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INTRODUCTION

The chromosomal aberrations known in Drosophila as well as in other
animals and in plants may be divided in two classes. The first class
comprises aberrations involving whole chromosomes or groups of whole
chromosomes. Polyploidy and non-disjunction are the most frequently ob-
served phenomena of this kind. The study of the chromosomal aberrations
belonging to this class has given much information concerning the role
of chromosomes in general and the role of individual chromosomes in
particular in the transmission of hereditary characters. The most clear
and convincing proof that the chromosomes are carriers of hereditary
material is that secured by the study of non-disjunction of the first
and of the fourth chromosomes of Drosophila (BrinGEs 1916, 1921). The
aberrations involving sections of chromosomes constitute the second
class. Here belong translocation, duplication, inversion and deficiency of
section of a chromosome (see BRIDGES 1923). These phenomena are compar-
atively little known, although they furnish favorable material for the
investigation of the distribution of hereditary material within the chromo-
somes. Translocations seem to be especially valuable for the study

* Part of the cost of the accompanying tables is paid by the GALTON AND MENDEL MEMORIAL
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of the problem just mentioned because they are most likely to produce
differences in the genetical behavior of some characters together with
visible alterations of the chromosomes.

The term ‘‘translocation” was proposed by BripcEes (Bripces 1923,
MorGAN, BRIDGES, STURTEVANT 1925) “for cases in which a section of
chromosome is removed from its normal location but is present in an ab-
normal location.” Theoretically, a section removed from its normal
location in one chromosome may become attached either to a new locus in
the same chromosome or to another chromosome. Both intrachromosomal
and interchromosomal translocations are, therefore, possible. Most of the
translocations described so far (BrRIpGES 1923; MULLER and PAINTER 1920;
PaintER and MULLER 1929; also the translocations described in the present
paper) are interchromosomal, but DuBININ (1929) recently found also an
intrachromosomal translocation.

In the case of the “Pale” translocation described by Brinces (1919,
1923), a section of the second chromosome carrying the genes from plexus
to speck was broken off and became permanently attached to the third
chromosome near the gene ebony. Flies heterozygous for the translocation,
that is, carrying one deficient second chromosome and one third chromo-
some with the section of the second attached to it, are nearly normal in
appearance but give abnormal genetical results when crossed to flies
free from the translocation. Four kinds of zygotes are produced in such
a cross: (1) carrying both the deficient second chromosome and the third
chromosome with the attached section, (2) the deficient second chromo-
some and the normal third, (3) a normal second and the third with the at-
tached section, (4) normal second and third chromosomes. Zygotes 1 and
4, representing the parental combinations of the chromosomes, give flies
heterozygous for the translocation and normal flies respectively. Zygotes
2 and 3 represent the recombinations of the parental chromosomes. Zygotes
2 die; zygotes 3 sometimes survive, but give rise to flies abnormal in ap-
pearance and weak in constitution because they carry a duplication for a
section of the second chromosome. The elimination of zygotes 2 and the
partial elimination of zygotes 3 result in an apparent linkage of the genes
belonging to the second and the third linkage groups.

The apparent linkage observed in the case of the “Pale” translocation
suggests a method of finding translocationsin general. Each of the chromo-
somes of a fly may be markedl by appropriate genes. If such a fly carries
no translocation, all the possible recombinations of the “marking” genes
must be present in its progeny because of the free recombination of the
parental chromosomes in the gametogenesis. However, if a fly with
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“marked” chromosomes carries a translocation involving any two of the
chromosomes, a linkage of the genes localized in those chromosomes will
be observed, Hence, some of the expected classes of the offspring will be
absent, or will manifest somatic peculiarities due to the disturbance of
the normal ‘genic balance.

The “Pale” translocation arose spontaneously; the same is true in
respect to a few other cases of translocations (see MORGAN, BRIDGES,
STURTEVANT 1925, pp. 178-179). The frequency of the spontaneous ori-
gin of translocations seems to be, however, so low as to make an attempt
to secure them at will impracticable. The production of translocations
in comparatively large numbers became possible only when MULLER
(1928a, 1928b) and WEINSTEIN (1928) discovered that the frequency of
translocation is very considerably increased in the progeny of flies treated
by X-rays.

Recently MULLER and PAINTER (1929) and PAINTER and MULLER (1929)
have published a preliminary account of their cytological and genetical
investigations on the translocations involving different chromosomes of
Drosophila melanogaster. Most of their conclusions coincide with the
conclusjons drawn in the present paper on the basis of my own material.

The present work was done in 1928 and 1929 at the MARINE Bro-
LoGICAL LaBorATORY, Woods Hole, and at the CALIFORNIA INSTITUTE
oF TeEcHNoLOGY, Pasadena. Preliminary accounts of the results have
already been published (DoBzHANSKY 1929a and 1929b).

The author wishes to express his gratitude to Doctor T. H. MORGAN,
Doctor A. H. STURTEVANT and Doctor C. B. BRIDGES for their invaluable
advice, suggestions and criticism without which the present work could
hardly have been done. The author is obliged to Miss E. M. WALLACE
for the finishing of the drawings accompanying this paper.

ORIGIN OF THE TRANSLOCATIONS

Males heterozygous for the second-chromosome dominant gene Bristle
(B: - short bristles), and the third-chromosome dominant gene Dichaete
(D-wings spread, anterior dorsocentral bristles missing) were treated by X-
rays. The age of the flies at the moment of the treatment was not more
than 14 hours from the emergence from the puparia. A glass vial was filled
with cotton to within about 14 cm from the opening; flies were placed on
this cotton, and the opening of the vial closed by a cotton stopper. The
vial was placed vertically, the opening up, under the target of a broad-
focus Coolidge tube, so that the flies were at 16 cm from the target. Be-
tween the vial and the tube an aluminum plate of about 1 mm thickness
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was inserted. The tube was operated by a current of 50 peak kilovolts
and 5 milliamperes during 48 minutes. As seen from these data, the dosage
of X-rays used is approximately equal to that applied by MuLLER (1928)
in his experiments and called “t-4”

The treated males were crossed in individual cultures to untreated
females having attached X-chromosomes homozygous for the sexlinked
gene yellow (y-yellow body color) and homozygous for the fourth-chro-
mosome recessive gene eyeless? (¢,2-eyes small, occasionally absent).
Of the 57 cultures in which the fathers were treated, 18 cultures gave no
offspring. Of the 10 control cultures (in which untreated males and fe-
males of the same genetical constitution as in the treated series were bred)
only one culture was sterile. The average number of offspring per culture in
the treated series was markedly lower than in the control series. Evidently
the dosage of X-rays was sufficient to produce a significant decrease of
fertility in the treated males.

In the F; generation all the expected classes of offspring appeared in each
of the cultures of the treated as well as of the control series. These classes
are:

Females: ¥, ¥Bi 3D, yB: D
Males: 4+, B, D, B: D.

Although no particular care was paid to the detection of mutations,
some were found in the cultures of the treated series,but none in the control
series. Two of the mutations found were extreme allelomorphs of forked,
one was a dominant (lethal when homozygous) allelomorph of vestigial
(phenotypically like Beaded), and one was an extreme Minute (locus not
determined). Besides the mutations, there were found nine individuals
which were mosaics having one-half or one-quarter of the body Haplo-IV
eyeless. These mosaics were certainly due to the elimination of the treated
fourth chromosome in the cleavage of the eggs from which the mosaic
individuals developed. The grand total of flies examined in the treated
series was 2420, and in the control series - 1067.

Let us consider the genotypical constitution of the B; D males which
appeared in the cultures of the treated series. They received a treated X-
chromosome, a treated second chromosome carrying B,, a treated third
chromosome carrying D, and a treated fourth chromosome carrying the
normal allelomorph of e, from their fathers. On the other hand, they
received an untreated Y-chromosome, an untreated second and third
chromosome carrying normal allelomorphs of B, and D respectively,
and an untreated fourth chromosome carrying e, (The allelomorph of e,
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used throughout the present study is e, However, for sake of simplicity,
the symbol e, will be used from now on.) from their mothers. In other words,
all the four pairs of chromosomes of these males are ‘““marked” by differ-
ent characters, namely: sex, B, D and e,,.

From the treated series 153 B; D males and from the control series
26 B; D males were crossed in single-pait cultures to untreated females
homozygous for e,. The progeny of this cross normally consists of 16 classes
of offspring representing all the recombinations of the four ‘“marking”
characters mentioned. These classes are:

Females: +, By, D, e,, Bie,,D e, B, D, B, D e,
Males +,B, D, e, Bye,, De, B, D, B, D e,.

However, if a parental B; D male carries a translocation involving any
two chromosomes, the individuals of some of these 16 classes of offspring
may be expected either to be missing, or to possess visible external ab-
normalities. For instance, if the male carries a translocation involving the
treated second and third chromosomes, no D, B;, D ¢, and B, ¢, individuals
of either sex are expected in his progeny. Likewise, if such a male carries
a translocation involving the treated second and X-chromosomes, no B,
males and no non-B; females are expected in his progeny (or, B, males
and non-B, females may occur, but be abnormal in appearance).

Of the 144 cultures of the treated series, 23 cultures were sterile; of
the 26 control cultures only 2 were sterile. Furthermore, 112 cultures
of the treated series and 24 cultures of the control series produced normal
progenies, that is, in the overhelming majority of these cultures all 16 ex-
pected classes of offspring were present in approximately equal numbers.
Only two of these “normal” cultures produced too small a number of off-
spring, and failed, therefore, to show one of the expected classes. Table
17 presents the summary of the counts observed in the ‘“normal” cultures
of the treated series.

The results obtained in the remaining nine cultures of the treated series
are presented in table 1. In five of these cultures (No. 1271, 1318, 1319,
1407,1425) eight of the expected classes, representing the recombination
of D and e,, are missing. This fact suggests that a translocation involving
the third and the fourth chromosomes is present in each of these cultures.
In cultures 1223, 1239, 1289 and 1401, eight classes which represent the
recombinations of B; and D are missing, suggesting the presence of trans-
locations involving the second and third chromosomes.

The results obtained in these nine cultures are, indeed, so strikingly
different from the results obtained in all the “normal” cultures, that no
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males were crossed to unrelated eyeless females; again only D and e,
individuals were produced. The linkage of D and e, is, therefore, perma-
nent, and Dichaete individuals transmit the cause producing this linkage
to their Dichaete progeny. This fact gives a simple method of maintaining
stocks of the translocations: Dmales from the stock cultures of the translo-
cations are crossed in each generation to their e, sisters or to unrelated e,
females.
TasLE 2
Progeny of Dichacte-flies (carrying translocations) when crossed to eyeless.

TRANELO- RYELESS @ X DICHAETR G* DICHARTE @ X EYELESSS
caion D -+ Dey ey TOTAL D + Dey ey TOTAL
a 480 .. .. 424 904 1080 2 2 915 1999
b 349 .. .. 324 673 818 i 2 689 1510
c 344 .. .. 303 647 1140 98 61 901 2200
d 313 .. e 415 728 540 | 381 434 645 2000
e 306 . .. 275 | 581 | 1240 52 58 | 842 | 2192
TABLE 3
Bent @ XDichaete & (carrying translocations).
TRANSLOCATION D + Dby bs TOTAL
a 286 —_ - 245 531
b 320 - — 314 634
c 250 - — 285 535
d 209 - — 251 460
e 261 2(?) - 249 512

If D females carrying a translocation are crossed to e, males, the
progeny consists chiefly of D and e, flies, but some wild-type and De,
individuals also appear (table 2). In males the linkage between D and e, is
complete, but in the females these genes may be separated from each other
by crossing over. In other words, in the translocations the genes D and
e, behave as if they were localized in the same chromosome.

The frequency of crossing over between the loci occupied by D and e,
is very different in different translocations. In a- and in b-translocations
only 0.2 percent of crossing over occurs between D and e¢,; in ¢-and e-trans-
locations the frequency of crossing over is 7.2 percent and 5.0 percent
respectively; in d-translocation a frequency as high as 40.7 percent was
observed.
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Two hypotheses explaining the behavior of D and e, in the trans-
locations may be suggested. The first hypothesis is that one of the
fourth chromosomes of the treated male carrying the normal allelomorph
of e, ha s become permanently attached to the D-carrying third chromo-
some. Hence, from such a male all the offspring receiving the D-carrying
third chromosome receive at the same time the fourth chromosome
containing the normal allelomorph of e,, and consequently are Dichaete
non-eyeless in appearance. However, in females carrying translocations,
D and e, may be separated by crossing over; hence, wild-type and
D e, individuals appear along with D and ¢, in the progeny. The frequency
of the crossing over between D and e, depends upon the distance between
the locus of D and the point of attachment of the fourth chromosome to
the third chromosome. Since the frequency of this crossing over is found
to be verydiverse in the five translocations studied, the fourth chromosome
may be assumed to be attached to different parts of the third chromosome.

