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INTRODUCTION

LL present theories of crossing over tacitly assume that events in one tet-
rad (at least as far as crossing over is concerned) are independent of those
occurring in the other tetrads of the cell. Yet as long ago as 1919 STURTEVANT
suspected that the presence of a heterozygous inversion in one chromosome
pair increases crossing over in a non-homologous pair of chromosomes. The
effect was definitely established by ScauLTz and REDFIELD (MORGAN, BRIDGES)
and SCHULTZ 1932, 1933), who showed that in Drosophila melanogaster
heterozygous inversions in the first and/or second chromosomes increase
crossing over in the third chromosome and that heterozygous inversions in the
first and/or third chromosomes increase crossing over in the second chromo-
some, and by GLASS (1933) who found that an inversion in the second chromo-
some increased crossing over in the third chromosome (this observation was
independent of that of ScHuLTz and REDFIELD). Subsequently STEINBERG
(1936) showed that crossing over was increased in the first chromosome in the
presence of heterozygous inversions in the second and/or third chromosomes.
These experiments all involved an increase in crossing over in a tetrad which
was not itself heterozygous for an inversion. STURTEVANT’S original observation
was on a tetrad which was itself heterozygous for an inversion, although the
increase in crossing over took place in an uninverted segment. He found that
crossing over between the second chromosome mutants purple and curved,
which was reduced to about one percent in the presence of the inversions
carried in the second chromosome of the Nova Scotia stock, was increased to
about 20 percent (that is, approximately the standard value) in the simultane-
ous presence of an inversion in the third chromosome. STURTEVANT’S observa-
tions were supported by Grass’s report in 1933 that crossing over within the
Plum inversion in the second chromosome was increased in the presence of
an heterozygous inversion in the third chromosome. SipEROW, SokoLOW, and
TrOFIMOW (1936) in making use of GLAsS’s observation for other purposes
showed that heterozygous inversions in the second and third chromosomes
increase crossing over in the X chromosome wheén it also is heterozygous for an
inversion. These data are of particular interest because the regions of the
X chromosome studied by these authors are similar to those studied by STEIN-
BERG (1936) and may be compared with them. They will be discussed in this
connection in a later section of this paper. The observations on Drosophila
melanogaster were confirmed for Drosophila pseudoobscure by MACKNIGHT
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(1937), who found that heterozygous inversions in the second and third
chromosomes increased crossing over in the X chromosomes when they (the
X chromosomes) were heterozygous for inversions in each of the arms.

ScHULTZ, MATHER, and STEINBERG and WHITE have each advanced working
hypotheses to explain the above observations. ScHuLTZz’s (MORGAN, BRIDGES,
and ScHULTZ 19335) hypothesis involves the assumptions (a) that crossing over
is a function of the twisting of the chromosomes about each other, (b) that
the presence of an inversion in the heterozygous condition interferes with
somatic pairing in the last premeiotic division of the pair of chromosomes bear-
ing the inversion, and (c) that this will lead to “an increased likelihood of over-
lying contacts or twists near the spindle fiber of that pair of chromosomes when
they do synapse in prophase; and this overlap will be correlated with a similar
occurrence in another pair,” thus resulting in increased crossing over in the
latter pair. From this hypothesis it follows that the degree of disturbance in
pairing is the factor which determines the extent of the interchromosomal ef-
fect of an inversion on crossing over. Hence one would expect to find a relation-
ship between the length and position of an inversion in the chromosome on the
one hand and the magnitude of its interchromosomal effect on the other.

