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INTRODUCTION

Many genetic factors suppressing crossing over in Drosophila melano-
gaster have been described and their locations in the three large chromo-
somes determined (MoORGAN, BRIDGES and STURTEVANT 1925). The first
case of this kind was encountered by A. H. STURTEVANT (1913). A genet-
ic factor located near sooty in the third chromosome inhibited crossing
over in that region when present in heterozygous condition. The factor was
therefore considered dominant and was represented by the symbol C
(crossing over suppressor). However, a fly homozygous for C showed nor-
mal crossing over values. MULLER found the same crossing over suppres-
sor and analyzed its effects (MULLER 1916). STURTEVANT later reported a
case (1919), found in a stock of wild flies collected in Nova Scotia, in
which two separate crossover suppressors were present simultaneously,
one in each limb of the second chromosome. The one in the left limb was
found to suppress practically all crossing over in the half of the chromo-
some to the left of purple eye color and the one in the right limb had the
same effect on the region to the right of purple. For this reason they were
named Crry, and Cug respectively. The number II designates the linkage
group, L the left and R the right limb of the chromosome. As in the first
case found, no suppression of crossing over occurred when these factors
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were present in homozygous condition. A similar case of double crossing-
over suppressors was reported in the third chromosome by PAYNE (1924).
During the course of the breeding experiments with PAYNE’S suppressors
(Cymp and Cypre) @ lethal arose by mutation in the left limb and another
in the right limb. Several other cases have been reported where suppres-
sion of crossing over occurred in definite regions or along the entire length
of the first, of the second or of the third chromosome. The crossover sup-
pressors reported by GoweN and GoweN (1922) for Drosophila, and by
BeADLE (1930) for maize, which inhibit crossing over in all chromosomes,
are probably of a different character.

The experiments reported in this paper were conducted on suppressors
found by L. Warp (1923). She found flies which showed a new character,
Curly wings. They were isolated and found to breed true for the character,
which proved to be a dominant, located in the second chromosome. The
breeding true, however, was due to “balanced lethals,” such as those found
by MULLER (1918). As a rule, neither homozygous Curly nor the homozy-
gote of the homologous chromosome survived. Curly (symbol=C,) was
found to be linked with cinnabar-2 (c.2) eye-color, an allelomorph of cinna-
bar, slightly duller in appearance. It soon became apparent that the pres-
ence of Curly cinnabar-2 suppressed crossing over along the entire second
chromosome. High temperatures (30° C and 14° C) were found to increase
markedly the crossing over above the small amount occurring at the stand-
ard temperature of 25° C. By such crossing over the Curly and the cinnabar-2
were separated. Heterozygous Curly without cinnabar-2 gave crossing over
in the right half but not in the left in which it is located. Heterozygous
cinnabar-2 permitted normal crossing over in the left limb but inhibited
it in the right limb in which its locus is. It was assumed that the suppres-
sion of crossing over was not due directly to the C, and ¢,? genes but to
associated crossing over factors, namely, Cy C, with C, and Cyg C, with
Cal.

A consistent explanation of the phenomenon of crossover suppressors
was advanced by STURTEVANT (1926). From work with Cys, a factor
which he showed to be allelomorphic to his Ci he reached the conclusion
that the inhibition of crossing over was due to an inversion of a section
of the chromosome. In the case of Crr a section at the end of the right limb
of the third chromosome, beginning a few units to the right of stripe,
showed an inverted order for the genes within it. STURTEVANT also sug-
gested that the explanation of certain rare crossovers in a fly heterozygous
for a crossover suppressor was that the chromosomes had synapsed with
one chromosome inverted in relation to the other. In this case the genes of
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the inverted section would be opposed to the corresponding genes in the
normal chromosome in correct order. But only double crossovers would
then survive, since singles would produce either too large or too small a
chromosome with consequent derangement of development.

The experiments described below show that the same explanation of in-
version holds for the Cyg with cinnabar-2. The chromosome containing the
different order of genic material is then utilized for obtaining information
upon certain aspects of crossing over.

The author wishes to express his gratitude to Doctors J. ScuuLtz and
C. B. BriDGES of the CARNEGIE INSTITUTION OF WASHINGTON, to Profes-
sor A. H. STURTEVANT of the CALIFORNIA INSTITUTE OF TECHNOLOGY,
Pasadena, California, and to Professors D. E. LancerieLp and L. C.
Dunn of CoruMmBia UNiversITY for many helpful suggestions in connec-
tion with the following work.

ANALYSIS OF Crp Cy
Experimental

Flies of the constitution Cur C, C, Crr Cy €22 5/81 b pr €a 75 Sp (0
equals aristaless; b equals black body color; p, equals purple eye color;
¢» equals cinnabar eye color; v, equals vestigial wings; s, equals speck,
pigment spot at base of wings; for the remainder of this paper the sym-
bols C1. and Cy will be used instead of the longer forms Cuy C, and Crx
C,.) were obtained from C. B. BRIDGES and mated to black-purple-Lobe-c
and black-purple-vestigial females. F, females Cy C, Cr ¢a? s,/b p. L¢
(L° equals lobe eye, piece of eye missing) and Cr, Cy Cr ¢.? 55/ p: v, re-
spectively were backcrossed to the second-chromosome multiple recessive
“albasp” (an abbreviation for the homozygous II-chromosome multiple
recessive stock : aristaless-black-purple-cinnabar-vestigial-arc-speck) males,
for the purpose of studying the extent of the suppression of crossing over
throughout the length of chromosome II. The results are given in tables
1 and 2. The recombination percentages obtained in experiment 1 were:
C,—5(1),0.0; b—p, (2), 04; p,—Cgr(3), 0.04; Cx—s, (6), 0.04. Within the
Cy-inversion there were also six double crossovers (4, 5) which will be dis-
cussed below. In experiment 2 the recombination percentages were: C,—~
5(1),0.0; 56—, (2),0.5; p,—Cgr(3),0.08; Cr —s, (6), 0.01; included doubles
(4, 5), 5.0. The total crossing over was thus less than one percent of the
normal amount.