The second hypothesis assumes that a broken off section of the D-carry-
ing third chromosome from the treated male is attached to the fourth
chromosome carrying the normal allelomorph of e¢,. In other words, the
third chromosome was broken into two fragments, and one of these frag-
ments became attached to the fourth chromosome. On this hypothesis
males carrying a translocation produce two kinds of gametes in equal
numbers (see figure 1). One kind of gametes contains both fragments of
the third chromosome, one fragment being attached to the fourth chromo-
some. These gametes carry, therefore, the gene D and the normal allelo-
morph of e,. The other kind of gametes contains the normal (that is, the
unbroken) third chromosome and the free fourth chromosome. These
gametes carry e, but do not carry D. If such a male is crossed to a female
homozygous for e, but free from the translocation, only Dichaete non-eye-
less and eyeless non-Dichaete individuals are produced (see figure 1). On
the other hand, in females carrying a translocation both fragments of the
third chromosome involved in the translocation may conjugate with the
unbroken third chromosome. If crossing over occurs after such a synapsis,
D and the normal allelomorph of ¢, may be separated from each other.
Consequently, D e, and wild-type individuals may appear in the progeny
of a female carrying a translocation.

The two hypotheses just outlined are rather similar in nature. Both of
them involve the assumption that in the translocations a union between
the third and the fourth chromosomes occurred. According toboth of them
the frequency of crossing over between D and e, indicates the distance be-
tween the locus of D and the locus of the attachment of the fourth chromo-
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some. The only essential difference between these two hypotheses is that
the first of them postulates the attachment of the fourth chromosome to
the unbroken third chromosome, while the second hypothesis postulates a
breakage of the third chromosome and an attachment of the fourth chrom-
osome to one of the resulting fragments of the third. This difference is,
however, important from the standpoint of terminology. If the fourth
chromosome is attached to the unbroken third, the phenomenon should be

D ey

g 4 e o

= P

ey ey

D 454 ey ey
cumh— cl— o =29
D \ £ ey
anhe—— - — =3

= -

ey ey

Ficure 1.—Scheme of a mating of a fly heterozygous for a translocation to a fly free from
translocations. Third chromosome—black; fourth chromosome—white. D—Dichaete; ¢,—
eyeless, Only gametes giving rise to viable zygotes are represented in this figure.

termed not a translocation but a compounding of chromosomes (see
BripcEs 1923). However, if a fragment of the third chromosome is at-
tached to the fourth, we are dealing with a translocation of a section of the
third chromosome on to the fourth.

The cytological investigation is, obviously, the most direct way to the
solution of these alternatives. However, before presenting the results of
the cytological investigation of the translocations, their genetical behavior
may be examined in fuller detail.

GeNETICS 15:  J1 1930
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BEHAVIOR OF THE GENES OF THE FOURTH LINKAGE GROUP
IN THE TRANSLOCATIONS

The fourth chromosome of Drosophila melanogaster is much smaller in
size than the other chromosomes of this species. In accordance with this
smallness, the number of genes localized in the fourth chromosome is also
much less than the number of the genes in other chromosomes. Fur-
thermore, no (or very little) crossing over takes place between the known
genes of the fourth chromosome (unpublished data of BRIDGES). It seems
a priori very probable that in translocations the behavior of all the fourth
chromosome genes is identical with the behavior of ¢, which has been dis-
cussed above. Both hypotheses advanced in the preceding section assume
that in all the translocations the whole fourth chromosome rather than a
fragment of it is attached to the third chromosome. The extreme smallness
and the absence of crossing over in the fourth chromosome make the con-
trary supposition improbable.

To test the validity of this point, D males carrying translocations were
crossed to females homozygous for bent. Bent (4;) is a fourth-chromosome
recessive gene producing a shortening of the legs and a spreading of the
wings of flies. From the F, of this cross D males were selected and back-
crossed to homozygous b, females. In the next generation only D and b,
(no wild-type and no D b,) individuals appeared (table 3). The two wild-
type flies shown in table 3 were probably genotypically b.; their appearance
is due to the fact that b, some times overlaps wild type phenotypically.
When D females from the F; were crossed to b, males, some wild-type
and D b, individuals appeared along with D and b, individuals. The be-
havior of b, in translocations is, therefore, identical with behavior
of e,

The presence of a linkage between D and the fourth-chromosome
dominant gene Minute-IV in translocations was proved by a similar
method. Dichaete males carrying translocations were crossed to females
heterozygous for Minute-IV (Minute-IV is lethal when homozygous). In
the F; generation Dichaete Minute-IV males were selected and crossed to
wild-type females. Only D and Minute-IV (no wild type and no Dichaete
Minute-IV) were produced in the progeny.

Although the two remaining genes located in the fourth chromosome
(namely shaven and rotated abdomen) were not tested in the transloca-
tions, there can be no doubt that their behavior is identical with the be-
havior of ¢,, b; and Minute-1IV.
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CROSSING OVER IN THE THIRD CHROMOSOME
INVOLVED IN THE TRANSLOCATIONS

A series of experiments was necessary to determine the exact loci in the
third chromosome at which the fourth chromosome is attached in the
different translocations. The exact determination of these loci is especially
important, since, according to the second hypothesis outlined above, they
may coincide (and as it will be proved later do coincide) with the breaking-
points of the third chromosome in the translocations.

Dichaete males carrying translocations were crossed to females homo-
zygous for e, and homozygous for the third-chromosome recessive genes
roughoid (r.-rough eye-surface), hairy (4-hairs along the wing-veins),
thread (t,-unbranched aristae), scarlet (si-bright red eye-color), curled
(cu-wings curved upwards), stripe (s,-dark longitudinal stripe on the
thorax), sooty (e~dark body-color) and claret (c,-purplish pink eye-color).
Dichaete females were selected in the F; generation of this cross and back-
crossed to e, 7y % 15 S: €y - € ¢, males. The results obtained in the next
generation are presented in tables 11-15 (appendix). (Flies homozygous
for the allelomorph of e, used, namely e,? rarely have both eyes com-
pletely absent. In flies having no eyes the classification in respect to 7.,
s: and ¢, is, of course, impossible. Such flies were disregarded and are not
included in the counts presented in tables 11-15. The frequency of homozy-
gous e,? flies having no eyes is, however, so low that their omission can not
influence appreciably the crossing over values obtained.)

The frequency of crossing over in an interval between two given genes
depends to a certain extent upon the modifying genes present in the
stock used. Therefore, it is not desirable to compare the frequency of cross-
ing over in the third chromosome involved in the translocations directly
with the frequency of crossing over in the normal third chromosome
indicated by the standard map of this chromosome (for the standard map
see figure 2, also MORGAN, BRIDGES, STURTEVANT 1925, p. 92). With the
object of having a better standard of comparison a special control experi-
ment was made. Dichaete males from the same stock of D flies from which
the D males treated by X-rays were obtained (see above) were crossed to
homozygous e, 7. % ¢ 5i cu $, €° ¢, females from the same stock which was
used for the study of crossing over in the translocations. In the F; genera-
tion D females were selected and backcrossed to e, 7. % ¢4 s: ¢y 5, €° ¢, males.
The results obtained in the next generation are recorded in table 16
(appendix).

GeNETICS 15:  J1 1930
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The crossing over values were calculated from the data shown in tables
11-16. The calculated crossing over values are presented in table 4. As

0.0 roughoid

0 sepia
5 halry

36.5 cream
40,4 Dichaete
42,2 thread
44,0 scarlet
48.0 peabh
50,0 curled

a translocation
h translocation
e Ltranslocation

spindle fibr
¢ translocatio

58.2 Stubble
58.5 spineless
62,0 stripe
6642 Delta
69,5 Hairless
70.7 sooty

91.1 rough

100.,7 claret

106.2 Minute-g
d translocation

F16URE 2.—Genetical map of the third chromosome of Drosophila melanogaster.

seen from table 4, the point of attachment of the fourth chromosome to the
third (designated in table 4 by +)is not alike in the different translocations.
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In a-translocation this point is located between the genes D and #;. In b-
translocation the point of attachment is nearly the same as in a-trans-
location but in b-translocation it seems to coincide with the locus of the
gene ¢;. In c-translocation and in e-translocation the fourth chromosome
is attached near the middle of the length of the third chromosome,
namely in the s;c, interval. However, in e-translocation the point of
attachment is located nearer to s, than to ¢,, whereas in c-translocation it
is nearer to ¢, than to s,. Finally, in d-translocation the fourth chromo-
some is attached near the extreme right-hand end of the third chromo-
some, 5.1 units to the right of the gene ..

TABLE 4
Crossing over values for the intervals studied in the third chromosome.

Translocation a.

Interval ru-h k-D D-+ +-tp by-se St-Cu Cu~Sr Sr-¢* e*-Cq

Value 17.2 2.9 .05 .1 .2 6.6 16.6 11.7 31.0
Translocation b.

Interval ru-h h-D D-+-tp ti-sy St-Cu Cu-Sr Sr-e® €*-Ca

Value 21.2 5.9 .2 .3 4.6 17.1 10.0 31.0
Translocation c.

Interval ru-h k-D D-ty ISt S+ -y Cu~Sr Sr-e* e*~Ca

Value 26.9 15.4 1.5 .9 3.8 T 3.7 7.5 28.9
Translocation d.

Interval ro-k h-D D-ty 14-5¢ St-Cy Cu-Sr 56 €*-Ca Ca—+

Value 29.1 14.8 1.1 .9 5.9 12.6 8.9 19.2 5.1
Translocation e.

Interval tu-h h-D D-ty Ih-S¢ s+ +-cu Cu=Sr Sr-€* €’-Ca

Value 19.5 11.6 1.1 .5 1.5 3.6 15.6 11.6 31.0

Control ’
Interval ru-h h-D D-ty, Ih-St St-Cu Cu-Sr Sr-e* e*-co
Value 23.7  13.7 1.1 .8 8.0 154 10.3  31.0

Comparison of the crossing over values for the different intervals of the
third chromosome observed in the translocation and in the control experi-
ment reveals the presence of consistent differences between them (see
table 5). In a, b- and in e-translocations the frequency of crossing over is
markedly decreased to the left of the s,-c, interval but slightly increased to
the right of this interval. On the other hand, in c- and d-translocations
crossing over is decreased to the right of the s,-c, interval but increased to
the left of it.

These regularities may be described also as follows. A point located
approximately in the middle of the s.-c. interval divides the third chromo-
some into two limbs. If the fourth chromosome is attached to the third

Generics 15:  J1 1930
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chromosome to the left of this point (as is the case in a-, b-and e-translo-
cations), the frequency of crossing over is decreased in the left limb but in-
creased in the right limb of the third chromosome. If, however, the point
of the attachment of the fourth chromosome lies to the right of the point
mentioned above (as is the case in ¢- and d-translocations), the frequency
of crossing over is decreased in the right limb of the third chromsome but
increased in the left limb (see figure 2). (Following the practice established
in the Drosophila literature, the end of the third chromosome at which
the gene ¢, is located is designated in this discussion as the right-hand end,
and the end at which the gene 7, is located as the left-hand end of this

chromosome.)
TaBLE 5
Differences between the crossing-over values in the translocations and the corresponding values observed
in the control experiment.

