoxide are used in the same 
mixture with oxygen, the radiation damage was reduced at most combina­
tions of temperature and gas mixture. An increase in the activity of enzyme 
systems are indicated in the carbon dioxide-carbon monoxide mixture 
by the observation that the lowest translocation rate was observed with a 
fast dose rate and high temperature. 

The comparisons of various physiological conditions and environmental 
changes were extended by use of the entire cycle of spermatogenesis. The 
presence of radiation sensitivity cycle in the germ cells of D. melaoogaster 
was reported by Bonnier and Luning (1950). Auerbach (1954) used X-ray­
induced crossing over in the males to separate the pre- and post-meiotic 
germ cells and establish the sensitive stage for sex-linked and autosomal 
recessive lethals. 

The response of the germ cell cycle in D. virilis was reported by 
Alexander and Stone (1955). The characteristics and relative sensitivity 
of the various germ cells of virilis are similar to melanogaster. The relative 
rate of development of these organ systems are not the same in both 
species. In melanogaster, primary spermatocytes are present in SO hour 
larvae and nearly mature sperm are present during the pupal stage-120 
hours after the larvae hatch (Bodenstein, 1950). In virilis, primary sperma­
tocytes are not present until the larvae are 170 hours old. Sperm bundles 
are formed in pupae (250 hours after the larvae hatch). Mature sperm 
(motile) are not present until the adults are five or six days old (Clayton, 
1962). Either species may vary as to which stages of treated germ cells 
are tested in any particular mating period. Such variation may be produced 
by varying the length of each mating period, the numbers of males and 
females in each mating period and even the strain of the same species 
may differ in the rate of germ cell development. Any environmental 
change such as temperature and the type of foods may modify the rate 
of development. If the time that each germ cell stage appears in develop­
ment and the relative number of each cell type is known, the type or 
types of germ cells represented in each mating period can be established. 
The characteristics of radiation damage to spermatogonia and mature 
sperm are the easiest to determine without mixture with other germ cell 
stages. Spermatogonial germ cell samples can be obtained by irradiating 
larvae at an age before spermatocytes are formed. Mature sperm can be 
sampled by limiting the mating time of treated adult males. The radiation 
damage in the intermediate stages such as spermatocytes and spermatids 
can be determined by treatment of the larva or pupae at a particular age. 
The number and type of germ cells present at the time of treatment can 
be determined from Clayton's data (1957). 
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In the virilis, translocations and dominant lethals are scored by mating 
each adult male ( 6 days old) to three females. Two of the females contain 
recessive marker genes on four of the autosomes (2, 3, 4, 5) for the trans­
location test and one normal female from a cross of two different strains 
for dominant lethal tests. The treated germ cells are sampled by remating 
the treated males every two days for eight two-day periods. 

High rates of translocations were observed in postmeiotic cells. Trans­
locations were rare from germ cells which were treated in meiotic and 
premeiotic stages. When the tests involve treating and sampling a number 
of different germ cell stages, some mixing of the various stages may occur. 
It is difficult to tell whether the few translocations recovered from meiotic 
and premeiotic mating periods are actually induced in these stages or result 
from mixing of a few postmeiotic cells with meiotic or premeiotic germ cells. 

Translocations were not recovered in the specific loci studies in melano­
gaster when young larvae, containing only spermatogonia, were treated 
(Alexander, 1954, 1960). These data are not large enough to completely 
eliminate the possibility that translocations can be induced in premeiotic 
cells but the rate must be extremely low. However, when several types of 
germ cells are treated with radiation, there is no way to eliminate the 
possibility of some mixing of different germ cell types in the various 
mating periods. In the tests with virilis high rates of translocations were 
recovered only when spermatids were present, i.e. such as in treated 
pupae (Alexander and Stone, 1955). · 

Among postmeiotic cells, sperrnatids are more sensitive than mature 
sperm. A dose of 2000 R of X-rays (or gamma rays) is necessary to produce 
the same amount of genetic damage in mature sperm as 500 R produces 
in spermatids. There is a dose factor difference of 4 in the two types of 
postmeiotic cells with treatment in air (Alexander et al., 1959). The same 
difference in sperm and spermatid sensitivity appears with translocations 
and dominant lethals. This increase in sensitivity in spermatids is dependent 
upon the amount of oxygen. present at the time of treatment. The difference 
in sensitivity in sperm and spermatids is less in inert gases such as nitrogen 
and argon or in carbon monoxide (cytochrome inhibitor) than in gas 
mixtures containing oxygen. The genetic damage is about twice as high 
in spermatids than in mature sperm in the inert gases (Alexander and 
Stone, 1955; Chang et al., 1959). In air (20% oxygen), spermatids show a 
translocation or dominant lethal rate some seven times higher than mature 
sperm (Alexander et al., 1959). 