MATHER's (1936) hypothesis to explain the interchromosomal effect of in-
versions on crossing over involves the assumption that the total number of
chiasmata in any given cell under fixed conditions is limited and that the tet-
rads within the nucleus compete for this limited number. If, therefore, one
tetrad has fewer chiasmata than usual, the other tetrads in the cell may be
expected to have more chiasmata than usual. On the basis of this hypothesis
one would expect that those inversions which interfere most with crossing over
within the tetrad bearing them would have the greatest interchromosomal ef-
fect on crossing over. It might be well to point out here that this hypothesis
cannot explain the data involving an increase in crossing over caused by heter-
ozygous inversions in a non-homologous tetrad which is also heterozygous for
an inversion (see discussion of STURTEVANT, GLaSS, et al. above). Although
crossing over was measured in only one of the tetrads concerned, it must be
clear that crossing over was increased in both tetrads. This necessitates an
increase in the total number of chiasmata in the cell and therefore does not
conform to MATHER’S hypothesis which involves competition among the tet-
rads for a fixed number of chiasmata.

The hypothesis proposed by STEINBERG and WHITE (1939) postulates that
the interchromosomal effect of inversions on crossing over is physiological and
not mechanical in nature. This was based on two points (a) the fact that many
inversions are known to have physiological effects (position efiect) and (b)
the fact that the magnitude of the effect of an inversion on crossing over in a
given non-homologous chromosome is directly proportional to the relative
amount of the total chromatin of the cell contained in the affected chromosome
(STEINBERG 1937). On the basis of this hypothesis no correlation between the
size or position of the inversion in the chromosome and the magnitude of its
effect would be expected.

The experiments reported below were designed to test these hypotheses.
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MATERIALS AND METHODS

Crossing over was measured in the third chromosome by means of the
“rucuca” complex of recessive markers. There follows a brief description of the
mutants used; a more detailed description will be found in Drosophila In-
formation Service No. 9. The wild type stock used was a strain of Oregon-R
maintained in mass culture.

LOCATION ON

SYMBOL NAME STANDARD 3RD DESCRIPTION
CHROMOSOME MAP
ru roughoid 0.0 Eye rough and small
k hairy 26.5 Extra hairs on wings
th thread 43.2 Arista thread-like
st scarlet 44.0 Eye-color bright scarlet
cu curled 50.0 Wings upcurled
st stripe 62.0 Dark dorsal stripe
e® sooty 70.7 Body-color dark
ca claret 100.7 Eye-color ruby

The crossover regions were numbered as follows:—

ru L bt th Y st tcu S sr® e 7 oca

and will be referred to as such in the text unless otherwise indicated.

The effects of twelve different X chromosome inversions were tested. Table 1
lists these inversions, giving the cytological and where known the genetic posi-
tions of the left and right breaks.

TABLE 1

Description of the X Chromasome inversions used.

SALIVARY GLAND DATA

GENETIC DATA

INVERSION REFERENCE
LEFT BREAK RIGHT BREAK LEFT BREAK RIGHT BREAK
322 4D1-2 10F Dfin20 C-D betweenrb  between car  STURTEVANT and BEADLE (1936)
and rg and sp-a Salivaries—SurToN Unpublished
dl-40 4D7-4E1 11F2-11F4 between rb  between fuw STURTEVANT and BEADLE (1936)
and cv and g Salivaries—Ho0OVER (1938)
CiB 4As 17A6 between sc  between sy STURTEVANT and BEADLE (1936)
and bi and fu Salivaries—HOOVER (1938)
sc? 1By 5Ds between sc  between ¢v STURTEVANT and BEADLE (1936)
and sor and c¢ Salivaries—SuTroN Unpublished
sc8 1Bz 20B+ between ac  between 4 STURTEVANT and BEADLE {1936)
and sc and sp-a Salivaries—D.L.S. ¢
i 1A 17 left of y between fu MuLLER and PROKOFYEVA (1934)
and da Salivaries—D.I.S.9
AM 8C17-8D: 16E2-16E3 near /z between B STONE and THOMAS (1935)
and Bx Salivaries—HOOVER (1938)
sct 1B4 19F1-2 between sc  between car  STURTEVANT and BEADLE (1936)
and svr and bb Salivaries—SuTtoN Unpublished
AB about oF 13F1 near v between g StoNE and TaHOMAS (1035)
and sd
AgoB 1D3-1E1 19D-19E not determined D.IS. 12
SCHO14 1Br.2-1B3.4 1:1D3-11D8 not determined SvrToN (1943b)
Bees—47 16A1.2-16A4  beyond 20Ar.2 not determined SutToN (10433)
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The plan of the experiments in all cases except those involving the CIB and
dl-49 inversions was as follows:—

P1:-3,4 0or srucuca @ @ X4 or 5 Inversion-bearing &* .