TRANSLOCATION
INTERVAL
a b L3 d [
ru-h —6.5 -2.5 +3.2 +5.4 —4.2
Left of the h-D —10.8 —-7.8 +1.7 +1.1 —-2.1
spindle fibre | D-t -.95 -~.9 +.4 0.0 0.0
th-5t —.6 -.5 +.1 +.1 -.3
Spindle fiber | s:-cu —-1.4 ~3.4 -3.5 —-2.1 -2.9
Right of the Cu-Sr +1.2 +1.7 —-11.7 —2.8 +.2
spindle fibre See* +1.4 -.3 -2.8 —-1.4 +1.3
€'~Ca 0.0 0.0 -2.1 —11.8 0.0

The strongest reduction of the frequency of crossing over is observed in
the intervals adjacent to the locus of the attachment of the fourth chromo-
some. Nevertheless, some reduction of crossing over takes place in all the
intervals of the limb of the third chromosome in which the point of at-
tachment of the fourth chromosome lies. For instance, in d-translocation
the greatest decrease of the frequency of crossing over is observed in the
e’-c, interval, while in the c,-s, interval the reduction is comparatively
slight. In d-translocation the point of attachment of the fourth chromosome
lies near the e’-¢c, interval. On the contrary, in c-translocation the frequency
of crossing over is strongly decreased in the c.-s, interval, while in the e*-c,
interval it is but slightly affected. In c-translocation the fourth chromosome
is attached to theleft of c,. Itis significant, however, that if the attachment
of the fourth chromosome is near to the point dividing the third chromo-
some in two limbs (for example, the point lying half way between s, and
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¢,) the decrease of the crossing over frequency does not affect the ad-
jacent intervals of both limbs (see c- and e-translocations). This fact sug-
gests that the point dividing the two limbs of the chromosome plays some
especially important role in the distribution of the crossing over along
the third chromosome.

Most of the differences between the crossing over values for the respec-
tive intervals observed in the translocations and in the control experiment
are statistically significant. Furthermore, the consistency of the results
obtained suggests that these differences are significant even in the cases
where the value of the difference in question is below the limit of statistical
certainty.

It might be supposed that differential viability of the various classes of
crossover individuals is responsible for the alteration of the crossing over
frequencies in the translocations. Since the point of attachment of the
fourth chromosome to the third is not the same in different translocations
the distribution of e, among the crossovers is not alike in different cases.
The gene e, in homozygous condition causes some decrease of the vi-
ability of the flies. However, the difference between the crossing over
values found in the different translocations can not be accounted for by
the influence of ¢, on the viability of the flies. Indeed in both¢-and e-trans-
locations the locus of the fourth chromosome attachment lies in the
se- ¢y interval. The distribution of e, among the crossing-over individuals
is, therefore, alike in c- and e-translocations. Nevertheless, in c-trans-
location there is observed a decrease of the frequency of crossing overin the
right limb and an increase in the left limb of the chromosome, whilein e-
translocation a decrease takes place in the left limb and an increase in the
right limb.

The third chromosome of Drosophila melanogaster, as seen in the cyto-
logical preparations, is V-shaped, and the point of attachment of the spin-
dle fibre to the body of the chromosome lies at the middle of its length,
dividing the chromosome into two limbs of equal size. It is very probable
that the decrease of the frequency of crossing over in one part of the chrom-
osome and the increase of its frequency in the other part of the same
chromosome is due to the location of the point of the attachment of the
fourth in relation to the spindle fibre. If the fourth chromosome is attached
to the left of the locus of the attachment of the spindle fibre (in a-, b-and e-
translocations) crossing over is reduced in the left limb of the chromosome
and increased in the right limb. If, however, the fourth chromosome is
attached to the right of the spindle fibre (as in c-and d-translocations),
the crossing over frequency is decreased in the right limb but increased in
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EXPLANATION OF PLATES 1 AND 2

The drawings represent chromosomes (odgonial plates) of the females carrying translocations
in heterozygous (figures 1-33) or in homozygous (figures 34-38) condition. All the drawsings are
done at the level of the work-table with the aid of camera lucida, under the Zeiss immers. obj.
1.5 and comp. oc. 30. The scale given in plate 2 below, common to all the drawings, represents
10 micra. Asfar as possible the figures were placed so that the X-chromosomes occupy the lower
part of each figure.

Plate 1, figures 1-6 represent a-translocation; figures 7-13 b-translocation; figures 14-19 c-
translocation (heterozygous); plate 2, figures 20-24 d-translocation; figures 25-33 e-translocation;
figures 34-38 homozygous c-translocation.
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theleft limb of the chromosome, Itisa plausible assumption that the point
lying half way between s; and ¢, which divides the third chromosomein two
“genetical limbs” (see above) is in reality the point of spindle-fibre attach-
ment. The location of this point approximately in the middle of the length
of the map of the third chromosome (see figure 2) is in good agreement
with such an assumption, since the attachment of the spindle fibre is lo-
cated cytologically also at the middle of the length of the chromosome.

It must be emphasized that the location of the point of spindle-fibre
attachment between the loci of s; and ¢, was already probable on the basis
of the data secured by quite independent methods. BRIDGES and MORGAN
(1923) on the basis of the study of the distribution of double crossing over
in the third chromosome came to the conclusion that the point of the
spindle-fibre attachment lies between the loci of s; and peach (the locus of
peach is between s; and ¢,). STURTEVANT came to the same conclusion on the
basis of the study of inverted sections (STURTEVANT and PLUNKETT 1926,
also unpublished data). Recently RepriELD (unpublished) obtained
further evidence pointing in the same direction, frominvestigations of
the crossing over frequency in the third chromosome of triploid females.

Ithasbeenshownabove that in c-translocation the frequency of crossing
over is decreased in the right limb and increased in the left limb of the third
chromosome, while in e-translocation the conditions are reversed. It
follows that the point of spindle-fibre attachment lies between the loci
of attachment of the fourth chromosome in c- and in e-translocation. It is
known,furthermore, that in both ¢- and e-translocations the fourth chromo-
some is attached to the third between the genes s; and c,.. Therefore it
becomes especially important to determine the location of the fourth-
chromosome attachment in c¢- and e-translocations in respect to the gene
peach (p-eye color) which lies within the s -¢, interval.

TABLE 6
ey D
Crossing over in —— QXeyDsepeu .
St P Cu
Translocation c¢.
Interval D-s; Sep -+ +-c.  Total flies examined
Value 2.2 3.4 .07 .2 1481
Translocation e,
Interval D-s; s+ +-p Dtu Total flies examined
Value .8 1.2 1.1 2.4 1288

Dichaete males carrying c- and e-translocations respectively were
crossed to females homozygous for e,, s;, p and c,. In the F, generation
D females were selected and backcrossed to ey s; p c, males. The results
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obtained in the next generation are summarized in table 6. As seen from
table 6, in e-translocation the locus of attachment of the fourth chromo-
some lies in the s~p interval while in c-translocation it lies in the p-c.
interval. The frequency of crossing over in the D-s; and the s.,-p in-
tervals is considerably lower in e-translocation than in c-translocation.
On the contrary, the frequency of crossing over in the p-c, interval is
lower in c-translocation than in e-translocation.

It may be concluded on the basis of this evidence that the point of the
spindle-fibre attachment is located near the gene peach, probably slightly
to the left of it. In other words, the spindle fibre is attached to the third
chromosome between the loci 46 and 48 of the standard map (see figure 2).

CYTOLOGICAL CHANGES PRODUCED BY THE TRANSLOCATIONS

It has been pointed out above that the genetical behavior of the trans-
locations may be explained on either of two assumptions. First, the fourth
chromosome may have become permanently attached to the third chromo-
some. Second, a section of the third chromosome may have become
broken off and attached to the fourth chromosome. The observed alter-
ations of the frequency of crossing over in the the third chromosome might
be produced, judging e priori, in either case, In other words, the genet-
ical data so far presented give no evidence as to which of these
two assumptions is correct. This, however, may be easily decided by the
cytological investigation of the translocations. If the fourth chromosome
in the translocations is attached to the unbroken third, only one instead of
two fourth chromosomes must be present in the chromosomal plates.
Except this, the chromosomes must look normal, since the point of the
attachment of the fourth chromosome will be, probably, indistinguishable
because of the extreme smallness of this chromosome, However, if a sec-
tion of the third chromosome is broken off and attached to the fourth
chromosome, one of the cytologically visible third chromosomes must
be shortened, and one of the fourth chromosomes must be increased in
size because of the addition of the material from the third chromosome.

Ovaries of freshly hatched females or of mature pupae were dissected
and fixed successively in strong Flemming’s fluid (1 hour) and in 1 percent
solution of chromic acid (20hours). Not less than 7sufficiently clear chromo-
some plates were obtained for each of the five translocations. Most of them
are presented in plates 1 and 2 (see also figures in DoBzHANSKY 1929a).

It is most convenient to begin the presentation of the results of the
cytological investigation of the translocations with a description of the
features in common to a-, b-, c- and e-translocations (plate 1, figures 1-19,
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plate 2, figures 25-33). The overwhelming majority of the chromo-
somal plates studied in these translocations (52 plates out of 54
studied) contain only one free fourth chromosome of normal size.
This fact is important, since it may be considered as a cytological
proof of our basic assumption, namely that the observed linkage
between the genes belonging to the third and to the fourth linkage groups
is due to translocations involving these chromosomes. Individuals having
only one fourth chromosome are known in Drosophila wmelanogaster,
but they always have a complex of external peculiarities called “Haplo-
IV” or “Diminished” (Bripces 1921). However, flies carrying trans-
locations never possess the characteristics of Haplo-IV. This fact may be
explained only on the assumption that the flies carrying translocations
have in reality two fourth chromosomes, one free, and the other attached
to the third chromosome or to a fragment of the latter. The few cases in
which two free fourth chromosomes are found in the translocations are
probably due to non-disjunction of the fourth chromosomes. In these cases
the individuals have in reality three fourth chromosomes, two of them
being free and one attached to the third chromosome. The plausibility of
this explanation will be examined below.

The pair of X-chromosomes and the smaller pair of the V-shaped auto-
somes appear to be perfectly normal in all plates. However, the larger
pair of the V-shaped autosomes consists of two partners distinctly
unequal in length, although showing somatic pairing with each other
in the majority of the plates studied. The longer partner is symmetrical,
that is, it has both limbs equally long. The equality of the length of the
limbs of the longer partner is especially clearly seen in the cases in which
the median constriction of the chromosome is clearly pronounced (see
plate 1, figures 6, 7, 8, 12, 16, 17, 18, plate 2, figures 27, 31). On the other
hand, the shorter partner is asymmetrical, that is, it has one of the limbs
markedly shorter than the other. The inequality of the two limbs of the
asymmetrical partner is manifest in all plates studied, but it is especially
striking in the case where the median constriction is pronounced (see plate
1, figures 3, 7, 10, 14, plate 2, figures 27, 29, 33).

Since the V-shaped autosomes in the chromosomal plates of the normal
flies have both limbs equal in length, it is possible to conclude that the
asymmetrical autosomes just described are the third chromosomes involved
in the translocations.

The asymmetrical chromosome is the member of the larger pair of the
V-shaped autosomes. The difference in length between the larger and the
smaller pair of the V-shaped autosomes is clear enough in the majority of
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the chromosomal plates studied. Among all the plates presented here per-
haps only those in figure 5 (plate 1) and in figure 23 (plate 2) may be uncer-
tain as to which of the two pairs of the V-shaped autosomes is the larger
and which the smaller. Therefore, it is possible to conclude that the
larger pair of the-V shaped autosomes of Drosophila melanogaster carries
the third-chromosomal linkage group of genes, whereas the smaller pair
carries the second-chromosome linkage group. In what follows we shall
call the larger pair of the V-shaped autosomes the third chromosome,
and the smaller pair the second chromosome.

This identification of the third and the second chromosomes is in dis-
agreement with the identification given by BRIDGES (MORGAN, STURT-
EVANT, BRIDGES 1928), MULLER and PAINTER (1929) and PAINTER and
MuLLEr (1929). Indeed, the authors mentioned identified the smaller pair
of the V-shaped autosomes in Drosophila melanogaster as being the carrier
of the third-chromosome linkage group, and the larger pair as the carrier of
the second-chromosome linkage group of genes. The conclusions of
BripGEs were based on the cytological study of ‘“Pale” translocation in
which case only a very small fragment of the second chromosome has
been broken off and attached to the third chromosome. The cytological
differences observed were so slight, that no decisive conclusion could be
drawn. In fact, BRIDGES himself previously identified the larger pair as
the third chromosome and the smaller pair as the second chromosome
(MORGAN, BRIDGES, STURTEVANT 1925, p. 177) on the basis of the study
of the same “Pale” translocation. Doctor C. B. BRIDGES has seen my
preparations and agrees with my interpretation. MULLER’S and PAINTER’S
material is quite dependable, since the translocations described by these
authors involve large sections of the second and third chromosomes.
But, as far as I can see, at least some of PAINTER’S own figures repre-
senting the cytological conditions in the translocations involving the sec-
ond or the third chromosomes show the third chromosome longer than
the second (see MULLER and PAINTER 1929, figures 1, 3, 5, 6, PAINTER and
MuLLER 1929, figure 29). As far as the length of the chromosomes is
concerned there remains no doubt that the third chromesome is longer
than the second.