Dominant lethals are recovered from treated meiotic, post- and pre­
meiotic germ cells. At doses of 500 or 1000 R of X-radiation, in air, the 
highest rates of dominant lethals were recovered from young spermatids. 
At higher doses of 2000 R or more, the dominant lethal rates are high 
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in both the more mature spermatids and in meiotic cells. Dominant lethal 
damage in meiotic and possibly some premeiotic cells is due not only to 
an injury to the chromosomes (genetic lethals) but also results from the 
lack of egg fertilization due to the reduction in the number of mature 
sperm. All the dominant lethal damage in postmeiotic cells show a high 
percentage of eggs which contain mature sperm but fail to develop (genetic 
lethals). In meiotic and premeiotic cells, a proportion of the eggs which 
contain sperm do not develop and also a proportion do not develop because 
sperm are absent. With a dose of 2000 R of X-ray, in oxygen, most 
postmeiotic (spermatid), meiotic and premeiotic cells show 99·3 to 99·8% 
dominant lethals. In postmeiotic spermatids from 91·9 to 96·8% of the 
eggs were fertilized; however, in meiotic cells only 36·4% were fertilized 
and 81·3% eggs were fertilized in the spermatogonial cells (Alexander and 
Stone, 1955). A reduction in the mature sperm from treated meiotic 
stages results from the degeneration of a portion of these cells after irradia­
tion. This produces a period of aspermy by reducing the number of 
mature sperm which would have been produced from these cells. An 
increase in the dose of irradiation decreases the number of mature sperm 
resulting from treated meiotic cells and increases the time period of 
aspermy. Cell degeneration appears to be more important at higher dose 
levels of X-rays (2000 R or more) than at lower levels. In the histological 
studies of virilis by Clayton (1962), there were no periods in which spermio­
genesis was absent after irradiation with 1000 R of X-rays. This agrees 
with the histological results for D. melanogaster (Welshons and Russell, 
1957). With a dose of 1000 R, the number of primary spermatocytes were 
reduced, but they were never completely absent, in the irradiated testes. 
With 4000 R, the number of spermatogonia was reduced within 55 hours 
after treatment. The spermatogonia which survived and continued to pass 
through spermatogenesis showed a complete absence of primary sperma­
tocytes four days after treatment. The next stage of spermatogenesis 
which reflected radiation damage from the treatment of spermatogonia 
was the spermatogenic cyst. Spermatogenic cysts were absent from the 
germ cell population from day 6 to day 9 after X-ray treatment. 

The high sensitivity of spermatids to oxygen is a consistent characteristic 
of the germ cell cycle with radiation treatment. The only quantitative tests 
in virilis on the increase of genetic damage in spermatids with increases 
in oxygen concentration are those of Rinehart ( 1963). An increase from 0% 
oxygen (helium) to 3% oxygen (in helium) increases the dominant lethal 
rate about twofold in postmeiotic germ cells if treatments are at 3-5°C. 
The results in premeiotic and possibly meiotic cells were more erratic, 
with some showing an increase in genetic damage and some showing a 
decrease. At the higher temperature of 23-25 oc, an increase of 3% oxygen 
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did not increase the dominant lethal damage in postmeiotic cells. Only 
one stage of premeiotic cells showed an increase in dominant lethal with a 
3 % increase in oxygen. Capps ( 1961) observed the absence of an oxygen 
effect under the same conditions of oxygen concentration. The temperature 
at the time of irradiation is not stated but it is assumed that the higher 
temperature was used in these tests. When the results of Rinehart (1963) 
for spermatids are compared to the mature sperm tests at 0-5°C of Baker 
and Edington ( 1952), the increase from 0% oxygen to 3 % oxygen and the 
increases in genetic damage agree well in the two types of cells. In sperm­
atids, the dominant lethal damage is twice as high in 3% 0 2 (at 0-5°C) 
and in mature sperm the translocation damage is increased from 3·7% in 
0% oxygen (100% nitrogen) to 9·9% with 5% oxygen (in 95% nitrogen). 