Some of the crossovers obtained could not be mated successfully. Of
those that produced offspring, the following flies were shown to carry Cg:
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vestigial-cinnabar-2-speck, black-purple-cinnabar-2-speck, Curly-Lobe-c-
cinnabar-2-speck, and Curly-vestigial-cinnabar-2-speck. In C, 7, ¢.? s,
the Curly did not show on account of the short wings of vestigial, but was
revealed by testing. These four types of flies arose through rare double
crossing over within the inverted section (4, 5). Curly-purple-Lobe-c,
Curly-purple-vestigial and black-purple did not have Cx.

TaBLE 1*
I C, ] [ [ l s
v N P

9 X “albasp” &
152 p 3 4 1I¢t5 6

0 2 3 6 ‘ 4,5 l T

392643911 10+4-20 142 2+1 ' 343 l 7879

* Explanation of tables: In the diagrams heading each table the chromosome bearing the
leftmost mutant gene is placed above its homologue, with a horizontal line between them. The
horizontal bracket for the upper or lower chromosome signifies presence of inverted section
throughout the region covered by the bracket. Two such bars opposite each other, one for the
upper, one for the lower chromosome, mean that the fly is homozygous for the inversion. Small
Arabic numerals, placed below the dividing line and between the symbols for the genes, designate
the section in which crossing over is followed. In the table the symbol 0 stands for the non-cross-
over classes. Similarly the numerals in the table headings designate the type of crossing over of the
flies entered below. Thus, “4, 5” indicates double crossovers—one crossover in region 4, the other
in region 5. Of the two complementary classes for each crossing-over section, the class which carries
the leftmost gene is given first or above. T at end of table stands for total number of flies counted
in the experiment. In those tables in which no temperature is stated the flies were in an incubator
at 25°C+0.5.

TABLE 2
l C, I [ Cn I S
v n P

Q X“albasp” &
152 9p 3 4 V,5 6

0 2 l 3 3,6 I 4,5 T

384343830 19420 l 0+5 0+1 l 342 7723

Experiments were then undertaken to find which genes lay within and
which outside of the inverted section, if such was the nature of the sup-
pressor, as assumed. By crossing over in the lal IZe ¢t s,/ + stock a male
was obtained which was 'Ze ¢,2' 5,/+. This male was mated toa ’—C_,,l.lz,gl/-i-
female (stock) and the F; @ 'E‘_,l 2 /Lo .2 s, females were crossed to black-
cinnabar-2-speck males. Crossovers appeared in this cross, because the

1 The square horizontal bracket is used to designate loci within an inversion.
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mother was homozygous for the crossover suppressor linked with cinna-
bar-2. A double-crossover fly of the composition 'E‘:‘ e e2/b'cd' s, was then
mated to black-cinnabar-2-speck. This cross produced b IL—T—C?!/I) 'c_,,zl Sp
males, which were mated to '(,T,,[ " o2 s,/ 'Lec,? females from table 2.
Daughters from this cross were backcrossed to “albasp” males and gave the
offspring recorded in table 3. In the diagrams in the headings of tables 3,
4,3, 6 and 8 the mothers were homozygous for ¢,? and hence the symbols
have been omitted from both homologs.

TABLE:3 :

v Y Sp

Q X*“albasp” &

0 2 3 4 ' 2,3 24 34 T

172641836 | 2264220 1214116 10094997 \ 146 54+59 947 6387

When the data of table 3 are calculated by the ordinary methods, the
order of genes is as follows: C,, b L°, v, s,. The corresponding recombina-
tion percentages are: C,—b,0.0; b— L, 8.9; Lc—v,, 4.1; v,—5,, 33.4. This
order definitely proves that Cyx(Cug C,) is an inversion, for the normal or-
der is b, v,, L°, s, (BRIDGES 1921). Both L¢ and vestigial are included in
the inversion, as shown by the fact that vestigial, which is normally to the
left of Lobe-c, is now to the right; that is, the region containing both has
been reversed.

In table 1 two flies are listed as black-purple-cinnabar-2-speck. When
they appeared their genetic constitution could not be ascertained at first,
and they were temporarily classified as having a new eye-color mutation
because the combination of purple-cinnabar-2 was not then known to have
a different eye color from purple-cinnabar, resembling purple more closely
than the light orange color of p, ¢,. Further tests, and backcrosses to cin-
nabar-2 and purple, showed these two genes to be present. As a result of
having obtained the crossover suppressor with purple the above experi-
ments were repeated with this additional locus followed. Flies homozy-
gous for black-purple-'vestigial-cinnabar-2' were obtained and crossed to
ILobe-c-cinnabar-Zl—speck. F; females, homozygous for Cy and for ¢.2, were
backcrossed to “albasp” males. The results are recorded in table 4. The
recombination percentages are: b—p,, 2.6; p,—L¢°, 7.9; Lc—v,, 4.4; v,—
5, 30.4. The distance of 2.6 for black-purple may appear to be signifi-
cantly below its standard value of 6, but later experiments conducted on
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a larger scale gave consistently values between 4 and 5. None of the other
values deviate beyond the usual amounts.

TaBLE 4
b br I Vg I
Q@ X*“albasp” &
1 2] L 3l 4 s
[} 1 2 3 4 1,2 | 13 ] 14 | 23 | 24 | 34 | 1,24 134254 T

1895 | 48| 226 | 139 | 933 | 6 3 23| 5 38| 8 3 1 0
2155 | 67 | 230 | 144711076 | 5 3 211 3 4“4 4 1 0 1 | 7082

While it is obvious that the Cy inversion included vestigial and Lobe-c,
and to some extent genes outside this section, it isnot certain that the break
occurred far enough to the left to include the cinnabar locus. However, if
the locus of cinnabar lies outside the inversion, then some crossing over
ought to occur between it and the inversion. None has been detected in
the large scale experiments presented in this paper nor in the large volume
of miscellaneous work carried out with the Curly stock by BripGEs and
others. It is known, from the work of STURTEVANT on Cg, that crossing
over can occur, and in considerable amount, between the locus of the
spindle fiber and the inversion. In the case of the second chromosome, the
locus of the spindle fiber has been found to be very close to purple (BRIDGES
1919, STURTEVANT 1919) and to the right (DoBzHANSKY 1930). Further-
more, in the high-temperature experiment reported later in table 7, the
amount of crossing over between purple and the Cg inversion rose to the
high value of 2.4 percent. The total absence of crossing over between ¢,?
and Cy under this and all circumstances makes it very probable that the
break came to the left of cinnabar. Hence the locus of ¢,? in the inversion
is transposed to a position to the right of Lobe-c and vestigial and near
the intact terminal section of normal chromosome.