Both ends of the normal V-shaped autosomes are thicker than the
middle part of the same chromosomes. It is worth notice that the shorter
limb of the asymmetrical third chromosome found in the translocations
is always less thickened at the end than the longer limb of the same chro-
mosome. The longer limb of the asymmetrical third chromosome is equal
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in length and shape to either limb of the normal third chromosome
present in the same plate. ‘

Obviously a loss of some material normally located in the third chromo-
some is responsible for the shortening of one of the limbs of the asymmet-
rical third chromosome. This material is undoubtedly to be looked for
in the small, rod-shaped, unpaired chromosome clearly visible in all the
chromosomal plates in the translocations but not present at all in the
normal chromosomal plate of Drosophile melanogaster. The length of
the rod-shaped chromosome plus the length of the asymmetrical third
chromosome is about equal to the length of the normal third chromo-
some present in the same plate. One of the ends of the new rod-shaped
chromosome (that directed toward the periphery of the chromosomal
plate) is in most cases thicker than the other end of the same chromosome
(directed toward the center of the plate). The thickness of the thicker end
of the rod-shaped chromosome is approximately equal to (or a little smaller
than) the thickness of the ends of the normal third chromosome.

The interpretation of the chromosomal relations found in a-, b-, ¢- and
e-translocations is obvious. In each of these translocations a third chromo-
some is broken into two fragments of unequal length. The shorter of these
fragments is attached to a fourth chromosome. The resulting compound-
chromosome (a fragment of the third chromosome plus the fourth chromo-
some) is seen cytologically as the unpaired rod-shaped chromosome just
described. The longer of the fragments is represented by the asymmetrical
third chromosome, having one limb markedly shorter than the other limb.
The end of the shorter limb of the asymmetrical third chromosome
corresponds to the point at which the third chromosome has been broken.
Finally, since one of the fourth chromosomes is included in the unpaired
rod-shaped chromosome, only, one free fourth chromosome is seen in most
of the plates. In other words, the second of the two hypotheses suggested
for the explanation of the genetical behavior of the translocations is con-
firmed by the cytological data.

According to the genetical data presented in the preceding section,
the points at which the breakage of the third chromosome occured in a-,
b,- ¢- and e-translocations are different (see figure 2). If the genetical map
represents the real arrangement of the genes in the third chromosome,
the broken off sections are of different lengths in different translocations.
Consequently, the size of the asymmetrical third chromosome as well as
the size of the unpaired rod-shaped chromosome must be differentiated in
the different translocations studied. -
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In a- and b-translocations the third chromosome is broken between
the loci of the genes D and f;; in b-translocation the breakage occurred
very slightly nearer to the middle of the chromosome than in a-transloca-
tion. The cytological conditions found in a- and b-translocations are nearly
alike (a-translocation plate 1, figures 1-6, b-translocation plate 1, figures
7-13). The length of the unpaired rod-shaped chromosome equals about
one-third the length of the limb of the normal third chromosome. The
asymmetrical third chromosome has one limb shorter than the other by
approximately one-third of its length. In b-translocation the rod-shaped
chromosome seems to be very slightly longer than in a-translocation,
and correspondingly the asymmetrical third chromosome is slightly
shorter in b-translocation than in a-translocation. According to the genet-
ical data the rod-shaped chromosome in these cases must carry the genes
from D to the left end of the third chromosome (including the gene 7.),
and the asymmetrical third chromosome must carry the genes from ¢, to
right end of the third chromosome (including c,).

In e-translocation the third chromosome is broken between the locus
of s, and the hypothetical locus of the spindle-fibre attachment. Conse-
quently, the rod-shaped chromosome in this case contains the genes from
s¢ to r,, and therefore must be longer than the rod-shaped chromo-
some in a- and b-translocations (compare figure 2). The asymmetrical third
chromosome in e-translocation carries the genes from p to ¢, and,
therefore, its shorter limb must be considerably shorter than in a- and
b-translocations. This expectation is confirmed by the cytological
investigation of e-translocation (plate 2, figures 25-33). The length of
the rod-shaped chromosome equals five-sixths or four-fifths the length of
the limb of the normal third chromosome. The asymmetrical third chro-
mosome has one limb very short. It is clearly visible, in cases in which
the median constriction is pronounced, that the third chromosome is
broken very near its middle, that is, near the point of attachment
of the spindle fibre (see figures 27, 29, 33).

In c-translocation the third chromosome is broken between the genes p
and c,, thatis to the other side of the spindle-fibre attachment as compared
with e-translocation. The rod-shaped chromosome in this case contains
the genes from ¢, to ¢,, and the asymmetrical third chromosome carries
the genes from p to r,. Cytologically (plate 1, figures 14-19) the conditions
found in c-translocation are similar to those in e-translocation, but here
the rod-shaped chromosome is slightly shorter and the asymmetrical third
chromosome slightly longer than in e-translocation. This fact indicates
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that the locus of attachment of the spindle fibre is cytologically nearer
to the point at which the third chromosome is broken in e-transloca-
tion than to the point of breakage in c-translocation.

The chromosomes in d-translocation are at first glance like those of a
normal fly. Both pairs of V-shaped autosomes as well as the X-chromo-
somes appear to be normal. However, one of the fourth chromosomes
is clearly increased in size, being roughly from 13 to twice as large as the
other fourth chromosomes present in the same plates. Only in a single
plate (figure 24) is the increase in size of one of the fourth chromosomes
not distinct. There are present three free fourth chromosomes in most
plates in d-translocation, indicating the high frequency of non-disjunction
of the fourth chromosomes in this translocation.

The increase in size of one of the fourth chromosomes indicates that
the nature of d-translocation is the same as the nature of the other trans-
locations studied, namely that here also a section of the third chromosome
is broken off and attached to the fourth chromosome. However, in D-
translocation the section of the third chromosome removed from its normal
location is so small that its loss is not noticeable in the cytologically vis-
ible third chromosome because the third chromosome itself is relatively
very large. Nevertheless, the addition of this section to the fourth chro-
mosome is visible cytologically because of the extreme smallness of the
latter chromosome.

This explanation agrees very nicely with the genetical data on d-trans-
location. According to the genetical data the point of breakage of the
third chromosome in d-translocation is located 5.1 units to the right of c,,
that is, near the extreme right-hand end of the third chromosome. The map
of the third chromosome shows the gene Minute-g located 5.5 units to the
right of ¢, (figure 2). However, in d-translocation the break in the third
chromosome is probably to the right of Minute-g, for the crossing over
value for the e*-c, interval is 19.2 percent in d-translocation instead of
31.0 units observed in the control. Since in d-translocation the frequency
of crossing over is considerably decreased in the right limb of the chromo-
some, the claret - Minute-g interval is probably considerably shorter than
5.5 units. Correspondingly, the point of the breakage of the third chromo-
some is located to the right of Minute-g, in the unknown part of the
extreme right-hand end of the third chromosome. The size of the section
of the third chromosome which has been broken off and attached to the
fourth chromosome must be very small in d-translocation.

It is a remarkable fact that in all five cases of translocations studied
there is observed a breakage of the third chromosome and an attachment
GeNETICS 15:  J1 1930
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of the broken off section to the fourth chromosome. In not a single case
is the fourth chromosome attached to the unbroken third chromosome.
Furthermore, the fragment of the third chromosome attached to the
fourth never includes the region of the third chromosome in which the
spindle-fibre attachment lies. On the contrary, the fragment of the third
chromosome remaining free always includes the region of the spindle-
fibre attachment.

These relations suggest the possible manner of origin of the trans-
location described. The chromosomes treated by X-rays are likely to
stick together because of the increase of ionization produced by the rays.
An attachment of the fourth chromosome to the third may occur. How-
ever, the resulting compound has two spindle fibres (one contributed by
the third chromosome and the other by the fourth chromosome). The
two spindle fibres may pull the compound chromosome to opposite poles
of the spindle during mitosis, producing the breakage of the chromosome,
or else the rate of contraction of the two spindle fibres may be different,
in which event the breakage of the compound-chromosome also may take
place. Both resulting fragments have one and only one spindle fibre,
and therefore behave during mitosis like normal chromosomes. It seems
very probable that a fragment of a chromosome can be normally trans-
mitted from one cell-generation to the other only when it has its own
spindle fibre, or acquires a spindle fibre by an attachment to another
chromosome or to a fragment of a chromosome possessing a spindle fibre.

The points of breakage of the third chromosome observed in the trans-
locations do not show a tendency to coincide with the constrictions in the
chromosome described by Brinces (1927). According to BRrIDGES, the
third chromosome of Drosophila melanogaster has a strong median con-
striction at the point of the spindle-fibre attachment, and two other less
pronounced constrictions in each of the two limbs. One of the latter
constrictions, the submedian, lies at about one-fifth of the limb-length
from the median constriction; another, still less pronounced, lies at about
one-quarter of the limb-length from the end of the chromosome. None of
the observed breakages of the third chromosome coincide with the median
constriction. The other two constrictions are so inconspicuous that it is
difficult to decide whether in a given case the point of breakage coincides
with one of them. However, the breakage point in both c- and e-translo-
cations can not coincide with the submedian constriction. Indeed,
in c-translocation the point of breakage of the chromosome is located
further from the median constriction than in e-translocation, whereas
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the submedian constrictions in both limbs of the chromosome are equidis-
stant from the median constriction. Likewise, the point of breakage
either in a- or in b-translocation may be supposed to coincide with the
constriction located at one-fourth of the limb-length from the end of the
chromosome. However, at least in one of these cases the point of breakage
certainly does not coincide with the constriction, since, as the genetical
data show, the breakages in a- and b-translocations are not located at the
same point. Finally, the breakage observed in d-translocation is located
in a region of the third chromosome in which no constrictions are known.

GENETICAL CONSEQUENCES OF THE BREAKAGE OF THE THIRD CHROMOSOME
IN THE TRANSLOCATIONS

In each of the translocations the locus in the third chromosome at which
the fourth chromosome is attached was determined by studying the link-
age relations of the genes of the third and fourth linkage groups. It has
been pointed out above that this method gave no evidence on the question
whether the fourth chromosome is attached to the unbroken third, or a
section of the third chromosome has been broken off and attached to the
fourth chromosome. This question was solved by the cytological investi-
gation of the translocations. Indeed, in each of the five translocations
studied the third chromosome was observed to be broken into two frag-
ments and the shorter of these fragments is attached to the fourth
chromosome. It is obviously desirable to check the results of the cytological
investigation by an experimentum crucis, that is, to demonstrate by purely
genetical methods the presence of a break of the third chromosome in the
translocations.

As shown by the cytological study, one normal (unbroken) third chro-
mosome, one third chromosome broken into two fragments and one
free fourth chromosome are present in each of the cells of the flies carry-
ing translocations. Another fourth chromosome is also present in each
of the cells, but it is attached to the shorter fragment of the third chromo-
some, and therefore is not distinguishable cytologically (see figures 1
and 3). Let us consider the distribution of these chromosomes at the
reduction during the gametogenesis.

The unbroken third chromosome and the free fourth chromosome might
go to one pole of the spindle at the reduction division, and the two frag-
ments of the broken third chromosome might go together with the at-
tached fourth chromosome to the other pole (figures 1 and 3). Gametes
1 and 2 (figure 3) will be formed in this case. However, either of the frag-
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ments of the broken third chromosome might go together with the
unbroken third chromosome to the same pole of the spindle. As a result
of such a distribution of the chromosome at the reduction division some
of the gametes formed will carry a complete third chromosome plus a
fragment of the other third chromosome (hyperploid gametes, figure 3,
gametes 3 and 5). The other gametes will carry only one of the fragments
of the third chromosome but will be deficient in respect to the other
fragment of the same chromosome (hypoploid gametes, figure 3, gametes
4 and 6).
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Ficure 3.—Six kinds of gametes produced by a fly heterozygous for a translocation, Third
chromosome—black; fourth chromosome—white.