The increase in genetic damage in spermatids when oxygen is increased 
from 21% (air) to 100% (pure oxygen) is dependent upon the pressure of 
the gas at the time of irradiation. At 1 atm, an increase in genetic damage 
was observed when oxygen was increased from 21% to 100%. At 10 atm, 
air and oxygen produce the same amount of genetic damage. Exact com­
parisons of these increases are not available from the virilis data. In 
melanogaster, the rate of sex-linked recessive lethals is increased from 2·2% 
(air) to +1% (oxygen) in mature sperm and from 5·4% (air) to 12·8% 
(oxygen) in spermatids (Chang, 1962). The rate of genetic damage in both 
sperm and spermatids is twice as high in pure oxygen as compared to 
radiation treatments in air (21 % oxygen) at 1 atm of gas pressure. Ebert 
eta/. (1958) were the first to demonstrate that the gas pressure can modify 
the amount of induced radiation damage and that the presence of inert 
gases can counter the effectiveness of oxygen during irradiation. Inert gases 
in combination with oxygen, under certain pressures, were also found to 
reverse the genetic damage induced in D. viriJis with X-rays (Chang et al., 
1959; Chang, 1962). The dominant lethal damage in virilis and sex-linked 
recessive lethals in melanogaster were used as genetic measures in these 
tests. One atmosphere of oxygen was sufficient to produce a maximum 
amount of genetic damage. An increase in oxygen from 1 to 10 atm 
produced only a very slight increase. However, an increase in the pressure 
of air (20% oxygen) from 1 to 10 doubled the genetic damage resulting 
from a treatment of 1000 R of X-rays. The effectiveness of 1 atm of 
oxygen was completely reduced or countered by the addition of 9 atm of 
either nitrogen, argon or methane. Genetic damage was only slightly 
higher than with radiation treatment in one of the inert gases (absence of 
oxygen). The combination of 8 atm of an inert gas with 2 atm of oxygen 
did not show a complete reduction in the oxygen effect. The addition of 
9 atm of carbon monoxide to 1 atm of oxygen does not reduce the genetic 
damage as much as the other three gases but does show some reduction 
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in genetic damage. A more complex situation is presented by carbon 
monoxide since the efficiency of the cytochrome oxidase system is then 
reduced. Low concentrations of oxygen appear to be more effective when 
the cytochrome system is blocked with carbon monoxide (Kihlman, 1958; 
Chang et al., 1959; Schmid, 1961). 

Oxygen is necessary for the modification of genetic damage in the germ 
cell cycle with changes in temperature (Rinehart, 1963). With an anoxic 
atmosphere produced by helium, dominant lethal damage in v£rilis is not 
increased by reducing the temperature from 23-25°C to 0-5°C. With a 
3 % oxygen + 97 % helium mixture, the lower temperature increased the 
dominant lethal damage to a rate approximately twice that observed at 
23-25oC in most germ cell stages. Osmundson (1961a, 1961b) measured 
the rate of dominant lethals and translocations induced in the germ cell 
cycle of virilis at 3·5°Cinone atmosphere of oxygen (99·5% + 0·5% argon). 
Osmundson (1961a) indicated that the rates were higher by comparing 
the data to those observed in air at 27°C (Alexander et al., 1959). The 
difference in both oxygen concentration and temperature in the comparisons 
make it difficult to assign the modification in genetic damage to oxygen 
concentration or to temperature change. 

Equal amounts of oxygen and nitric oxide have been reported to 
increase X-ray damage in approximately the same proportions in several 
biological systems (Howard-Flanders, 1957; Kihlman, 1958; Gray et al., 
1958). The equivalence of oxygen and nitric oxide in producing genetic 
damage was tested in D. mriHs by Capps (1961) and Rinehart (1963). In 
the tests of Capps (1961) a 3% concentration of nitric oxide (in helium) 
was compared to a 3 % oxygen concentration (in helium). This concentra­
tion of nitric oxide delayed the development of the germ cells and produced 
an absence of germ cells for several mating periods. The increase in genetic 
damage with 3 % nitric oxide and the absence of an increase with an 
increase of 3 % oxygen in these tests probably result from the absence of 
an oxygen effect at temperatures of 23-25°C. Rinehart (1963) observed 
simi1ar results and found also that a temperature of 0-5oC does produce 
an increase in genetic damage with an increase of 3% oxygen. By adjusting 
the physiological conditions to reduce the metabolic activity of the cell 
with low temperatures, the oxygen concentration can be retained and 
can be compared to the nitric oxide concentration. Then equal frequencies 
of dominant lethals were produced. A mixture of both gases reverses, to 
some extent, the effectiveness of either gas to produce genetic damage. 
This reduction in effectiveness of the gases is explained as a reaction of 
oxygen and nitric oxide to produce nitrous or nitric acid. With irradiation 
of the gas mixture, nitrogen dioxide (N02) is formed and is not effective 
for producing lethal changes. 
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Equal concentrations of nitric oxide and oxygen give equal amounts of 
radiation damage under certain physiological conditions. Howard-Flanders 
(1957) and Howard-Flanders and Moore (1958) found that in biological 
systems which have water present, such as Shigella flexneri, the two gases 
were equivalent. Sparrman et al. (1959) found an equivalent action in 
barley seeds whfch have a minimum water content of 12 %. Powers et al. 
(1959a, b) found that in dry bacterial spores, nitric oxide protects the 
spores against radiation but oxygen increases radiation damage and they 
suggested that nitric oxide inactivates long-lived free radicals with which 
oxygen can react to produce a toxic condition for the cell. The separation 
of the action of nitric oxide and oxygen was indicated in virilis experiments 
(Rinehart, 1963) by a reversal in dominant lethal damage with an immediate 
post-treatment in oxygen after radiation treatment in nitric oxide. Previous 
tests in virilis have not indicated an effectiveness of post-treatments for 
modifying genetic damage as is the case in melanogaster. In 'i.Milis, post­
treatments in oxygen and carbon monoxide did not modify the genetic 
damage induced with X-ray treatments in oxygen (Alexander and Stone, 
1955; Schmid, 1961 ; Alexander and Bergendahl, 1962). 