On the assumption that the break came to the left of the cinnabar locus,
we may evaluate the probable length of the inverted section. Assuming
that the break did not occur to the left of the middle of the purple-cinna-
bar interval, we may assign 1.5 as the probable maximum length of the
section normally to the left of cinnabar. The cinnabar-vestigial and the
vestigial-Lobe-c intervals of 9.5 and 5.0 (MorGAN, BRIDGES and STURTE-
VANT 1925) are both included. In the homozygous inversion data (tables
3,5) the purple-Lobe-c interval is about 10.5. All of this is within the in-
version except the amount by which the break came to the left of cinnabar.
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If we assume this to have been 1.5 units, then 9.0 units are included. This
gives a total of 1.549.5+5.0+9.0=25 units. In view of what was said
above, the actual length of the inversion may be smaller than this figure,
although the difference cannot be great.

STURTEVANT’S hypothesis provides a simple explanation of the way in
which the genes for vestigial and Lobe-c crossed into the inverted section.
When Cy is present in heterozygous condition the following situation
occurs at synapsis:

bprenvy Lo 5y

Normal
Cr

bp,Levy, ¢,?

This type of synapsis does not allow crossing over to take place in the in-
verted section of the chromosome because the genes in that region are not
opposite their homologs. But occasionally synapsis occurs in such a way
that the genes in the inverted section are opposite their allelomorphs in
the other chromosome while the remainder of the chromosome is mated
inversely, as represented by the following diagram:

bpreavy Lo s,

normal
Cx

SpCutv, Lo pe b

The presence of an inversion in one chromosome at synapsis means that
when one section is opposed by its allelomorphic genes the remainder is
not. It seems that chromosomes tend to synapse in such a manner as to
have the larger part opposed by allelomorphic genes. Occasionally, how-
ever, the inverted fraction synapses homologously, causing the remainder
to be inverted. The frequency of such synapses would probably be higher
the longer the inversion or the larger the ratio of the inverted section to
the remainder. With this type of synapsis it is apparent that single cross-
overs within the inversion would produce two irregular chromosomes, one
too short and the other too long in relation to the normal second chromo-
some. Each of these long chromosomes would be a “deficiency” for the
region to the right of the inversion and a “duplication” for the region to
the left. The short chromosomes would be deficient for the left region and
duplicated for the right region. There is reason to believe that a fly pos-
sessing either of these chromosomes would not survive, and none have
been found. Every crossover into the inverted section was either Curly-
GENETrICS 17:  Ja 1932
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Lobe-c-cinnabar-2-speck or Curly-purple-vestigial-cinnabar-2, both double
CrOSSOVErs.

The data show that the number of included double crossovers was 11
in a total of 15,607 flies (tables 1 and 2), a frequency of one in 1420. Since
these flies are double crossovers, the frequency of the corresponding single
crossovers which perish should be much higher. For this section of 25 units
the number of single crossovers would be expected to be about 50 times as
frequent as the number of double crossovers. This means that the expected
frequency of single crossovers is one in 28 eggs, or 3.5 percent. Such a
figure would indicate that the number of cases of inverse synapsis is very
high, roughly one-seventh of the total cases, since 3.5 is about one-seventh
of the normal frequency of singles. An accurate evaluation of the frequency
is impossible because inverse synapsis, by causing the original inversion
to be opposed by allelomorphic genes, produces on either side of that sec-
tion non-allelomorphic sections of genes. Such sections would behave like
inversions and therefore interfere with crossing over even in the inverted
section where synapsis is in correct sequence. Such a condition would
necessitate assigning still greater values to the frequency of inverse
synapsis.

Conclusions and discussion

The above data show that we are dealing here with a chromosome about
a quarter of which is inverted and which therefore presents a different
order of genic content. That such inversion does not affect the external
appearances of the fly had been demonstrated in many other cases as well
as in this instance. The genes are all represented in the normal ratio, or
in the normal “genic balance.”

The Cy inversion happens to be situated near the center of the chromo-
some. It differs in that respect from the inversion reported by STURTE-
VANT which is situated at the end of the third chromosome. A central in-
version has been found by SmiLAER (unpublished) in the third chromo-
some, but it contained only one known gene, c4?, and was therefore less
useful than the present inversion.

Experiments reported by Bripces (1915, 1919), ProucH (1917, 1921),
and by BripGES and MoRrGaN (1919, 1923) show that the centrally located
regions behave differently with respect to the influence of age and tem-
perature on crossing over than the regions located at the ends. DoBzHAN-
skY (1930) presents evidence corroborating the view that the relation
between the genetic and cytological maps of these central positions in one
of the V-shaped chromosomes is also different. STERN’S study of the age
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effect upon crossing over in chromosome I confirms the view of BRIDGES
that the presence of the spindle-fiber attachment is correlated with this
special sensitivity of the central regions of chromosomes II and III. It
therefore seemed likely that a study of a chromosome containing an in-
version near the spindle fiber in the center would supply some information
about crossing over in relation to the above mentioned phenomena.