The gametes 1 and 2 (figure 3) may be called “regular” gametes,
whereas gametes 3 to 6 are “non-disjunctional” for one or the other section
of the third chromosome. If a fly carrying a translocation is crossed to a fly
free from translocation the regular gametes will give rise to zygotes
carrying translocation and to normal zygotes respectively (figure 1). The
non-disjunctional gametes will give rise to zygotes carrying a duplication
or a deficiency for a section of the third chromosome. Flies developing
from the latter zygotes must be expected to possess external peculiarities
due to the genic unbalance. No such flies have been found in the cultures
of any of the translocations here described. Hence, the non-disjunctional
gametes are either not produced, or, more probably, the somatic changes
in the zygotes, due to the changes in genic balance, are so great that the
zygotes are unable to survive.

It is possible to test for the production of the non-disjunctional gametes
by a genetical method. If two flies both carrying the same translocation are
crossed to each other, gamete 3 from one parent united with gamete 4 from
the other parent will give a normal zygote, since these gametes are com-
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plementary to each other. Likewise, gamete 5 from one parent united with
gamete 6 from the other parent must also give a normal zygote for the same
reason. It is easy to make the zygotes produced by the union of the non-
disjunctional gametes distinguishable in appearance from the zygotes pro-
duced by the union of the regular gametes. For this purpose it is necessary
to introduce some recessive mutant genes into the chromosomes involved
in the translocations.

Flies carrying translocations and at the same time homozygous in re-
spect to various third-chromosome recessive genes may be easily obtained.
In fact, many such flies have been observed during the course of the ex-
periments planned for the purpose of studying the frequency of crossing
over in the third chromosome (all the non-eyeless flies shown in tables
11-15 in the appendix). The appearance of such flies is due to crossing over
between the fragments of the third chromosome involved in the transloca-
tions and the unbroken third chromosome carrying third-chromosome
recessive genes. The following stocks of flies carrying translocations and
homozygous with respect to certain third-chromosome recessive genes were
established:

. ruh D S, € Cq
a-translocation:

r. b by S1CuSr €5 ¢y

) ruhity s Sy €8 Cy

c-translocation: =—=— —

ruhtth Cu Sr€cCy

. rukthst Sr€Cq

e-translocation: ———— =

ruhth.ﬁ CuSr€Cy

Using these stocks and the regular stocks of the translocations carrying
no third-chromosome recessive genes the following crosses were made:

. rshD Sr € Cq D
a-translocation: 2 X g
ru b hSiCuS,€¢Ca
. ruhis: 5r € Ca D
c-translocation: =—— QX d
7w ]Z'thSz CuSr€cCy
. rulzthst S, € Cq D
e-translocation: =——= ?.X g
7. i) St Cu Sr€Cq

If each of the parents in these crosses produces the six kinds of gametes
shown in figure 3, thirty-six classes of zygotes must be produced (see
table 7). In c- and e-translocations twenty-eight of these thirty-six classes
must die since they carry either a deficiency or a duplication for a section
of the third chromosome. The surviving classes are (table 7): Dichaete,
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wild type, D s, ¢* ¢, and 7, & t; s, If the assortment of the fragments of
the third chromosome in translocations takes place at random, all the six
classes of gametes must be produced in equal numbers. Hence, the fre-
quency of the surviving classes of zygotes must be: 3D: 3 wild type:
1Ds,e c.: 1 r,kinse. If no non-disjunctional gametes are produced no
D s, e* ¢, and 7, k1 5, individuals will appear. If, finally, the non-disjunc-
tional gametes are produced less frequently than the regular gametes, the
frequency of D s, e* ¢, and 7 & ¢4 s, individuals will be lower than indicated
above.

TasLE 7
1 2) 3 Cy) (5) (6)
Ty Tu Tu Tu fu
h k h B k&
th 179 179 o |0
St St St St St
Cu ry Cu Cu
Sr Sy 3 Se | S Sr Sy
et et 179 et et e e
Ca Ca St G | Ca G
D . . . . .
(1) —— —————— | Dichaete | Dichaete dies dies dies dies
2) Wild type | Wild type dies dies dies dies
D . . . . .
3 —— dies dies dies |Ds,e*ca dies dies
) dies dies |Wildtype] dies dies dies
5) _— dies dies dies dies dies ruhtyse
D
(6) dies dies dies dies Dichaete dies

The results actually obtained in experiments prove the last assumption,
that is, they show that the non-disjunctional gametes are produced, but
their frequency is much lower than the frequency of the regular gametes.
Indeed, in e-translocation only 29 », % ¢4 s, and 2 D s, ¢* ¢, individuals are
observed among 672 flies (table 8). The appearance of the 7, & ¢ s, individ-
uals is due to non-disjunction of the left limb of the third chromosome,
whereas the appearance of the D s, e* ¢, individuals depends upon non-
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disjunction of the right limb of the third chromosome (see figure 3 and
table 7). In e-translocation the third chromosome is broken to the left of
the spindle fibre, that is, the breakage point lies in the left limb of the third
chromosome. The higher frequency of r, % ¢, s, individuals as compared
with the D s, e’ ¢, indicates that non-disjunction of the shorter fragment of
the third chromosome (which is attached to the fourth chromosome) takes
place more frequently than non-disjunction of the longer fragment of the
third chromosome (which has retained its own spindle fibre).

In c-translocation the third chromosome is broken to the right of the
spindle fibre. By analogy with e-translocation, non-disjunction of the right
limb of the third chromosome must take place more frequently than
the non-disjunction of the left limb in c-translocation. In other words,
D s, e* ¢, individuals must be more frequent than », % ¢, s, individuals.
Indeed, 18 D s, ¢* ¢, and only 5 7, % ¢ s; individuals were observed in ¢-

translocation (table 8).
TasLE 8
Non-disjunction of sections of the third chromosome in translocations.

Translocation a.

roh D Sr €% Cq D
?.X d
ruh tisicusieca
Class Dichaete Wild type ruhD Ds,etc, Total
Number 196 79 31 2 308
Translocation e.
rubtns: Sré®Ca D
? X o8
ruhtnse cusreca
Class Dichaete Wild type rulitns: Dscetcg Total
Number 305 336 29 2 672
Translocation c.
rubtyse Sré’Ca D
@ X Jd
fuhthst Cy Sr € Ca
Class Dichaete Wild type ru bty s Ds, e ca Total
Number 309 374 5 18 706

If two individuals both carrying a-translocation and carrying the third
chromosomal genes indicated in table 8 are crossed to each other, twenty
nine out of the thirty-six possible classes of offspring die. The remaining
classes are: 4 D :1 wild type: 17, 2D :1 D s, e* ¢, (the indicated ratio
holds true, of course, only in case all six possible classes of the gam-
etes are produced in equal numbers). Actually the ratio 196 D : 79 wild
type :317, 2D :1Ds, e c,is observed (table 8). It follows that the non-
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disjunctional classes of gametes are produced in a-translocation less fre-
quently than regular gametes. In a-translocations the breakage of the third
chomosome occurred at a point located slightly to the right of D, that is, in
the left limb of the chromosome. Consequently the higher frequency of r,
D individuals as compared with D s, ¢* ¢; individuals indicates that non-dis-
junction of the fragment of the third chromosome attached to the fourth
takes place more frequently than the non-disjunction of the other fragment
of the third chromosome which has retained its own spindle fibre.

Taken as a whole, the results of the experiments just described are im-
portant in two respects. First, these results may be explained only on the
assumption that the third chromosome in the translocations is broken into
two fragments. In other words, the most important result of the cytological
investigation of the translocations is proved by independent genetical
evidence. Second, the experiments with non-disjunction of the sections of
the third chromosome definitely prove that the different fragments of the
third chromosome observed in the chromosomal plates of the transloca-
tions contain different blocks of genes corresponding to definite sections of
the map of the third chromosome.

NON-DISJUNCTION OF THE FOURTH CHROMOSOMES IN THE TRANSLOCATIONS

Only one free fourth chromosome is seen in most of the chromosomal
plates in the translocations. Since the flies carrying translocations are
identical with normal flies in appearance and do not possess the characteris-
tics of Haplo-IV, the presence of one more fourth chromosome in their cells
is postulated. This fourth chromosome is evidently attached to one of the
fragments of the third chromosome. The resulting compound appears in
most of the translocations as an unpaired, rod-shaped chromosome in
which no dividing line between the fourth chromosome and the fragment of
the third is noticeable.

The conjugation of the fourth chromosomes in the translocations must
take place in rather unusual conditions, since only one of these chromo-
somes is free, and the other is permanently attached to the fragment of the
third chromosome. Nevertheless, as shown by the'genetical behavior of the
translocations, the reduction division proceeds more or less normally, and
most of the gametes produced carry only one fourth chromosome. That is
to say, the free fourth chromosome goes together with the unbroken third
chromosome to one pole, and the attached fourth chromosome goes to-
gether with both fragments of the broken third chromosome to another
pole of the spindle (figure 1). However, the cytological investigation re-
vealed the occurrence of individuals having two free fourth chromosomes
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in their cells. Such individuals are especially common in d-translocation,
but they are also found in e-translocation. The appearance of such individ-
uals may be explained on the assumption that the non-disjunction of the
fourth chromosomes occurs rather frequently in the translocations. The
free fourth chromosome might go sometimes together with the attached
fourth chromosome and with both fragments of the third chromosome to
the same pole of the spindle at the reduction division. Gametes carrying
two fourth chromosomes may be produced in this way. Such gametes will
give rise to zygotes having three fourth chromosomes, two of the latter
being free and one attached to the third chromosome.

Individuals having three fourth chromosomes (triplo-IV) are so little
different from normal individuals (diplo-IV) in appearance that their
identification on the basis of external characters is impracticable. Neverthe-
less, the presence of a certain percentage of triplo-IV individuals in the
stocks of the translocations may be proved by genetical methods. Two
genetical methods were devised to distinguish the triplo-IV individuals
from the diplo-IV ones in the translocations.

The first of these methods consists in crossing flies carrying transloca-
tions to those carrying the fourth-chromosome gene Minute-IV. Minute-
IV is known to be dominant over one dose of the normal allelomorph but
recessive to two doses of the normal allelomorph (ScrurTz 1929). Hence,
in the progeny of such a cross, the flies carrying translocations can be at
the same time Minute-IV only if they have only two fourth chromosomes
(one free and another attached to the third). If the flies carrying translo-
cations have three fourth chromosomes (two free and one attached to the
third chromosome), no characteristics of Minute-IV will be manifest.

The second method is based on the fact that in the flies from stocks of
the translocations the fourth chromosome attached to the third carries the
normal allelomorph of e,, whereas the free fourth chromosome (or the free
fourth chromosomes) carry e,. It is clear that if such a fly is crossed to a
wild-type fly, and its offspring are then crossed to a fly homozygous for
ey, N0 ¢, individuals will appear in the next generation unless the initial fly
was a triplo-IV individual.

Both methods just described were used for testing the flies from the
stocks of the translocations. The number of the diplo-IV and the triplo-IV
flies found is shown in the right-hand column in table 9. The number of
the diplo-IV and triplo-IV flies found cytologically is presented in the
middle column of table 9.
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As seen from table 9, the triplo-IV flies are most frequent in the stock of
d-translocation and comparatively rare in the other translocations. The
agreement of the results received by the genetical and the cytological
methods is satisfactory.

BEHAVIOR OF THE TRANSLOCATIONS IN HOMOZYGOUS FORM

In the preceding sections we have been dealing with the behavior of the
heterozygous translocations. As shown by the cytological data, one of the
third chromosomes in the heterozygous translocations is broken into two

TABLE 9
Number of diplo-1V and triplo-IV flies found in the stocks of the translocations.

CYTOLOGICALLY GENETICALLY
preLo-1V TRIPLO-IV prrLo-1V TRIPLO-IV
a-translocation 15 .. 12 1
b-translocation 15 .. 12 1
c-translocation 11 .. 10 2
d-translocation 4 8 6 14
e-translocation 11 2 16 2

fragments, but the other third chromosome is completely normal. In ho-
mozygous translocations two pairs of the fragments of the third chromo-
some and no normal, unbroken third chromosome must be present. Since
some interesting genetical phenomena may arise as a result of such a condi-
tion, experiments were planned to secure some of the translocations in
homozygous form.