- C. NEUTRONS 

Analysis of the response of germ cells to neutron exposure is based upon 
studies utilizing neutrons from nuclear detonations (Stone et al., 1954), 
from the Brookhaven Reactor (Alexander, 1958a) and from a 250-keV 
Cockcroft-Walton Accelerator at the Biology Division, Oak Ridge National 
Laboratories (Alexander, 1958b, 1959). The linear increase in translocation 
frequency with neutron dose showed that only one hit per cell was 
necessary for multiple chromosome breakage. At least two breaks must be 
produced within a fairly short time for the productions of translocation. A 
linear relationship was found in mature sperm over a wide range of neutron 
doses from a nuclear detonation. Neutron doses in rep (roentgen equivalent 
physical) ranged from 94 rep to 1700 rep. Rough equivalences of rep and 
roentgen, based upon biological data, are 100 rep and 750 R, 500 rep and 
2000 Rand 1300 rep and 4000 R. The proportional increase in translocation 
frequency with increase in neutron dose agrees with other biological tests 
resulting from the same nuclear detonations. These include dominant 
lethal damage in melanogaster (Baker and Von Halle, 1954) and chromosome 
breakage and rearrangement in Tradescantia (Conger, 1954; Kirby-Smith 
and Swanson, 1954). Previous experiments, reviewed by Lea (1946), 
Catcheside (1948) and Muller (1954), gave similar results. 

In the nuclear detonation tests, the males exposed to high doses of 
neutrons (3500 rep) were completely sterile. This sterility, which resulted 
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from treatment of mature sperm, was due to genetic damage rather than 
to cell degeneration. The lack of development was not due to the absence 
of sperm or to any reduction in sperm motility. Motile sperm were present 
both in the females fertilized by the treated males and in the eggs which 
failed to develop. Approximately 33 % of the exposed males were sterilized 
with a dose of 1000 rep. Only 15 % of males exposed to the lower dose of 
510 rep of neutrons were sterile. 

One other characteristic of the translocation damage observed in these 
neutron tests was the non-random rejoining of broken chromosome ends. 
According to the calculations of Lea and Catcheside (1945), Haldane and 
Lea ( 194 7) and Catcheside ( 1948), the random attachment of broken 
chromosome ends would produce translocations involving four chromo­
somes (T 4) twice as frequently as cases of two translocations which involve 
two chromosomes (T :t+a)· Neutron exposure produced 43 T 2 + 2 and 32 T 4 

translocation types rather than the ratio of 1 : 2 expected. X-ray treatment 
also produced the same disproportional ratio of the two translocation 
types (Baker, 1949; Stone et al., 1954). 

The developing germ cells responded to fast neutrons from the Brook­
haven reactor in both a quantitative and qualitative way (Alexander, 1958a). 
Translocations were recovered from postmeiotic but not premeiotic germ 
cells. There was an increase in the number of translocations observed in 
spermatids when compared to mature sperm. Approximately twice as 
many translocations were produced in postmeiotic spermatids than in 
mature sperm exposed to the same neutron dose. The increase in trans­
location damage was proportional to the increase in dose in all postmeiotic 
germ cell stages (mating periods A-D). Dominant lethals were recovered 
from all stages of pre- and postmeiotic germ cells. Dominant lethals 
induced in postmeiotic cells sampled the first 8 days from remating mature 
males were classified as genetic lethals since a majority of the eggs contained 
sperm. In some stages of meiotic or premeiotic cells, dominant lethals, 
that is, absence of egg development, resulted from the lack of sperm in the 
egg. The lack of mature sperm from treated males appeared in the 13th 
and 14th days (period G) of remating. Treatment of younger, premeiotic, 
stages produced dominant lethals and a majority of the eggs contained 
motile sperm. 