B.C.:-3 F; @ @ heterozygous for the inversion and rucuca X4 rucuca &' d".

In the case of the CIB and dl-49 inversions the P, consisted of inversion bear-
ing @ @ mated to rucuca ¢ J; otherwise the crosses were the same as in the
other experiments. CIB Q Q@ were used for the obvious reason that no CiB &' &
survive; 2 @ heterozygous for dl-49 were used because of the low fertility
exhibited by the dl-49 & & of this stock.

In those cases in which the inverted chromosome carried markers which
might interfere with the classification of any of the rucuca characters, only
backcross flies not showing the markers were classified. Thus in the case of the
sct inversion which carries yellow, only the @ 2 and non-sc¢* & & were classi-
fied; in the case of the y* inversion only the @ @ were classified; because the
s¢” and sc® inversions carried apricot, only the ¢ @ and non-apricot &* & were
classified; in the experiment involving the dl-4¢ inversion only & & not carry-
ing the dl-49 inversion were classified because it is difficult to distinguish be-
tween Hw (Hairy-wing) carried by the dl-49 inversion and % of the rucuca
complex; in the C/B experiment the " & and the non-CIB ? @ were classified
because of uncertainty in the classification of some eye colors in the presence
of Bar. In all other cases all backcross offspring were classified.

In all cases the backcross generation was classified for nine days, including
the first day of eclosion.

Throughout these experiments the standard cornmeal, agar, molasses food
medium reinforced with dried brewer’s yeast was used. All crosses were raised
at 25°+0.2°C.

Further details of technique will be given in the appropriate places in the
text.

DATA

Because the experiments were done in three groups to test different ques-
tions, and also for the sake of clarity, they will be presented in chronological
order. The first set of data involved the following six inversions: 807/, CiB,
dl-49, sc® sc’, and y* (table 1). The raw data (except for the combining of the
sexes) are given in table 1o at the end of the text. Table 2 shows the crossover
values obtained in each region for each of the crosses and the percentage
change which these values show with respect to those of the control. Table 3
presents the distribution of the strands among the various types of crossovers
obtained and the x* values derived from a comparison of each of the test
crosses with the control. ‘

Among the various methods which may be employed to compare control
and test crossover values, that of comparing the strand distribution by means
of 2Xn contingency tables is the most direct, because each strand represents
one tetrad and because the strand data are basic to the calculation of crossover
frequencies. The x? values listed in table 3 are derived from comparisons of
each of the-crosses with the control. For these calculations four and five point
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crossover strands were grouped so that n (number of degrees of freedom)
equals 4. In addition, many of the crossover values were compared with the
appropriate control values in 2X2 contingency tables.

Five of the six inversions tested showed a significantly different strand dis-
tribution from that of the control (Inversions CIB, di-49, sc8, sc?, and y*
(table 3)). The deviation from the control values was in the same direction in
every case—namely, a reduction in non-crossover strands, little or no change
in the single crossover strands, and an increase in multiple crossover strands

TABLE 3
Classification of strands into crossover classes.

ZEROS SINGLES DOUBLES TRIPLES QUADS QUINTS x?
INVERSION
TESTED TOTAL (AGAINST
N % N % N % N 9 N % N % CONTROL)
Control (1) 565 23.5 1107 45.8 576 23.8 160 6.6 II 0.5 o 0.0 2419 —_
bbDf 606 23.8 1078 42.8 649 25.8 173 6.9 1g o©0.8 1 o.0+ 2520 6.9
CIiB 453 21.4 803 42.2 610 28.8 144 6.8 15 0.7 1 o.ot+ 2116 17.8
dl-30 310 19.6 697 44.0 452 28.3 106 6.7 20 1.3 o o.0 1585 23.3
sc8 322 20.0 672 41.7 476 20.6 125 7.8 4 0.9 1 o.0+ 1610 26.0
sc? 567 18.2 1358 43.6 920 29.8 240 7.7 22 0.7 o o.0 3116 40.9
il 495 18.3 1124 41.§ 823 30.4 243 9.0 23 0.8 3 o.1 2711 55.1