In d-translocation the section of the third chromosome lying to the right
of the gene ¢, is known to be broken off and attached to the fourth chromo-
some. Males carrying in the third chromosome involved in the transloca-
tion the genes 74, &, th, Sy, Cu, Sy and e and carrying in the normal third
chromosome the genes 7., k, t4, S¢, €4, Sr, € and ¢, (that is of the constitution
rubthSicusee

=) were crossed to regular (i.e., carrying no translocation)

TulthSiCusSeelcy

females having in one of their third chromosomes the dominant gene De-
formed (Dy), the recessive ¢, and the crossing over suppressors Crrr z and
Crir 1. In the F; generation of this cross Deformed non-claret individuals
were selected and inbred. These individuals are heterozygous for the trans-

) .. ryhtysicys.e
location and have the constitution: = In the next genera-
Crur . DsCrrrca

tion (F:) Dy and r, &ty s ¢y 5, ¢ individuals may be expected to appear
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in the ratio 2:1 (the gene D; is lethal when homozygous). The 7, /4 ¢, s*
¢ . ¢ individuals must be homozygous for the translocation. However’
only Dy individuals were received in Fa (about 1000 flies were examined)-
In other words, d-translocation is lethal when homozygous.

In e-translocation the third chromosome is broken between the loci of
the genes s, and p, and the section containing the genes from 7, to s, is
attached to the fourth chromosome (see figure 2). Males of the constitu-
rullnse S.€c¢o

tion =————————= were crossed to regular females carrying in one of their
TullnSe CuS, € Ca

third chromosomes the dominant genes D and .S, and the recessives s, ¢u
and e. In the F, generation the individuals manifesting the characters of
D, s, Sy and e were selected and inbred. These individuals have the consti-

. ruhins: $, €% Cq .
tution: . In the F, generation some 7, % {5 5. S, €° ¢,
S¢ cu Sy €

individuals appeared; they must be homozygous for e-translocation.

Individuals homozygous for e-translocation are normal in appearance
and have a good viability. However, the females have rudimentary ovaries
resembling those of the Drosophila melanogaster—D. simulans hybrids
(STURTEVANT 1920). Therefore, they are completely sterile when crossed
either to males homozygous for e-translocation or to wild-type males.
Males homozygous for e-translocation are fertile, though they produce
markedly fewer offspring than the wild-type males or males heterozygous
for e-translocation.

In c-translocation the third chromosome is broken between the genes p
and ¢,, and the section of the third chromosome containing the genes from
¢y to ¢, (see figure 2) is attached to the fourth chromosome. Males of the

. . ¥ h 1n Se e*Cq . .
constitution were crossed to regular females carrying in
rulltth Cu Sy €°Cq

one of their third chromosomes the genes D, s, ¢., Sy and ¢*. In the F;
generation D s, S, e* individuals were selected and inbred. They have the

.. Tulilrs, € Ca T
constitution . In the F, some 7, % {; 5: €* ¢, individuals
S¢ CuSpel

appeared; they are homozygous for c-translocation. Flies homozygous for
c-translocation appear normal somatically, and are fertile in both sexes,
though females produce markedly fewer offspring than do wild-type fe-
males or females heterozygous for c-translocation.

The behavior of the different translocations in homozygous condition is,
therefore, diverse: d-translocation is lethal when homozygous, e-transloca-
tion survives but is sterile in one sex, and c-translocation survives and is
GeNeTICs 15:  J1 1930
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fertile in both sexes. (The behavior of a- and b-translocations in homozy-
gous form was not studied because in both of them the third chromosome
involved in the translocation carries the dominant gene D which is lethal
when homozygous. The locus of D is so close to the point at which the
breakage of the third chromosome occurred in these translocations that it
is very difficult to obtain them without the gene D.)

The causes which may hinder the viability of the homozygous trans-
locations are obscure. Theoretically, flies heterozygous as well as homozy-
gous for ihc translocations must have the same genic balance that the
norma! fiies have, and, therefore, must be viable, normal in appearance and
in fertil:ty, Indeed, most of the known translocations are normal in heter-
ozygous condition, but, so far as known, only the c-translocation described
here approaches the expectation when homozygous.

“Pale” translocation described by BRInGES is lethal when homozygous
(BripGES 1923, MORGAN, BRIDGES, STURTEVANT 1925). This fact has
been explained by BRIDGES as due to aloss of a fragment of the translocated
section during the process of transfer. In other words, the flies homozy-
gous for “Pale” translocation are, according to BRIDGES, homozygous also
for a deficiency of a small section of one of the chromosomes involved in
the translocation. This explanation is supported by the fact that if the
individuals heterozygous for “Pale” translocation are homozygous for the
sex-linked gene eosin (an eosin-like eye-color), the resulting color of the
eyes is somewhat diluted. Thus, “Pale’” translocation has an abnormal
genic balance even in heterozygous condition.

Three explanations of the lethal effect (and of the disturbance of the
genic balance in general) produced by some of the translocations in
homozygous condition may be suggested. First, a lethal or semilethal
mutation might arise in one of the chromosomes involved in the transloca-
tion. Second, the breakage of the chromosome necessary to produce a
translocation might cause some injury to the chromosome involved. For
instance, some genes neighboring to the point at which the breakage
occurred might be lost or destroyed (see BRIDGES’ explanation). Third, it
is possible to suppose that the breakage of a chromosome may occur only
at a point which has been previously injured by some agent, for instance by
the X-ray treatment. The data at present available give no evidence as to
which of these explanations is true in the cases of d- and e-translocations.

Females homozygous for c-translocation were studied cytologically. All
the chromosomal plates found (plate 2, figures 34-38) contain four pairs of
chromosomes. Two pairs out of these four are rod-shaped; one of them is
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markedly shorter than the other. Moreover, one pair is V-shaped, and one
pairis J-shaped. The J-shaped chromosomes have a subterminal spindle-
fibre attachment. Taken as a whole, the chromosomal complex in the
homozygous c-translocation is more like that of Drosephila immigrans
Sturt. (see METz and Mosgs 1923, figure 2 D) or that of Drosophila
melanica Sturt. (see METZz and MosEes 1923, figure 2 E) than like that of
normal Drosophila melanogaster.

Nevertheless, the interpretation of the cytological features found in the
-homozygous translocation is easy if the conditions found in heterozygous
c-translocation are taken into account (see plate1,figures 14-19). The longer
pair of the rod-shaped chromosomes found in homozygous translocation
are obviously the X-chromosomes. The pair of V-shaped chromosomes are
the second chromosomes. The shorter pair of rod-shaped chromosomes and
the pair of J-shaped chromosomes are the fragments of the third chromo-
some. No free fourth chromosome is found in any of the plates studied in
homozygous translocation. Obviously, the shorter pair of rod shaped
chromosomes consists of the fragments of the third chromosome attached
to the fourth chromosomes. Indeed, since only one free fourth chromosome
is present in the plates studied in heterozygous c-translocation, no free
fourth chromosome must be expected in the chromosomal complex of the
homozygous c-translocation.

This interpretation may be tested genetically. If the third chromosome
is broken into two separate chromosomes (the rod-shaped and the J-
shaped), the genes localized in one of them must show no linkage with the
genes localized in the other. In other words, the third-chromosome linkage
group of Drosophila melanogaster must be broken into two separate linkage
groups in the homozygous translocation. The point of the breakage of the
third chromosome is located in c-translocation to the right of the spindle
fibre, between the genes peach and curled. Hence, the rod-shaped chromo-
some corresponds to the section of the genetical map of the third chromo-
some extending from peach to claret; the J-shaped chromosome corresponds
to the section extending from scarlet to roughoid (figure 2). The sections
just mentioned must behave in the homozygous translocation as two in-
dependent linkage groups.

Females homozygous for c-translocation and having the constitution
rohitns, ec,

were crossed to males heterozygous for c-translocation and

ruhilnse e cq

D
having the constitution ==-==.In the F; generation D males were selected

and crossed to females homozygous for 7., %, 4, s, Cy, S, €, ¢, and free from
Generics 15:  J1 1930
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the translocation. These D-males must have the constitution y
T h 4 LSt € Cq

that is, they are homozygous for the translocation but heterozygous for the
third-chromosomal genes indicated. Should the third chromosomes in the
homozygous translocation not be broken, only D and 7, % ¢ s: ¢* ¢, indi-
viduals would appear in the offspring of this cross. However, if the third-
chromosome linkage group, following the breakage of the third chromo-
some, is also broken into two independent linkage groups, D, 7, % &5 s. €*
Cay 7w B 3 s¢ and D e* ¢, individuals will appear in the ratio 1:1:1:1. The
results obtained in the experiment are:

D ro bty s, Dec, ru Bt S: € Ca Total
232 243 238 227 940

Hence, two ‘“new” linkage groups of genes replace, in the homozygous
translocation, the original third-chromosome linkage group of Drosophila
melanogaster. If females homozygous for c-translocation and having the

constitution are crossed to homozygous 7, % &5 sy cu 5, €° €4

ruhins, e,
males free from the translocation, the two “new” linkage groups remain
independent from each other, but some crossing over occurs within each of
them. The frequency of crossing over in the ‘“new’’ linkage groups is shown
in table 10 which is based on the counts of 752 flies.

TasLE 10
Frequency of crossing over in the “new” linkage groups in the homozygous translocation.
FREQUENOY IN STANDARD FREQUENCY
INTERVAL HOMOZYGOUS TRANS- DIFFERENCE
PERCENT
LOCATION--PERCENT

The J-shaped chromo- ru-h 27.8 26.5 +41.3
some k-D 14.4 13.9 +40.5
D-iy 1.2 1.8 —~0.6
ti-St 1.5 1.8 —-0.3
Si-¢e* 46.5 26.7 +19.8

The rod-shaped
chromosome e*-cg 31.1 30.0 +1.1

It may be concluded that the frequencies of crossing over in the J-
shaped chromosome are approximately equal to the frequencies of crossing
over in the corresponding section of the normal, unbroken, third chromo-
some. The same is true in respect to the frequency of crossing over in the
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e’~¢, interval in the rod-shaped chromosome. Whether the frequency of
crossing over in the whole rod-shaped chromosome is also equal to that
in the corresponding section of the normal third chromosome, can not be
decided on the basis of the data at hand. It may conceivably be different,
since the rod-shaped chromosome in c-translocation contains not only the
material corresponding to a section of the third chromosome, but also that
corresponding to the fourth chromosome of the normal fly. The presence
of the fourth-chromosome material in the rod-shaped chromosome might
alter the frequency of crossing over in the neighboring part of the third
chromosome as compared with the normal condition. This question needs
further study.

In any case, the data presented here show that the classical assumption,
according to which each linkage group corresponds to a separate chromo-
some, is correct.

DISCUSSION OF THE RESULTS

The cytological study of the translocations has shown that in each of
them the third chromosome is broken into two fragments of unequal length
and that the shorter fragment is attached to the fourth chromosome.
The non-disjunction of the sections of the third chromosome in the trans-
locations furnishes a genetical proof of the breakage of the third chromo-
somes. Finally, the results of the observations on the behavior of the
homozygous translocation must be evaluated as the most convincing evi-
dence in favor of our interpretation of the translocations.

The loci at which the breakage of the third chromosome took place in
each of the translocations are determined by two completely independent
methods. The first of these methods is a purely genetical one: the study
of the linkage relations of the genes belonging to the third and to the
fourth linkage groups. The location of the break is determined by this
method in terms of units of map-distance, by essentially the same proce-
dure as that by which“the location of a mutant gene in the third chromo-
some of Drosophila is usually studied. The relative distances between the
breaking-points in the different translocations may be compared in the
same way in which the relative distances between the genes located in the
third chromosome may be compared (figure 2). In doing so we proceed on
the same basic assumption on which the genetical “map” of the third
chromosome or the genetical map of any other chromosome is built. That
is the assumption that the genes within a chromosome are arranged in
linear order, and that the frequency of crossing over between any two genes
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located in the same chromosome is a function of the distance between these
genes.

The second method of determination of the locus at which the breakage
of the chromosome took place is the direct investigation of the length of
the fragments of the chromosome in cytological preparations. Since the
shape of the chromosome during the metaphase stage is relatively constant,
the location of the breakages may be expressed in terms of their distance
from the ends of the chromosome, from the spindle fibre, from the con-
strictions, and from each other.