The increase in dominant lethal damage was proportional to doses of 
500, 1200, or 2400 x 10s nr/cm2 in both postmeiotic and premeiotic germ 
cells. Although the response to an increase in dose is similar in all germ 
cell stages, the sensitivities of the various stages are different. The pre­
meiotic stage (period H, 15-16 days) was the most resistant in that lower 
percentages of dominant lethals were observed than in any other stage. A 
dose of 2400 X 108 nfjcm2 produced approximately 40% dominant lethal 
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damage in mating, period H (spermatogonia). The relative sensitivities of 
the other stages were calculated by comparing the dose necessary to 
produce the same amount of lethal damage in the most resistant cells. The 
second most resistant cell type was in the meiotic stage (period F, 11-12 
days) with a dose of 1500 x 108 nr/cm2 being required for 40% dominant 
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stages of postmeiotic germ cells were more sensitive than meiotic or 
premeiotic germ cells. Approximately one-half the dose, 1200 X 108 nr/ 
em 2, was necessary to produce 40 % dominant lethal damage in the most 
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FIG. 3. Dominant lethal damage in oxygen and nitrogen with 24 meV neutrons. 
(From Alexander, 1959.) 
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and most resistant cells is based upon the number of dominant lethals 
induced in these cells and sampled in mature sperm. Radiation injury 
which produces cell degeneration in treated premeiotic cells as they enter 
cell division is indicated in neutron treatment as well as X-rays (Alexander 
and Stone, 1955). Certain mating periods, period G in these tests, show a 
reduction of mature sperm in males and this reduction can be detected by 
the absence of mature sperm in eggs from females used for these mating 
periods. The frequency of dominant lethals recovered from this period is 
reduced as a consequence of the additional cell degeneration. 

The entire germ cell cycle was treated with 14 Mev neutrons in an 
atmosphere of nitrogen or oxygen to compare the direct and indirect effect 
of neutron radiation. The results for dominant lethals (Fig. 3) show that 
spermatids are more sensitive than mature sperm in oxygen, but not in 
nitrogen. Both series were treated at the same time and therefore received 
exactly the same dose. In these same tests the translocation studies showed 
a higher rate of translocation induction in all postmeiotic stages when 
neutron exposure was in oxygen. Treatments in nitrogen gave significant 
increases in translocation rates but all the rates were lower than treatments 
in oxygen. In both oxygen and nitrogen, twice the amount of translocation 
damage was produced in spermatids as in sperm treated with the same 
dose of neutrons. The translocation tests differed from the dominant 
lethal results in that nitrogen did not eliminate the higher sensitivity of 
spermatids for translocation damage (Alexander, 19 5 8b). 

The ion density of 14 Mev neutrons is 400 ion pairs/ J.l.. This is considered 
to be too dense for the usual type of chemical reactions which result from 
X-ray treatment (Hollaender et al., 1952; Gray et al., 1953; Ehrenberg, 
1954; Stone, 1956). Free radical formation is predominant for radiation 
with ion densities less than 200 ion pairs/Jl. (X-rays). The high yield of 
H 2 and H 20 2 with radiation of ion densities over 200 indicates the pre­
dominance of the molecular decomposition of H 20. Free radical formation 
may result from irregular spacing of radicals along the ion column and to 
the side tracks and ends of electronic trajectories (Allen, 1961; Ehrenberg, 
1954; Ehrenberg et al., 1953). The oxygen effect with 14 Mev neutrons 
may be dtk to this molecular decomposition of water or to a direct action 
of oxygen as indicated by P. Alexander (1957). 

D. RELATIVE BIOLOGICAL EFFICIENCY OF RADIATIONS OF 

DIFFERENT IoN DENSITIEs 

The translocation and dominant lethal damage induced with ionizing 
radiations of different ion densities have been tested in the germ cell cycle 
with 200 KV X-ray, 1-17-1·33 MeV gamma rays and 22 MV Betatron 
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X-rays (Alexander et al., 1959). The roentgen units for the three radiations 
were converted to the relative absorbed dose (rads) of irradiation. The 
conversion factor of roentgen unit to rads was 0·96 rads = 1 R for X-rays 
or ganuna-rays and 0·87 rads = 1 R for Betatron X-rays (Sinclair et al., 
1958). The physical values of the radiations may be expressed as ion 
density or Linear Energy Transfer (LET) and the calculations were based 
upon those of Gray (1947). According to Gray's calculations, 200 KV/ 
X-rays have a value of 80 ion pairs/1-1 or a LET value of 2·6 keVf~-t; 
gamma rays from Cobalt-60 have a value of 11 ion pairs/1-1 or 0·36 keV/1-1 
LET and 22 MeV Betatrons have a value of 8·5 ion pairs/I-t or 0·28 keV/1-1 
LET. The radiation sources were alllocated at theM. D. Anderson Hospital 
and Tumor Institute, The University of Texas at Houston and the physical 
source and dosimetry have been described by Sinclair and Blackwell 
(1958). 