1. A study was made of the possible modification of crossing over in one
arm of the second chromosome, while that in the other arm is inhibited.
STURTEVANT (1919) and Payne (1924) had shown that in general there
was no effect of one arm upon the other. But it seemed desirable to see
whether high or low temperatures would have any effect upon this rela-
tionship. Some of the data of PAyNE and of DoBzrANSKY (1930) seemed
to indicate a rise in crossing over values in one arm when none occurred in
the other, or, as in DOBZHANSKY’S case, when some interference occurred
in the other.

2. Both high and low temperatures, as mentioned above, greatly in-
crease crossing over in regions that lie in the middle of the second chromo-
some. The more distant a region is from the center, the less is its crossover
value affected by the temperature change. In fact, beyond fifteen units to
the right and probably also to the left of purple, only slight influence of
temperature on crossing over values has been observed. It is therefore of
interest to find how a section, which is normally so far removed from the
spindle fiber that its crossover values are practically unaffected by high
and low temperatures, would react to the same change of environment
when transferred by inversion to a point nearer the spindle fiber. Such a
section is the part of the chromosome lying normally to the right of Lobe-c
but lying between purple and Lobe-c in the inverted chromosome. Temper-
ature effects were therefore studied at 25° C, 30° C, 16.5° C and 14° C.
Controls were also run simultaneously upon the normal chromosome.
These experiments should decide whether the effect of temperature on
crossing over is a function only of the genes between the two points in-
volved, or of the proximity of a section to the point of spindle-fiber attach-
ment.

3. Although the published data on coincidence in the second or third
chromosome are very scanty they seem to show that the general mecha-
nism shown by WEINSTEIN (1918) to be at work in the first chromosome
cannot be applied to either of the V-shaped ones as a whole. In fact, the
statement made by BrIDGES and MORGAN (1923) that the symmetrical
behavior of crossing over in each arm of the two large autosomes seems to
indicate that synapsis and crossing over begin either at both ends of the
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arms and proceed from there to the center, or that they start at the center
and proceed simultaneously to both ends, necessitates an analogy be-
tween the X chromosome and only one arm of the V.

EFFECT OF CROSSING-OVER IN ONE ARM UPON ITS OCCURRENCE
IN THE OTHER AT 25°, 30° anp 16° C

Experimental

The gene for Curly is linked with a genetic factor which suppresses
practically all crossing over to the left of purple. For this reason it was used
in heterozygous condition in flies which were also heterozygous for the
genes, black, purple, Lobe-c, vestigial and speck. All of these except black
are located in the right arm of the second chromosome. The flies were
homozygous for the right arm inversion and therefore gave free crossing
over.

Females of the constitution black-purple-vestigial-cinnabar-2 were
mated to Cy, L ¢,? s,/ +males. The F, Curly-Lobe-c females, homozygous
for Cr, were backcrossed to “albasp” males. The results obtained at 25° C
are given in table 5. A year later this experiment was repeated using

TABLE 5.
| Cy | lLC I Sp
Q X“albasp” &
1562 p 3| 4o, | 5
0 2 3 4 5 24 2,5 3,4 35 45 3,4,5 T
1567 3 290§ 143 915 0 0 2 76 1
1518 4 2431 149 | 873 1 1 1 67 11 1 5876

different stocks. Females C . v, ¢,2/“albasp” were mated to a; b L° ¢,2
s/ “albasp” males and F,; Curly-Lobe-c females, homozygous for Cy, back-
crossed to “albasp” males. This cross was conducted also at 30° and at
14.5° C. The results are given in table 6. The recombination percents ob-
tained from these two experiments at 25° C show very good agreement, as
can be observed from table 10, where the values at both high and low
temperatures are also given.

A control experiment with normal left arms and with crossing over
prevented in the right arms by heterozygous Cr was also performed.
Flies homozygous for black-purple-cinnabar-2-speck were mated to
aristaless-dumpy males (dumpy equals dumpy wings, symbol d,), and the
F, females backcrossed to males homozygous for aristaless-dumpy-black-
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TABLE 6
a b | Le | s
Q@ X“albasp” &
1|c,]2 3 4 | 59 | 6
T°C 0 3 4 5 [} 34 3,5 3,6 4,5 4,6 56 | 34,6 | 4586 T

14.5° | 1009 9203 | 84 (464 | O 1 1 3 30 31 0 0
1033 10 | 187 | 80 | 481 | 1 1 7 2 42 511 0 | 3657

25° 296 1| 47 121175 © 0 0 1 12 21 0 0
305 0 48| 34|178] 0O 0 2 0 14 310 1 ] 1131

30° 523 5] 94| 36362 O 0 9 3 451 127 0 3
516 71 95| 481295 O 0 2 3 561 15} 1 0 | 2130

purple-cinnabar-vestigial-speck (“aldpbasp”). The results are given in
table 7 and the recombination percentages based on them are shown in
table 10.

TABLE 7

Q X“aldpbasp” &
1 2 b 3 p 4| el 5 s

T°C 0 1 2 3 4 5 L2 | 1,3 | 1,423 | 24|34 1,23|1,24234 T

16° 10903 | 220 | 501 | 69 3 0] 17| 9} 0|15
1085 | 216 | 653 | 95 0 0 131 9| 0|15 0| Of O0}|0 |0 4014

—
o
[
[=
[=]

25° 1088 | 190 { 433 | 63 2 0 10y 7{ 1] 6| 0| O} 0[]0 0
1137 | 213 | 465 | 66 5 0 8] 2| 0|14 3 0| 01003713

30° 429 { 63| 182 79| 10 151 4t 0] 0[1]0
4341 801226| 65| 19 0 11) 9| 0|14 3| 1| 1]1[1]1669