When n=4; P=0.05 when x?=g9.5; P=0.01 when x?=13.3

resulting in an increase in crossing over. The sixth inversion (b6?/) did not
show a significantly different strand distribution from that of the controls,
P>o.1.

The x? values listed in table 3 vary from 6.9 to 51.1 in more or less discrete
steps which follow the same order of increasing magnitude as do the correspond-
ing total map lengths listed in table 2. This relationship is to be expected, since
the crossover values are derived from the strand data.

The data were examined to find whether or not any relationship existed be-
tween the size and position of the inversions and the effect on crossing over in
the third chromosome. There is no correlation between size (either genetic or
cytological) of the inversion and the magnitude of its interchromosomal effect.
For example, the relatively short sc¢’ inversion has a considerable effect on
crossing over in the third chromosome, while the relatively long 562/ inversion
has no effect; also among those inversions with an effect, the short s¢? and the
long y* inversion each has a great effect on crossing over, while the long CIB
and the short dl-49 each has relatively little effect (tables 1, 2, 3). The only
physical feature of the inversions which shows any correlation with the magni-
tude of the interchromosomal effect on crossing over is the position of the left
break of the inversion. The closer this break lies to the left end of the chromo-
some the greater the magnitude of its interchromosomal effect on crossing
over (tables 1, 2, 3). While no acceptable explanation of why such a relation-
ship should exist was apparent, it was deemed advisable to test this relation-
ship further. Accordingly, two other inversions, AM with its left break
relatively far from the left end and sc* with its left break relatively close to the
left end (table 1) were tested.
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If the relationship between the position of the left end of the inversion and
the magnitude of the interchromosomal effect on crossing over is real, it is to
be expected that the AM inversion would have no effect on crossing over in the
third chromosome, while the sc* inversion would have a very large effect. The
raw data are listed in table 10, the crossover values and their relative change
with regard to the controls are in table 4, and the strand analysis is in table s.
The x? values derived from a comparison of the strand distribution values of
each of the test crosses with those for the control are 10.g for the 4 M inversion
and 11.1 for the sc! inversion; with four degrees of freedom P falls between o.05
and 0.02 (x?=11.7 at P=0.02). This indicates that the strand distributions may
be different from those of the control, but nevertheless there is more than one
chance in 50 in either case that the value of x? derived will be exceeded. Com-
parison of the crossover values of each of the test crosses with those of the
controls shows that the values are statistically identical in all cases. (Region 7
is not considered, because the control value for some unexplained reason is ab-
normally high as compared with the standard value (38.0 as compared to
30.0) ). Because of this, the authors feel inclined to consider the strand dis-
tributions of the controls and tests to be the same. However, for the purpose of
our present discussion the question of primary importance is not whether the
strand distributions derived in the presence of the A M and sc* inversions are
the same as or different from those of the control, but “how do the values de-
rived in the presence of these inversions compare with each other?” The
strand distributions are statistically the same (x*=35.8, n=4, hence P>o0.2).
x* comparisons of AM and sct in each of the several crossover regions have not
been made because (a) in all except regions 3-4 (regions 3 and 4 have been
combined for purposes of statistical treatment because region 3 is so short)
and s, the crossover values are so close as to be obviously the same, (b) sc* was
compared with the control in region 3-4 and found to be the same (P>o0.2) and
hence would also be the same as A M, and (c) A M was compared with the con-
trol in region 5 and found to be the same (P>o0.2) and therefore would not
differ from sc* (see the crossover values in table 4). Clearly these data do not
conform to the original observation that the position of the left break of the
inversion is related to the magnitude of the interchromosomal effect of the
inversion on crossing over. No new physical relationship between the nature
of the inversion and its interchromosomal effect was derived. 1t was felt there-
fore that further tests were desirable before any definite conclusions were
drawn.