In the testing with 200 KV therapy X-rays and gamma rays, doses of 480, 
960 and 1920 rads were used. For Betatron X-rays, doses of 435, 870, 
1000, 1740 and 2000 rads were used. All treatments were in air at 27°C. 
The results observed for dominant lethals with X-ray treatments are given 
in Fig. 4. The sensitivity peak in spermatids is obvious with either 480 or 
960 rads. With the highest dose, the maximum amount of lethal damage 

0ar(411Jmd) DOMINANT LETHAL DAMAGE IN 

I?'Jraoar(IGOI'tld) IMMATURE GUM CELL OF DROSOPHilA 
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FIG. 4. Dominant lethal damage in immature germ cells of D. virilis with 200 KV 
X-rays. (From Alexander et al., 1959.) 
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is observed in both spermatids and spermatocytes. Comparisons of the 
relative sensitivity of the germ cells show a variation from the least sensitive 
mature sperm, to spermatogonia, to spermatocytes to the most sensitive 
type spermatids. The dominant lethal damage in spermatids is approxi­
mately 8 times higher than in sperm. The same doses of gamma rays 
produce a quite different pattern. The dominant lethal damage in meiotic 
and spermatogonia remains quite high as compared to the results with 
X-rays (Fig. 5). The relative sensitivity of the germ cells is similar to 
X-rays with sperm being the least sensitive followed by spermatogonia, 
spermatocytes and the most sensitive types being spermatid cells. The 
difference in the lethal damage between the most sensitive postrneiotic 
spermatids is 8 times higher than the most resistant sperm cells. 

Betatron X-rays produce higher or equal percentages of detectable 
dominant lethals in meiotic and/or spermatogonial cells when compared to 
spermatids (Fig. 6). The lethal difference can be measured more accurately 
at lower doses. Sperm cells are the most resistant type of cell followed by 
spermatids, spermatocytes with spermatogonia being the most sensitive 
and producing the highest rate of dominant lethals. The dominant lethal 
damage in spermatids is from three to five times higher than in sperm 
cells. Betatron X-rays differ from both therapy X-rays and gamma-rays 
in that the dominant lethal damage does not decrease at all in meiotic and 
premeiotic germ cell stages. In fact, the dominant lethal damage increases 
approximately 10% in meiotic and late spermatogonial stages. If the germ 
cell sampling is continued until early spermatogonial cells are tested 
(period I) then the dominant lethal damage shows a plateau at 50% 
lethal damage with doses of both 1000 and 2000 rads of Betatron X-rays. 

The differences in the response of post- and premeiotic germ cells 
with the various radiations are illustrated in Table VI by comparing the 
dose of each type of radiation necessary to produce 50% lethal damage in 
the various germ cell types. The relative biological efficiency for percent 
lethal damage = 

Dose in rads of 200 KV X-rays 
Dose in rads of gamma rays (or 22 MV X-raysf 

200 KV X-rays are more efficient-that is, require a lower dose-than 
either gamma rays or 22 MV X-rays in postmeiotic cells (periods C-D). 
The RBE for these two types of irradiations is approximately 0·7 as 
compared to X-rays in postmeiotic cells. In meiotic cells (period F) all 
three types of irradiations produce 50% lethal damage with approximately 
the same dose to give RBE values of 1·34 or 1·05. In the premeiotic 
spermatogonial cells, a lower dose of gamma rays or 22 MV Betatron X-rays 
was required for producing 50 % lethal damage. In spermatogonia, the 
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TABLE VI. Relative Biological Efficiency of 200 KV X-ray, 1·17 to 1·33 MeV 
Ganuna Rays and 22 MV X-ray. a 

Post Sperma-
meiotic Meiotic togonial 

Type of radiation c D E F G 

200 KV X-ray Dose in rads 50% lethal 1250 750 570 790 1720 
damage 

Gamma rays Dose in rads 50% lethal 1720 990 510 590 770 
H7to damage 

1·33 MeV Relative biological 0·73 0·75 1·11 1·34 2·23 
efficiency 

22 MVX-ray Dose in rads 50% lethal 1650 1170 810 760 690 
damage 

Relative biological 0·76 0·64 0·70 1·05 2·39 
efficiency 

a From Alexander (1959). 