-
=]
—
o
-

Conclusions and discussion

The data supplied by these experiments indicate that the presence or
absence of crossing over in one arm of the V-shaped chromosome exerted
only negligible influence upon its occurrence in the other. Females bred
at high and low temperatures showed the usual temperature effects. The
black-purple recombination was about normal (4.2) in the presence of Cy
and it rose normally to 11.7 at 30° C and to 5.0 at 16.5° C. Similarly
aristaless-dumpy had a recombination percentage of 11.6 at 25° C (in the
presence of Cg), 11.1 at 30° C, and 12.0 at 16.5° C. Other similar relations
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Tasie 8
ar i» | L | sp
Q X*“aldpbasp” &
1 253 p 41| 5 |6
14°C 16.5° 25° 30° 14°C | 165° | 26° 30°
0 5254569 813+862/15454-1676| 648+671)| 1,4,5 1401041} .. |[1+40
1 63488 | 1294-172] 2284282 1294132/ 1,4,6 5+5 | 8+6 | 9+15[12410
2 2134273 3564390| 544+4-661| 2754312 1,5,6 140 | 242 | 1+3 | 2+1
3 1174-114] 98+4-111) 98497 | 924-89 | 2,34 243 1+3 1146 | 143
4 138149 1384152 2594-234| 170+188]| 2,3,5 1+1 | 141 04+1} 140
5 264-43 | 56459 | 1014127 49457 || 2,3,6, 948 | 747 | 3+5 |1148
6 214+248] 4374-410f 864894 334-343)f 2,4,5 o 145142 | 343
1,2 748 1146 13421 | 19414 || 246 1044 |13+10|18+-22{18+28
1,3 12+8 12414 | 1048 12424 |} 2,56 140 | 142 | 544 | 5+6
1,4 18428 | 26+19 | 34+42 | 31435 || 34,5 0410411 142|242
1,5 5+6 17410 | 27417 9410 || 3,4,6 8+4 | 1+1{ 3+1 | 544
1,6 25441 | 73484 | 1074-139| 70490 || 3,5,6 o+1}f .. | 140|240
2,3 14417 | 11+13 | 1347 22428 || 4,5,6 140 0+1 | 442
2,4 4449 | 66482 99492 | 59456 || 1,2,3,4 .. .. | 140
2,5 16+14 | 26430 | 44+41 | 224151235 | 140 .. .. ..
2,6 75498 | 1554191} 2884-345| 1574165]| 1,2,3,6 240 | 1+0 | ..
34 24422 | 14416} 16411 | 25420 )f 1,245 140} .. } 041
3,5 10411 3+10 842 6+7 1,24,6 140 | 140 | 241
3,6 29437 | 48455 | 49+52| 57453 1,2,5,6 .. .. | 140
4,5 145 5+5 7+5 84-8 1,3,4,6 0+1] 140 | 042
4,6 18427 | 16+28 | 50466 | 67466 || 1,4,5,6 .. 141
5,6 4-+4 3+4 10+12 | 11414 || 2,34,5 | 140 . ..
1,23 0+1 141 240 441 2,346 | 2+1 141} 240
124 140 042 144 3+8 || 2,3,5,6 .. 0+1 | 041
1,2,5 0+0 0+1 141 2+1 4| 2,4,5,6 0+1 ] 240
1,2,6 3+1 343 5+14 | 14415 || 1,2,34,5 .. | 1+0
1,34 0+3 542 240 342 1,2,3,4,6 240
1,3,5 141 041 140 142 1,3,4,5,6 140
1,3,6 446 4+4 5435 9+13
T 3549 | 5339 | 9398 | 4910

are observed in table 10. The values obtained from these experiments
demonstrate that high or low temperatures were inoperative as factors
bringing about crossing over where it was inhibited by an inversion. The
effect of temperature is seen on the regions very close to the spindle fiber
which are outside of the inversion, but the cinnabar-2-speck region re-
mained unaffected.

Unfortunately, from the matings made, I cannot draw any conclusions
about the possible increase of the frequency of inverse synapsis at the
temperatures used.
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TABLE 9
a e Le sy
Q X*“aldpbasp” o
1 2 b 3 pr 4 cn S9,67
14°C 16.5° 25° 30° 14°C 16.5° 25° 30°
0 416+446( 7074-710] 8284795 589+629| 1,6,7 2401 3+1 1 142 | 243
1 51466 | 1094149} 126-4-175] 75+120| 2,3,4 141 | 141 .. 3+1
2 207--305| 3454-464] 333-1418| 2674318{| 2,3,5 6+5 | 347 | 1+1 | 443
3 93490 | 974142 77466 | 90+91 || 2,3,6 242142140 141
4 14437 | 30435 | 21433 | 37449 || 2,3,7 1248 1044 | 2+1 | 447
S 1034-102( 1494-174| 1144166 96-+109|| 2,4,5 .. 1+0 | 140 | 142
6 40+48 | 74466 | 75450 | 54-+30 || 2,4,6 0+1]042 | 140 | 140
7 2154-237| 397+398| 4344440} 3174355| 2,4,7 8+3 | 449 | 243 |10+6
1,2 8+3 194-16 949 12413 || 2,5,6 .. 1+0 | 241 ] 041
1,3 7+8 11412 646 9414 || 2,5,7 13+18[13+22|10+6 [154-20
1,4 4-+7 1410 62 94-8 2,6,7 145247242 | 7+4
1,5 14414 | 24433 | 18426 | 20+19 || 3,4,5 .. {0414 14+0] 042
1,6 7413 | 13417 § 10411 8410 || 34,6 .. 1404} .. ..
1,7 28+4-57 | 48480 | 44486 | 53472 | 34,7 0-+2 | 042 { 0+1 | 242
2,3 13419 | 26420 543 16414 || 3,5,6 .. 140} .. 1041
2,4 12416 | 24+18 | 10+6 20424 || 3,5,7 348 |9+7 1} 2+3 1| 844
2,5 49484 | 93499 | 356485 | 45+67 |} 3,6,7 341140 041 | 5+2
2,6 | 20429 | 36460 | 24428 | 17429 || 4,56 oot L ..
2,7 92-+115] 204-4-298| 1684-217| 124-+195|| 4,5,7 0+2 | 142 | 041 ..
34 042 4+4 340 243 4,6,7 240 1+0
3,5 154151 21419 | 14410 | 18+16 |} 5,6,7 0+1 140
3,6 8-+7 13410 645 7+4 1,2,34 .. 1+1
3,7 42460 | S58-+74 40439 | 38437 || 1,2,3,6 .. 140
4,5 043 4-++1 340 1+6 1,2,3,7 1+1 .
46 242 041 042 145 1,24,5 .. .. .. 140
4,7 74+10 | 10414 7+7 21+14 § 1,2,5,7 241 { 3+0 | 2+1
5,6 140 2+1 1+6 246 1,3,4,5 140 ..
5,7 28441 44433 254-22 33+34 || 1,3,4,7 .. .. 1+1
6,7 242 1046 1145 8+13 || 1,3,5,7 0+1 1} 140
1,2,3 .. 1+0 240 440 1,3,6,7 1+0 | 140 ..
1,24 1+1 140 0+1 041 1,4,6,7 .. .. 041
1,25 0+3 142 141 445 || 1,567 0+1
1261 240 242 242 0+1 |[ 2,345 .o o1
1,2,7 345 748 0+4 10411 || 2,3,4,6 1+01{ ..
1,34 . .. 141 . 2,34,7 140
1,3,5 443 245 142 542 2,3,5,6 .. .. 041
1,36 | 1+0 0+3 0+2 141§l 2,357 0+3 | 141 142
1,37 748 649 142 249 || 2,3,6,7 1+0 0+1
1,4,5 140 14+0 .. 140 24,57 140 .. 041
146] 140 241 .. 24+1 || 2,5,6,7 U I T,
1,4,7 .. 242 241 642 3,4,6,7 041
1,56 0+1 .. 0+1 140 | 1,2,34,7 141
1,57 6+3 545 545 246 || 1,2,4,56,7 0+1
T 3521 | 5739 | 5284 | 4514
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We may compare the inhibiting effects of inversions on crossing over in
proximal and in distal regions with respect to the spindle fiber. Since the
Cr inversion includes about 25 units, the extent of the normal chromo-
some between the right end of the inversion and speck is approximately
27.5 units. Nevertheless, only negligible crossing over occurs in this region
when Cg is heterozygous, while in the black-purple section, which is only
6 units long, but which differs apparently from the former by its nearness
to the spindle fiber, relatively high crossing over occurs. The same is ob-
served for the distance between purple and Cz. To summarize, regions
situated near the spindle fiber show crossing over, though reduced, in the
presence of an inversion, while much larger regions distal to the inversion
show practically none. These facts would lead one to conclude that cross-
ing over (or synapsis) begins at the spindle fiber and not at the ends of
the chromosome.