Assuming that the theory of linear arrangement of the genes within the
chromosome is correct, the cytological conditions may be predicted on the
basis of the knowledge of the genetical location of the breaking-point and
vice versa. It has been shown in the preceding sections that such a pre-
diction is really possible. In a-and b-translocations the loci of breakage as
determined genetically nearly coincide with each other (figure 2). The
chromosomes of a-translocation are nearly indistinguishable from those
of b-translocation. In e-translocation the locus of the breakage on the
basis-of the genetical data must be supposed to lie between that observed
in a- and b-translocations and the spindle fibre. This is exactly what has
been found cytologically in e-translocation. The genetical data show that
only a very small piece of the third chromosome may be attached to the
fourth in d-translocation. Correspondingly, only a slight increase of one of
the fourth chromosomes is observed cytologically. On the basis of the
genetical evidence the third chromosome is broken in c-translocation at
approximately the same distance from the spindle fibre as in e-transloca-
tion. The fragments of the third chromosome observed cytologically in
c-translocation are but slightly different in size from those observed in
e-translocation.

There is no escape from the conclusion that the sequence of the third-
chromosomal genes as represented by the genetical map of this chromo-
some is the same as their sequence in the chromosome studied cytologically.
In other words the genetical map represents the actual sequence of genes
within the chromosome. Thus, the theory of the linear arrangement of the
genes receives a strong basis of cytological evidence.

If the question about the reality of the linear order of genes within the
chromosome is answered in the affirmative, it becomes possible to raise
another question. Are the relative distances between the genes correctly
represented by the genetical map of the third chromosome, or does the
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genetical map give a somewhat distorted image of the actual spatial rela-
tions of the genes?

The cytologically observed points at which the third chromosome is
broken in different translocations form a skeleton of a ““ cytological map’’ of
the third chromosome. Furthermore, since certain genes are known to be
adjacent to the points at which the breakage of the chromosome has oc-
curred in different translocations, it seems to be justified to conclude that
these genes are located in the chromosome in the neighborhood of the ob-
served breakage-points. Thus, the ““cytological map’’ represents the loci of
the observed hreakages, and, by inference, the loci of some of the third-
chromosomal genes. The genetical and the cytological maps of the third
chromosome, drawn to the same scale, are shown in figure 4.

Fi1GUurE 4.—Comparison of a genetical (below) and a cytological (above) map of the third
chromosome of Drosophila melanogaster. a, b, ¢, d and e—the observed breaking-points. r,—
roughoid; D—Dichaete; #,—thread; se—scarlet; p—peach; c,—curled; c,—claret.

It must be emphasized, that the cytological map presented in figure 4 is
far less exact than the standard genetical map. First of all, the exact
measurement of the fragments of the chromosomes of Drosophila is ex-
ceedingly difficult because of their extreme smallness. Furthermore, the
presence of the fourth chromosome attached to one of the fragments of the
third chromosome makes the estimation of the size of the latter still less
exact. A certain alteration of the shape of the fragments of the third chro-
mosome after breakage is also possible. Finally, the number of breakages
of the third chromosome so far observed is too small to allow the construc-
tion of a detailed cytological map. Nevertheless, the relative distances
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between the genes as represented by the genetical and the cytological map
are so widely different, that certain conclusions may be drawn even on the
basis of study of the cytological map available at present.

The distance between the locus of the breakage observed in a-translo-
cation and the left-hand end of the third chromosome (gene roughoid)
equals (at least) 41 map-units. The distance between the breakage ob-
served in a-translocation and that observed in e-translocation equals only
about 4 map-units. In other words, the distance between the left end of the
third chromosome and the breakage observed in a-translocation is at least
ten times longer than the distance between the breakages observed in
a- and in e-translocations. That is the determination based on the genet-
ical data. However, the cytological map shows that the latter distance is
actually longer than the former. If studied genetically, the distance be-
tween the breakages observed in e- and c-translocations equals about 5
map-units, as compared with the 40 (or more) units distance between the
breaking-point observed in a-translocation and the left-hand end of the
third chromosome. Cytologically these distances are about equal in length.
The distance between the point of the breakage observed in c-translocation
and the right-hand end of the third chromosome is at least 60 units long;
the distance between the points of breakage observed in e- and in c-trans-
locations is about 5 units long. Cytologically, the former distance is only
about twice as long as the latter (see figure 4).

PamnTER and MULLER (1929) have shown that the section of the third
chromosome extending from sooty to the right-hand end of the third chro-
mosome (this section must be at least 35 units long) is actually so small
that it becomes scarcely visible if attached to the second chromosome.

Thus, the discrepancies between the length of the different sections of
the third chromosome estimated on the basis of the genetical data and
their length actually observed are very great. All these discrepancies may,
however, be generalized in a form which discloses a very interesting regu-
larity. The distances between the loci of the breakages or of the genes
lying in the middle part of the chromosome are longer cytologically than
they might be expected to be on the basis of the genetical map. On the
other hand, the distances between the loci lying near the ends of the
chromosome are shorter cytologically than they might be expected to be on
the basis of the genetical data. The genetical map represents the genes
located in the middle part of the chromosome (near the spindle fibre)
relatively too close to each other, and the genes located at the ends of the
chromosomes relatively too far apart.
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In the metaphase stage the ends of the third chromosome appear to be
considerably thicker than the middle part of the chromosome. This is
partly due to a stronger condensation of the material located near the ends
of the chromosome as compared with the material located near its middle,
and partly to a premature splitting of the ends of the chromosome (com-
pare figure 5, plate 1, representing the chromosome in the late prophase
stage with the other figures representing chromosomes in the metaphase
stage). This may suggest that the distances between the genes located near
the ends of the chromosome are relatively shorter when the chromosome is
in the metaphase stage than they are in the stage when crossing over takes
place. However, the discrepancies between the relative distances of the
genes from each other shown by the genetical and the cytological maps are
too great to be accounted for by the different diameter of the different
parts of the third chromosome.

The distances between the genes on the genetical map represent nothing
but the frequency of crossing over between these genes. There is, however,
no evidence that the frequency of crossing over between any two genes
must be necessarily proportional to the absolute distance between these
genes in the chromosome. In fact, there exists some evidence against such
an assumption. The genes are not distributed at random along the genet-
ical maps of the chromosomes but are crowded in some regions and sparse
in others. This fact leads to the hypothesis according to which the fre-
quency of crossing over per unit of the absolute distance may be different
in different regions of the same chromosome (MORGAN, BRIDGES, STURTE-
VvaNT 1925, p. 93). The map of the third chromosome shows that the genes
are crowded in the region neighboring to the spindle-fibre attachment but
both ends of the map have few genes and long intervals in which no genes
are known (figure 2).

If we suppose that the frequency of crossing over per unit of the absolute
distance is much higher near the ends of the third chromosome than near
the spindle fibre, the observed discrepancies between the genetical and the
cytological maps of this chromosome find a simple explanation. The
genetical map of the third chromosome represents correctly the actual
sequence of the genes within the chromosome. However, the distances
between the genes shown by the genetical map are functions of the actual
distance between them in the chromosome as well as of the regional dif-
ferences in the frequency of crossing over. In its turn, the frequency of
crossing over per unit of the absolute distance in a given region seems to be
a function of the distance between this region and the locus of the spindle-
fibre attachment.

Grnemics 15: J1 1930
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A similar conclusion is reached by PAINTER and MULLER (1929) on the
basis of study of the deletions in the X-chromosome of Drosophila melano-
gaster. In this case the cytological data indicate that the actual distances
between the genes located in the left-hand end of the X-chromosome are
relatively longer than the distances between these genes suggested by the
genetical map of this chromosome. The genetical map of .the X-chromo-
some shows that the genes are strongly crowded at the left-hand end of the
chromosome.

It is fairly certain on the basis of the data at hand that the genes are
distributed at random along the genetical map of the third chromosome of
Drosophila melanogaster, or at least much more nearly so than on the genet-
ical map. Both the genetical and the cytological maps show only those
genes which have given mutations. It follows that the process of mutation
affects all the parts of the chromosome more or less at random.

SUMMARY

1. Five cases of translocation involving the third and the fourth
chromosomes were observed in the progeny of flies treated by X-rays. In
each of the five cases a section of the third chromosome became broken off
and attached to the fourth chromosome.

2. Flies carrying translocations in heterozygous form are apparently
normal in appearance and in viability, and nearly normal in fertility.

3. The loci at which the breakage of the third chromosome took place in
each of the translocations were determined by studying the linkage be-
tween the genes of the third and those of the fourth chromosome linkage
groups, which in the translocations behave as if they were localized in the
same chromosome. The loci of breakage of the third chromosome are dif-
ferent in different translocations.

4. The frequency of crossing over is markedly decreased in the limb of
the third chromosome in which the breakage has occurred, and slightly
increased in the opposite limb. The point dividing the two limbs (the point
of the spindle-fibre attachment) is slightly to the left of the locus of peach.

5. Non-disjunction of the sections of the third chromosome occurs in the
translocations and can be detected by a suitable genetical method (see
text). The study of the non-disjunction of the sections of the third
chromosome gives a proof of the presence of the breakages of the third
chromosome in the translocations.

6. Non-disjunction of the fourth chromosomes also occurs in the trans-
locations.
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7. The cytological investigation has shown that the longer pair of the
V-shaped chromosomes is that affected by the translocations. It may be
concluded that the longer pair of the V-shaped autosomes of Drosophila
melanogaster carries the third-chromosome linkage group, and the shorter
pair of the V-shaped autosomes carries the second-chromosome linkage
group of the genes.

8. One of the third chromosomes is found cytologically to be broken
into fragments in the translocations. One of the fragments is apparently
attached to the fourth chromosome, since only one free fourth chromosome
is present in most plates studied.

9. The length of the fragments of the third chromosome observed in
cytological preparations is roughly proportional to their length suggested
by the genetical data. This fact may be considered as a cytological proof
of the theory of linear arrangement of the genes within the chromosomes.

10. A “cytological map”’ of the third chromosome is constructed on the
basis of the cytological study of the translocations (see figure 4 in text).
The comparison of the cytological map with the regular genetical map of
the third chromosome shows that the distances between the genes located
in the middle part of the chromosome are larger cytologically than they
might be expected to be on the basis of the genetical map. This is ap-
parently due to the low frequency of crossing over per unit of absolute dis-
tance in the middle part of the third chromosome, and to the high fre-
quency of crossing over near the ends of the chromosome.

11. Two of the translocations were obtained in homozygous form.
Individuals homozygous for the translocations are normal in appearance
but sometimes sterile in the female.

12. Cytological study of the homozygous translocation showed, accord-
ing to expectation, that both third chromosomes are broken into two
fragments. No free fourth chromosome is found in homozygous transloca-
tion. Hence, the homozygous translocation possesses four pairs of chromo-
somes but two of them are very different in appearance from the chromo-
somes found in the normal fly.

13. The third-chromosome linkage group of Drosophila melanogaster is
broken in homozygous translocation into two independent linkage groups
of genes corresponding to the different sections of the normal third chromo-
some. This is, undoubtedly, due to the breakage of the third chromosome.