RBE values are 2·23 for gamma rays and 2·39 for 22 Mv X-rays. The 
postmeiatic cells responded to the irradiations in relation to their ion 
density. X-rays (80 ion pairs/JL) are more efficient than gamma rays (10 
ions pairs/JL) or Betatron X-rays (8 ion pairsfp). However, the amount of 
biological damage induced with X-rays as compared to gamma-rays or 
Betatron is not as great as the difference in the ion density. The ion 
density of X-rays is approximately ten times higher than that of gamma 
rays or Betatron X-rays-but an increase in the dose necessary for gamma 
rays to produce the same amount of lethal damage is only 0·3. The increase 
in ionizations with X-rays of 80 ion pairs/ JL is not effective per increase in 
each ion pair. An ion density of 8 or 10 ion pairs/JL is sufficient to produce a 
particular rate of lethals, and additional hits in the cell produced by 
radiations of higher ion density are in excess and are often not detected. 
The response of premeiotic cells, as measured by the number of dominant 
lethals recovered, is exactly the reverse of that of postmeiotic cells. Lower 
rates of dominant lethals are recovered with the same dose of X-rays 
than with gamma rays or Betatron X-rays which have a lower ion density. 
The most plausible, although as yet unproven, explanation for the high 
rate of dominant lethals with radiations of low ion density is the difference 
in the efficiency of the radiations for producing cell degeneration. Radia­
,tions of higher ion density produce cell degeneration which reduce the 
number of cells surviving the meiotic divisions to produce mature sperm 
cells which carry dominant lethals. 
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Radiations with ion densities higher than X-rays are more efficient for 
producing genetic damage but the increase in biological efficiency is not 
as great as the increase in ion density. In mature sperm, 14 MeV neutrons, 
produced by a 250 KeV Cockcroft-Walton accelerator have an average of 
12-14 KeV/J.L which is equivalent to 400 ion pairs/J.L. The ion density is 
approximately five times higher than the 80 ion pairs/J.L for X-rays but 
14 MeV neutrons are only two or three times more effective for producing 
dominant lethals in mature sperm than X-rays (Alexander, 1958b). 
Fission neutrons from the Brookhaven Reactor with ion densities of 1200 
ion pairs/J.L were tested (see Handloser and Delihas, 1955, for details of 
the dosimetry of the Brookhaven Reactor). A comparison of the radiation 
doses (in rads) necessary for 50% dominant lethal damage with X-rays 
as compared to neutrons gave the following RBE values when the doses of 

NX-rays were compared: for sperm 2880/432 = 6·6; spermatids (mating 
eutrons 

period C), 1250/410 = 3·1; spermatids (mating period D), 750/233 = 3·2; 
spermatids (mating period E), ?70/ 250= 2·3 and meiotic cells (mating 
period F), 790/487 = 1·6 (Alexander, 1958a). The fission neutrons have 
an ion density 15 times higher than X-rays but the RBE comparison of 
biological damage for mature sperm is only 6·6. Although tile physical 
characteristic of the ion density of radiations is an important characteristic 
which determines the amount of biological damage recovered, it is not the 
only one. The indirect or chemical actions of radiations which lead to 
genetic damage also contribute to the total genetic damage. The difference 
in the response of various germ cells to indirect effects is reflected in the 
difference in the RBE values. The spermatids are much more sensitive to 
indirect effects than mature sperm and require a lower dose of radiations 
for 50 % lethal damage than mature sperm. The difference in the doses 
necessary for 50 % lethal damage in sperm and spermatids depend, in 
part, upon the amount of indirect effect produced by the radiation. The 
indirect effect is important with X-rays and the difference in dose is four 
times higher in mature sperm than in spermatids. The ion density of 
neutrons is high enough to reduce the importance of such indirect effects 
and with neutrons a dose only twice as high is necessary in mature sperm 
to produce the same amount of genetic damage as in spermatids. A 
comparison of the doses necessary for 50 % lethal damage in spermatids 
with X-rays and neutrons will give a RBE value approximately one-half 
that for mature sperm. When the RBE values of fission neutrons and 
X-rays are determined, the value for mature sperm is 6·6 but only 3·1 or 
3·2 for spermatids (mating period C or D). 

The effectiveness of radiations with high ion density to produce cell 
degeneration in meiotic and premeiotic cells is again shown when the 
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RBE values of neutrons and X-rays are compared. The RBE for dominant 
lethals is only 1·6 for fission neutrons with meiotic cells but 6·6 for mature 
sperm. The low RBE values result from the high effectiveness of neutrons 
to produce cell degeneration and thus eliminate cells, carrying dominant 
lethals, from the mature cell population. This is obvious with both types 
of neutrons. A high rate of dominant lethals are recovered from postmeiotic 
spermatids but mating periods immediately following the spermatid cells 
(meiotic) show a lower rate which is very similar to the control rate for 
dominant lethals (Alexander, 1958b ). 