Table 10 shows the purple-cinnabar-2 or purple-Cx recombination per-
centage to be between 0.1 and 0.27 and to rise at 30° C to 2.4. The black-
purple distance rises to 1.1 at 30° C. It is probable that the nearer a section
is to the spindle fiber, the greater is its relative rise at high or low tempera-
tures.

EFFECT OF INVERSION UPON THE TEMPERATURE
EFFECT AND UPON COINCIDENCE VALUES

Experimental

One object of the following experiments was to observe the behavior
of a distal section, normally situated far enough from the spindle fiber so
as to show no temperature effect, when it is placed near the spindle fiber
by an inversion. The second problem was to investigate variations, if any,
in coincidence, that might be produced if the new order of the genes
affects the behavior of the chromosomes at crossing over.

In the first series of experiments, females of the constitution black-
purple-Cg-vestigial-cinnabar were crossed to males a; £, L® 5,/a; dp. Thor-
axate (%,), an allelomorph of dumpy, was used here because homozygous
dumpy would fail to show in the presence of vestigial. Although thoraxate
is lethal when homozygous, £./d, was found by BRIDGES to be viable. It
was easily classifiable under the conditions of these experiments. F; females
obtained from the above cross, of the constitution a; ¢, L®¢.? 5,/b p, v, €a?,
were backcrossed to males homozygous aristaless-dumpy-black-purple-
cinnabar-vestigial-speck (“aldpbasp”). These multiple recessive males
were found to be very poorly viable. They mated with difficulty with the
F,; females, which were wild-type in appearance, except for the dominant
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Lobe-c eye. Large males from first hatches of pair cultures were therefore
selected for use. They were placed with the females in 2X 3 inch vials for
two days, after which interval the mated flies were transferred to bottles.
On an average one mating in seven was successful. To obtain recombina-
tion percentages for the temperatures higher or lower than 25° C, the P,
flies were allowed to lay eggs at 25° C until larvae appeared in the bottles,
which were then transferred to the respective incubators. The F; virgin
females were isolated from the bottles, which had been kept at the desired
temperatures, and were then mated at 25° C, at which temperature they
remained.

The results for the first series of experiments, where F, females, homo-.
zygous for Cg, were mated to aristaless-dumpy-black-purple-cinnabar-
vestigial-speck males, are given in table 8. The recombination percentages
computed on the basis of the flies obtained in this series of experiments are
recorded in table 10.

For the second series of experiments, which were to serve as controls,
flies were synthesized to contain the same genes in both normal chromo-
somes, as in the experimental chromosomes. Females homozygous for
black-purple-cinnabar-vestigial were mated to males @, ¢, L? s,/a: d, and
the F, females were backcrossed to aristaless-dumpy-black-purple-cin-
nabar-vestigial-speck (“aldpbasp”) males. The experiments were per-
formed at the same temperatures as the previous series in which the F,
females were homozygous for the inversion. In fact the experimental cul-
tures of both series were always kept together in the same incubator at the
respective temperatures. The range of variation of all incubators was
+0.5° C. The results obtained are presented in table 9. In this series, as
well as in the previous one, males and females were classified separately
because it was believed by Doctor BriDGEs that males having the genes
t./d, occasionally fail to show the character, while females show the char-
acter strongly. In neither of these experiments did the £./d, male class
overlap the wild-type class. Overlap would have given very asymmetrical
“1, 2”7 double crossover classes, which did not occur; nor was the total
of the 1, 2 doubles abnormally high. The male and female data have ac-
cordingly been combined. The recombination percentages obtained from
the different experiments are given in table 10. The standard map of
MorGaN, BRIDGES and STURTEVANT in the Genetics of Drosophila is repro-
duced in figure 1 for the purpose of comparison with the values obtained
from our experiments. Withal the agreement is quite satisfactory. The
fact that the two large sections thoraxate-black and Lobe-c-speck do not
show close agreement is to be expected, since these distances on the
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standard map are built up from their constituents when intermediate
genes are used.