GenETICS 15:  J1 1930
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APFENDIX—TABLES 11-17.
TasLE 11
Translocation a.
ey 1w B2 3 4 Ik sicu s € o
- Xeyrublnsicusretca 3.
1 D4+ 5 67 89
CLASSES OF THE OFFSPRING O}BI:::‘?;D CLABSES OF TEE OFFSPRING 0:::‘:5:;
0 D 508 30 De 17
e,,ruhths‘cus,e‘ca 143 ’ eyruhthSlCuSrCa 3
Total non-crossovers 651 1,8 ("™ Detca 26
P ey htnsicusy 4
{D,,, 140 , g (MhDec 2
ey bl sicusretcy 32 *7 ey ty secu s 1
, [Drak 4,8 Dipsicuse 1
€y b5 S:CySr€Ca 11
9
Deys
3 Diysicysre®ca 1 uor
ey Dirsicuseetc, 6,8 {e,,ruht;.s,e’ca 4
eytuh 1 2
tuDs,etcs
5 {fj‘;‘ts'em’ ; 7 {e,,htwwu 14
vTu A
4
Deusretca S5 2,7 {ruhDsre'ca 4
6 EylnSitlu
ey ryhiy s, 25
D Cu 2
! {eDi':tc:s ¢ lgg 67 {%"uhthst-"e'ca 3
vy tlu
Dete 120 5,7 eyrihtnsiec 2
{e,,r.,ht,,s, Cu Sr 54 1 {rchu Sr €' Cq 5
fD c 318 ’ ey hinse 1
\evrulithsicasre 83 2,6 ruhDcuseelca 1
Total single-crossovers 1080 Total double crossovers 332
ruDco 82 ruD s, e 8
1,9 {e,ht;.s;cu,e’ 13 L7,9 {e,,ht;.sgcucu 4
rehDe 7 L6.9 {r,.vc,,s,e« 3
eytnSecy S e 7 P \evhtrsica 1
1,6,8 ruDcys 1
Decysee 12 e o
6,9 {eyruht;.s,c,, 15 1,8,9 nDe !
79 Ds, e 52 Total triple crossovers 18
T leyruhtisicaca 19
Grand total 2081

GENETICS 15: J1 1930



394

T. DOBZHANSKY

TaBLE 12
Translocation b.

ey ru b 2 34 1 s cu Se € Ca

Q Xeyrubtrsicusee ca .

i D+ 567 809
CLABSES OF THE OFFEPRING 0::::::]) CLABSES OF THE OFFSPRING 0::::::]7
D 304 Decysr e 7
0 6,9
eytuhinSicuse e cs 110 eytubinsica 9
Total non-crossovers 414
ruD 129 Dsy et 22
1 7,9
eyhinsicusre ca 22 eyruhinsicuca 12
ruk D 27 De 9
2 8,9
€y th St CySr € Co 18 ey ?u BInSiCuSeCa 1
ruh 1 reDec, 7
3 1,8
ey Dinsicus e ca 1 ey BinSecuse 4
Dsicusretcs 1 rubDetca 5
5 2,8
eyruh iy 4 ey bnSiCu Sy 1
Deusieca 20 Decys, 5
6 6,8
ey rubtnse 17 eyruhinsie ca 3
Ds,etca 114 Drys:etca 36
7 1,7
eyru By Secy 35 ey Bty secu 10
Detcy 69 ruhDs e cq 8
8 2,7
eyruhinsicy s, 37 eybnsicy 3
D¢, 202 1,6 ruDcusre®ca 5
9 2,6 ruhDcysretca 1
kevfuhthslcusre" 71 1,2 kD 1
Total single crossovers 768 Total double crossovers 255
ruDca 45 1,7,9 ruDs. e 5
1,9 2,7,9 rukDs.e 1
ey hinSicuse e 40 1,8,9 r.De 2
rvhDcg 16 7,8,9 eyrubinsicae 1
2,9 1,2,7 eyrutasicu 1
CybnSiCusr® 4
3,9 ruhca 1
Total triple crossovers 10
Grand total 1447
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TasLE 13
Translocation c.
e, ra B 231t 5056¢, 5 € ¢
- Xeytuhirsicusretcs 3.
1 D 4 + 7809
CLASSES OF THE OFFSPRING o::::vm:n CLASSES OF THE OFFSPRING o::;:v?n

D 675 Ds,e 8

ey ru Bty sicus, et cy 240 7,9
Total non-crossovers 915 e ruhlysicuca 4
ruD 396 De 6

1 8,9
eyhtysicusretca 143 eytuhtysicyseca 1
r kD 198 ruDe'ca 40

2 1,8
ey lhS1Cy S €8 o 116 ey hinsicus, 6
ruk 18 rukDetcy 16

3 2,8
eyDinsicusretca 5 eytnStcusr 11
ruhity 11 3,8 rukecs 3
4 4,8 rihthherc, 1
ey Dsicyseetcy i1 ey Deus, 2

rubtnse 37 5,8
5 ruhtnsietcq 4
eyDeuscetc, 2 6,8 Decysr 1
eyruhlns: 8 ry D s e® co 22

6 4,7
Deyseetca 12 ey ke bn sicu 1
ey ru b iy s c, 12 ruh D sr e co 10

7 2,7
D ete 50 eylnsicu 2
ey fu b lh Sy sr 51 3,7 ruhs,etca 2
8 4,7 ruhlys.etco 3
Dec, 96 eyruDcysretca 4

evfuhlh-\‘tl?usre" 133 1’5
9 ki s, 10
Dec, 384 eytuhDeysretc, 1

Total single crossovers 1707 2,5
t}. BY) 5
uDea 169 3,5 Dis. 2
1,9 2D o

ey htnsicy sr et 48 12

tl
2.9 r“hDC“ " €y rulhSiCuSr€ (o 1
T eyt Secu s, & 35 Total double crossovers 553
v T

ruhca 15 1,2,9 kDg, 3
3,9 2,7,9 7,hDs,e 1
ey Dipsicys, et 2 177)9 ruDs e 1
4,9 riktic, 2 1,59 htisica 2
e,,Dcus,e' 4 2;5;9 thStca 1
5,9 2’618 'uhDCuSr 1
ruhtnSeCa 23 1,5,7 hinsesretca 1
6,9 Dcysee 1 Total triple crossovers 10
Grand total 3185
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TABLE 14
Translocation d.

ey Tu B 2 3 1y St ¢y Sr € g 9

QXeyruhinsicyse € ca 3

1 D 45 617 8 +
NUMBER NUMBER
CLASSES OF THE OFFSPRING CLABBES OF THE OFFSPRING
OBSERVED OBSERVED
D 289 5,8 eyruhinsica 3
eyr bt Sicusr € ca 152 6,8 Ds,e 7
Total non-crossovers 441
. [on i8s ne De 1
evhinSicusre co 99 L7 e,r.Detca 32
2 Drih 7 ’ hthSlCuSr 11
€yl St CuSr e Ca 81 27 eyruhDetcy 10
3 ruh 6 ’ th St Cy Sy 4
ey Dinsicysre’ca 5 7 De,s, 2
L 3 5 eyrihitnsie ca 3
ey Dsicusi e ca 7 hitnsicu 14
5 rubtnse 29 1,6 eyruDsietca 38
ey Dcysc e c, 28 thStcu 13
s [rubnsia 41 2.6 \e,ruhDs,erca 14
ey Ds.etcs 72 Diysica 1
. ruhinsicys: 37 3,6 e tuhseet ca 3
eyDe'cs 48 4,6 eyr hinscetca 1
8 rubthsicuse e 82 5,6 e ruhtysisceca 1
eyDe, 79 i hiyse 6
o {ruhtisicus eca 8 'Y \eyru Deysieca 6
e, D 21 25 st 4
Total single crossovers 908 ! eyruhDcys ¢ 1
19 larsD 17 3,5 Dsi 1
D7\ Bty Stcusee ca 4 1,2 kD !
29 Jevtu kD 6 Total double crossovers 367
* 7 \Ensicu s ca 1 1,8,9 e hinsicusee 1
4,9 Dsicusretca 1 1,59 e htrs: 1
5,9 {Dcus,e'ca 2 5,8,9 e Dcus, et 1
eyty hins; 1 7,8,9 e, De 1
6,9 Ds,erca 8 1,2,8 rutasecusset 1
3.9 |Déa 5 1,6,8 r,Ds,et 1
T \eyrubinsicuse et 9 2,6,8 ruhDs.e 4
L g [Btasicusce 31 1,2,7 rulasicusr 1
’ eyquCa 51 ruDcus, 3
28 h St Cu St e,,hh.s;e’ca 1
' leyrabDes 13 2,5,7 r,kDs, 1
8 Dy Sh‘ Cusr €t i Total triple crossovers 16
eyrubicy
4,8 Dsicys, e 4 ;’;’ kinsica !
5,8 Decyusret 8 ’
Total quadruple crossovers 1
Grand total 1733
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TaBLE 15
Translocation e.
ey Tuh2385:56¢,5 ¢ ¢
—_— Q@ Xeyrubtrsicus, € cad.
1 D 4 + 789

CLABSEB OF THE OFFSPRING 0:::::_:]) CLABSES OF THE OFFSPRING ;;:::::D
D 285 Ds, et 26
{e,,ruhth.s‘:cusre’c.. 81 79 ey ru hin St Suca 6
De 5
Total non-crossovers 366 8,9 €y?ultlnSiCusSeCa 5
1,8 r,Detc, 17
1 ru D 135 2,8 rukDetca 10
ey hinstcusretca 24 3,8 ruhetcs 6
2 ruh D 49 5,8 ruhilnsietca 6
€y lhStCuSr€®Ca 43 68 D¢y sy 3
3 ey DtnSicusretca 1 P leyrukthsi€ca 1
ru b 6 Ly ruDss e cq 20
4 ey Dsicusretcy 2 P leyhtnsicu 10
ruhitn 2 rehDs,e ¢ 11
5 ey Decysretcs 6 2,7 \eytasecu 7
ryhtyse 6 3,7 rukscelca 1
6 Dceysretcs 20 4,7 ryhtnsretca 1
eyrybins: 14 2,6 ruhDcusre’ca 2
" Dsretca 117 2,5 s 1
eyrubinsicu 27
8 Detca 85 .Total double crossovers 282
eyruBinSicu Sy 33
D 199 1,8,9 r,De i
9 \eyrukbinsicus,e 67
Total single crossovers 836 1,7,9 ryDs.e 1
l7u D ca 57 1,6,9 e htysica 1
1,9
ey hinsicusre 24 57,9 rikipsisce 2
ruhDc, 39 2,8,9 ey tnsicusica 1
2,9
ey lnStCySre® 7 1,2,9 eyrutasicus:e 1
ruhca 1 6,7,9 eyruhtisisce 1
3,9
ey Ditysicus, e 1 Total triple-crossovers 8
rubinca
4,9 1 1.2 ey TulhStCuCa 1
ey Dsicusre 7’ 9’
5,9 ruhinsica 1 ' \hDspe* 3
ey rultnSica 1
6,9 7 Total quadruple crossovers 4
Deysret 5 -
Grand total 1496
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Crossing over in the normal third chromosome—control experiment.

ey Tuh 23 1thstcuseeca
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TABLE 16

Q@ Xeyrubilnsicusr e cad.

+ 1 D 45678
NUMBER NUMBER
CLASSES OF THE OFFSPRING CLASSES OF THE OFFSPRING
OBSERVED OBSERVED
0 D 354 4,7 Dsicusr 1
TuhlnSiCusSr€ Ca 165 5.7 Dy sy 1
YU lrukitnsietca 10
Total non-crossovers 519 76 Ds, 1
’ ruhlhsecuetcq 6
1 ru D 144 16 ruDs,etca 41
Rinsicysretca 56 ’ htrsicu 19
9 ruh D 76 26 rehDs.etc, 17
bhSiCuSretCa 46 ’ thSecCu 15
ru b 6 ruhsr €t Ca 3
3 Ditysicysr€ca 6 3,6 Ditysicy 1
rubin 11 ruhinsise€ca 11
4 Dsicysretca 2 5,6 D¢, 5
5 ruhins: 44 L5 tu D cysrefca 9
Decusrelca 28 ? kinse 6
6 rullySeCu 46 2,5 s 2
Dsre’ce 87 1.2 kD [
; TultnSiCu Sy 41 PP \rutnsicuseca 1
Deca 57 Total double crossovers 528
rublnSicy s, e 77 v Dy e 7
8 D 218 1,6,8 4 o .
tuhDs, et 4
Total single crossovers 945 2,6,8 L4 51.Cu Ca 4
1,7,8 hinsicuSeCa 1
1.8 ruDéa 110 2,7,8 hSiCuSrca 2
’ BinsiCySret 23
rueDcys, e 3
2.8 fuhDCu 53 1:518 htthCa 3
T asecus, e 23 2,5,8 1hsica 2
3,8 {Tehca 3 5,6,8 ruhinsis, e 1
Dinsicusre 1 5,7,8 Dcuseca 1
4,8 Dsicusre 2 1,2,8 kDq, 1
5,8 {Tuhhsice 27 2,57 ruhDcuss 2
Deusrer 7 1,5,6 hiysisie'co 2
6,8 [Tuhinsicuca 13 2,5,6 tnsis € 1
Ds e 26 1,2,6 kDs e 1
78 De 13
» \ruhiastousica 3 Total triple crossovers 36
L7 ruDec, 28
? ity SecuSe 18 1.4 1
97 rahDetcy 12 6’8’ hiys, e
! Ih St Cu Sy 9 !
37 [Tuheca 2 Total quadruple crossovers 1
’ Dipsecu sy 1

Grand total

2029
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TasBLE 17
B, D + + + e
— —— — @'X —— —— —. Summary of counts in the “normal’’ cultures.

++ &+ + e

WILD TYPE B; D ey B, D Dey Biey B;Dey
Females 1152 1145 1163 1052 1191 986 1023 1016
Males 1044 1038 1083 1015 1133 a1 1117 975
Total 2196 2183 2246 2067 2324 1897 2140 1991
Grand total 17044
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