E. RADIATION DAMAGE IN OOGENESIS 

A comparative study of oogenesis in four species of Drosophila was reported 
by King and Wolfsberg (1957). The species included in the study were 
virilis, melanogaster, gibberosa and pseudoobscura. The following time 
intervals were determined for D. virilis Japan at a temperature of 25°C. 
The average minimum time from fertilization to eclosion was 12 days and 
four days were necessary after eclosion before the females reached maturity. 
The average weight of mature adult females was 2·9 mg, and 11·1 Jlg 
was the average weight of mature eggs. There was an average of 17 ovarioles 
per ovary and each ovary contained an average of 6·5 primary oocytes 
which will give an average of 220 primary oocytes per mature adult female. 
The virilis females laid an average of 130 eggs per day which is more than 
twice the average number of eggs laid by females of any one of the other 
three species. When the adult females of virilis emerge, the niost mature 
ovarioles in the posterior chamber of the ovary are in Stage .4 or 5 of 
development according to the description and designation of egg stages by 
King et al. ( 1956). There may be some variation in the rate of development 
of various stages in different strains. Dickerman (1963) reported that D. 
virilis Texmelucan 1801·1 females contained Stage 7 as the most mature 
type of oocyte in newly emerged flies. By seven days, females of both 
virilis strains contained mature oocytes (Stage 14). 

Modifications of genetic damage by environmental changes in gases and 
gas pressures in Stage 7 and Stage 14 oocytes of oogenesis in D. virilis 
Texmelucan were reported by Dickerman (1963). X-ray treatments of 
0-3 hour-old females were tested for Stage 7 oocytes and 5 day-old females 
were treated for the more mature Stage 14. All treatments were at 22-24°C 
and at a dose rate of approximately 300 Rjminute with 250 KV X-rays. 
An increase in dominant lethal damage was quite definite when X-ray 
treatments in inert gases (helium or argon; 0% oxygen) were compared 
to those in air (21% oxygen). There was an increase in lethal damage 
from 1 to 10 atm pressure. The induced dominant lethal damage was from 
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2 to 4 times higher than in air. An increase in oxygen concentration from 
air (21% oxygen) to pure oxygen produced an additional, but smaller, 
increase in genetic damage in all experiments except in Stage 7 oocytes 
in 10 atm pressures of the gases where the lethal damage was similar in 
both concentrations of oxygen. 

The two stages of oocytes show an increaSe in dominant lethals in the 
presence of oxygen. The large increases in lethal damage between 0 % and 
21% oxygen and a smaller enhancement between 21% and 100% oxygen 
agree with the results for most germ cell stages of males (see previous 
section on "Ionizing Radiations"). Male germ cells also showed an 
increase in the genetic damage with an increase in gas pressure from one 
to ten atmospheres in air, but not oxygen. The Stage 7 oocytes gave the 
same results but Stage 14 oocytes showed an increase in genetic damage 
with an increase in gas pressure in both air and oxygen. Inert gases, argon 
or helium, countered the effect of oxygen to some extent but not as 
completely as in male germ cells. In 9 atm of argon (or helium) + 1 atm 
of oxygen the dominant lethal damage was reduced by 15-20% below 
the 1 atm oxygen test in both Stage 7 and 14 oocytes. In male germ cells, 
9 atm of inert gases reduced the oxygen effect completely and the genetic 
damage in the combination of 9 atm of argon with one atmosphere of 
oxygen was no higher than in 10 atm of the inert gas (Chang et al., 1959). 
A lipid soluble gas, methane, was found to counter the effect of oxygen as 
effectively as the inert gases. This agrees with the theory of Ebert et al. 
(1958) that specific oxygen sites in the cells are lipid fractions. 

The Stage 14 oocytes were more sensitive to radiation than Stage 7 in 
the tests. This agrees, in general, with the relative sensitivity in the two 
oocyte stages of females in melanogaster (Parker, 1959). The results for 
repair in Stage 7 oocytes, also appear to agree with the melanogaster data 
(Parker and Hammond, 1958). When the total dose was fractionated into 
two doses, there is a reduction in- the dominant lethal damage when the 
two doses are fractionated for 15 minutes or longer. This indicates that in 
virilis oocytes, as in melanogaster, a number of breaks can rejoin within the 
15 minutes between the first and the second dose. 
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