Conclusions and discussion of the temperature effect

On comparing the recombination percentages of the flies recorded in
tables 8 and 9 which carry inversion bearing and normal chromosomes
respectively, we see that both high and low temperatures produce an in-
crease in crossing over which is about twofold for the regions immediately
to the right and left of purple, that is, black-purple and purple-cinnabar.
The further away a section is from purple the smaller is the influence of
high and low temperatures upon crossing over in that section. The most
central sections black-purple and purple-cinnabar show an average rise
of about 100 percent. In the normal chromosome the distance vestigial-
Lobe-¢isincreased only slightly, if at all, and this section is only about 13
units to the right of purple. This gradient of effect by temperature is shown
by the normal chromosome and also by the one containing the Cy in-
version. (See standard map of chromosome II, Morgan, Bridges and
Sturtevant, 1925.)

The rise in the recombination percentage for cinnabar-vestigial in the
normal chromosome is variable in quantity though always present. It
happens that the value for that interval at 25° C obtained in our experi-
ment (11.2) is higher than the one (9.0) given by MoRGAN, BRIDGES and
STURTEVANT (1925). The increase in crossing over for ¢,~v,, based on our
normal value at 25° C, is 16 percent at 30° C, 27 percent at 16° C and 41
percent at 14° C. The increases for the similarly placed section in the
inversion-bearing chromosome, that is, in the purple-Lobe-¢ distance, are
70 percent at 30° C, 11 percent at 16° C and 50 percent at 14° C. The
purple-Lobe-c distance in the Cx-chromosome consists mostly of genes
which were brought into this position by the inversion. Normally this
section of the chromosome does not show any special increase in its cross-
ing over at 30° C or 14° C. But in the inversion, purple-Lobe-c increases
markedly, as stated above. In the normal chromosome the section be-
tween purple and vestigial, consisting of purple cinnabar and cinnabar
vestigial, increases 45 percent at 30° C, 35 percent at 16° C and 50 percent
at 14° C. These figures are quite comparable with those given above for
the percentage increase in the identically situated section within the in-
version-bearing chromosome.

Attention should be drawn to the fact that the Lobe-c-vestigial distance
does not show any significant difference in its increase at the effective
temperatures in the two chromosomes in which it was studied, the normal
and the one bearing the inversion. A comparison of the diagram on page
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87 shows that the vestigial-Lobe-c section is only slightly nearer to the
point of spindle-fiber attachment in the inversion-bearing chromosome
than in the normal. The difference in position, about 3 units, was not
sufficient to produce a measurable difference in increase in crossing over,
especially since the section happens to be situated about eleven units
to the right of the spindle fiber, where temperature is not as effective as a
modifying agent of crossing over.

Reciprocally, the genic material situated just to the right of the spindle
fiber (p.—cn, cn—1v,) gives a marked increase with the effective tempera-
ture when in the normal chromosome. But this same material, when car-
ried by the inversion to a point in the middle of the right arm, gives only
negligible increase (part of the v,—s, section in the Cy chromosome).
Thus three comparisons have been made: (1) Genic material that nor-
mally is situated far from the spindle fiber and which there gives only
negligible temperature effect gives marked effect when carried near the
spindle fiber by the inversion. (2) Genic material that is normally situated
near the spindle fiber and there gives a marked temperature effect no
longer gives this effect when those genes are placed more distal by the in-
version. (3) The genes near the center of the inversion (the v, — L¢ section)
are not much displaced nearer to or farther from the spindle fiber by the
inversion, and both in the normal chromosome and in the Cg chromosome
this section gives the same, not-marked, temperature effect. The con-
clusion to be drawn from these observations is that the sequence of the
genic materials within the chromosome studied is not an essential part of
the reactions or mechanisms which are affected by the temperature. The
temperature effect is determined by the position of the genes in relation
to the spindle fiber and not by the specific nature of the section of the
chromosome itself. This confirms the conclusion  reached by BRIDGES
from study of the relation of the spindle-fiber position to the intensity of
the age effect in normal chromosomes.

The next point upon which these experiments were expected to shed
some light was the problem of coincidence. By coincidence is meant the
ratio of the number of double crossovers obtained to the number expected
if one crossover does not influence the position of the next. When a given
distance undergoes 10 percent of crossing over and another one 15, it is
expected that simultaneous or coincident crossovers occur in a total of
10 percent X 15 percent = 1.5 percent. Actually it is found that the number
obtained is less than that expected. It was stated above that it would be
of interest to know whether the values of coincidence were modified by the
change of genic content within the chromosome. Coincidence has been held
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INVERSION IN DROSOPHILA 101,

to arise from the assumed internode formation by chromosomes preceding
crossing over. If the postulated internode section, or actual length of
block of genes transferred by a double crossover, is a purely physical phe-
nomenon, then its size should not be modified by changes in genic con-
tent. The relative internode length can be inferred from coincidence
values. Thus, the coincidence for all distances in the two types of chromo-
somes, normal and “inverted,” was computed and is recorded in table 11.

Amnalysis of coincidence data

Coincidence of sections located in different
arms of the same chromosome

The data of the four experiments with homozygous Crz and homo-
zygous normal chromosomes seem to indicate, as found in the past, that
the further apart two sections are on the chromosome map the greater are:
their coincidence values. This behavior is observed regardless of whether
both sections lie in one arm of the chromosome or in different arms. For
our purposes we may compare sections that are relatively near to each
other but do not lie within the same arm. Such sections in the Cx chromo-
some are black-purple in the left and purple-Lobe-c or Lobe-c-vestigial in
the right limb. Similar sections are black-purple and cinnabar-vestigial in
the normal one. It is to be expected that if crossing over in one arm is
entirely independent of crossing over in the other, the coincidence of two
sections located in different arms should vary about a mean of one. Table
11 shows that this is not the case; the values rarely reach one. Even if we
take two sections at opposite ends of the chromosome, as far from each
other as possible, the coincidence values obtained, while fairly high, do
not consistently reach the valie of one.

If we divide all coincidence data into two groups (table 11), one con-
sisting of values of sections within the same arm, either right or left, and
the other of sections in both arms simultaneously, we notice that the first
group gives fairly uniform values, all low. The only temperature which
gives consistently higher values is that of 30° C, while 14° C, which has
the same effect on crossing over, does not show the same uniform rise. No
rise of coincidence values with temperatures is observed in the second
group. It can also be seen that group 2 presents on the whole greater
variations than group 1. Another point which the data bring out is that
for equivalent lengths of map the intervals near the center show higher
values than those at the ends. Unfortunately, these data do not contain
small sections at the end of the chromosome, so that no exact comparison
of coincidence for identical lengths at the outer and inner ends of an arm
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can be made on the basis of small sections. It is apparent, nevertheless,
that sections 5-6 of group 1 normal chromosome which includes 14 units
in one arm very close to the center give a much smaller value than sec-
tions 3-5 group 2 (normal) which is 17 units long and includes both arms.

From the data on coincidence of sections located in both arms of the
chromosome it is apparent that crossing over in the two arms is not en-
tirely independent. If crossing over in one arm were entirely independent
of that of the other, then, theoretically, coincidence should be approxi-
mately one, which was not the case. We must therefore assume that al-
though crossing over in one arm is largely independent of the other, some
mechanism exists, connected perhaps with the spindle fiber, which in-
terferes with simultaneous crossing over in both.

Comparison of coincidence in normal and
inversion-bearing chromosomes

The figures recorded in table 11, group 1, bring out another point about
the behavior of the arms of the Cy and the normal chromosomes. The
regions involved in the right arm are so arranged that they correspond to
regions analogous with respect to their distance from purple, but geneti-
cally different. Thus, 4-5 in the Cg chromosome represents coincidence
of the purple-Lobe-c and Lobe-c-vestigial sections, while its analog 5-6 in
normal chromosome represents values for the purple-vestigial and ves-
tigial-Lobe-c distances. As demonstrated above, purple-Lobe-c in the in-
version and purple-vestigial in the normal chromosome involve partly
different chromosomal material, and the Lobe-c-vestigial and vestigial-
Lobe-c regions in their respective chromosomes involve the same material
but in different order. The inversion occurred so that the Lobe-c-vestigial
fraction remained in about the same position in respect to the spindle
fiber, because purple-Lobe-c in Cg and purple-vestigial in the normal chro-
mosome are about equal in length, namely 15 and 17 units each, respec-
tively. Thus, a comparison of the coincidence values in the part of the
chromosome between purple and speck should demonstrate whether any
significant difference in the presumable loop formation of the two chro-
mosomes has occurred. As far as the coincidence data go, they seem to
show good agreement between the two chromosomes, section by section.
The values for the left end also agree quite well. On the basis of such
general comparison it seems permissible to conclude that the underlying
mechanism at work in this case is not affected by the sequence of the genic
content of the chromosomes.
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SUMMARY

1. It is demonstrated that the suppression of crossing over in the right
arm of the second chromosome, which was considered to be due to a
genetic factor CyrCy, is the result of an inversion of a part of the chromo-
some.

2. The inverted section includes the genes for Lobe-c and vestigial, and
probably for cinnabar, but not purple. It is therefore located near the
center of the chromosome. Its maximum length is estimated to be 25 units.

3. The frequency of inverse synapsis of the chromosomes as calculated
is unexpectedly high, approximately one-seventh of the cases.

4. No effect was found for the absence or presence of crossing over in
one arm of the second chromosome upon its occurrence in the other arm
at various temperatures.

5. Theincreasein crossing over at 30° C, 14° C and 16° C for sections in
one arm, when crossing over is inhibited in the other, is the same as in the
normal chromosome.

6. A gradient of size of increase in crossing over values, produced by
breeding F; females at 30° C and 14° C, extends from purple to the right
and probably to the left for about 15 units. This gradient operates to the
same degree in the chromosomes homozygous for an inversion as in the
normal chromosome.

7. When a piece of chromosome situated normally in a section not
affected by temperature (the part of the right of Lobe-c) is brought near
to the spindle fiber by an inversion, it shows the temperature effect char-
acteristic of its new location. When a piece of chromosome normally
situated in a part affected by temperature is removed by inversion and
relocated in a more distal region, it loses its sensitivity to temperature and
behaves as does genic material that is normally situated at that distance
from the spindle fiber. The central genes of an inversion are not displaced
toward or from the spindle fiber and correspondingly do not change their
reaction to temperature. Increase of crossing over with temperature is
thus a property of the position of the genes in relation to the spindle fiber
and is not a function of the genes.

8. In the presence of an inversion in one arm (heterozygous), crossing
over is much more frequent in a section situated between it and the spindle
fiber than in one of equal length situated between it and the distal end of
the chromosome. On that basis the probable point of the beginning of cross-
ing over (or synapsis) in this V-shaped chromosome is at the spindle
fiber.
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9. That coincidence of sections located respectively in the two arms of
the second chromosome is uniformly below one, shows that crossing over
in the two arms is not completely independent. ’

10. A comparison between the coincidence values obtained for chro-
mosomes homozygous for an inversion and for the normal chromosomes
shows that no significant disturbances are created in the mechanism re-
sponsible for coincidence upon inverting part of the chromosome. Sections
situated similarly with respect to the spindle fiber give the same coinci-
dence values regardless of change in genic material.

11. The coincidence values of two sections located in opposite arms of
the second chromosome are higher for equivalent distances than those of
sections located in the same arm.

12. When a section of chromosome from the center is introduced into a
terminal region no measurable change in crossing over is observed for the
transposed section.
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