In order to simplify the technical problem of classification of the flies, a com-
parison of the individual crossover regions with the appropriate controls was
made to see which regions were affected and which were not. Region 7 is of no
value in these considerations because of its length, which allows for unde-
tected crossovers, and also because of the abnormally high crossover value
given by the controls. Region 1 is also of little value because of its length (26.5
units on the standard map); however, it should be noted in passing that the
values obtained in region 1 in the presence of AM and s¢7 give a P value of
between o.02 and o.05 when compared with the control and that the value
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derived in the presence of 582/ gives a P value of much less than o.01. In region
6 no value differed significantly from that of the controls. Region 3 is so short
that small differences would be difficult to detect, and it therefore is not very
useful. Thus, the only regions which give satisfactory information are regions
2, 3 and 4, and 5.

TABLE 5

Classification of strands into crossover classes.

ZEROS SINGLES DOUBLES TRIPLES QUADS x?
INVERSION .
TESTED TOTAL (AGAINST
: N % N % N 9% N % N % CONTROL)
Control (1) 565 23.5 1107 45.8 576 23.8 160 6.6 11 0.5 24I9
AM 326 23.2 609 43.3 395 28.1 74. 5.3 4 0.3 1408 10.9
sct 463 23.1 9o5 45.1 536 26.7 97 4.8 5 0.2 2006 1.1

When n=4; P=0.05 when x2=g9.5; P=o0.01r when x?=13.3.

Four additional X chromosome inversions were tested—namely B25—47
Aogogb, sc?14 and AB (table 1). Although the rucuca stock was used as in the
previous eight experiments, only %, ¢4, cu, and sr were followed. The crossover
regions and their equivalents in the earlier experiments are as follows:

New region Old region Markers
I 2 h-th
2 3 and 4 th-cu
3 5 cu-sr

Because more than a year had elapsed since the experiments were begun, a
new set of controls was studied. The raw data of these crosses (except for a
grouping of the sexes) are listed in table 11. The crossover values and the
strand analyses are listed in tables 6 and 7, respectively. (For the purposes of
x? analyses the double and triple crossover strands were combined.)

TABLE 6

Comparison of Crossover values.

REGION
INVERSION ! 2 3 MAP %
TESTED LENGTR CHANGE O %
% % % % % %

CROSS- CHANGE CROSS- CHANGE CROSS- CHANGE

OVER OVER OVER
Control (2) 21.2 — 6.0 — 12.9 — 40.1 — 3918
B#s—41 19.8 —6.6 7.3 21.7 14.6 13.2 41.7 4.2 2124
Aggb 21.3 0.5 7.0 16.7 14.9 15.5 43.2 7.7 2145
Sc20~14 23.9 12.7 7.2 20.0 14.7 14.0 45.8 14.2 2505
AB 25.1 18.4 9.9 65.0 16.4 27.1 51.4 28.2 2144
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TABLE 7

Classification of strands into crossover classes.

ZEROS SINGLES DOUBLES TRIPLES x*
INVERSION

TESTED TOTAL (AGAINST
N % N % N 9% N 9 CONTROL)

Control (2) 2511 64.09 1245 31.77 160 4.08 2 0.05 3918 —

B®—41 1326 62.43 712 33.52 83 3.01 3 0.14 2124 1.3

Agodb 1333 62.14 701 32.68 108 5.03 3 0.14 2145 4.4

scHo—14 1492 59.50 882 35.21 128 3.11 3 0.12 2505 14.3

AB 1187 55.36 815 38.01 139 6.48 3 0.14 2144 50.1

When n=2; P=o0.05 when x*=6.0; P=o0.01 when x*=g9.2.

By rearranging the data of the first nine crosses on the basis of the four
markers followed in the last five crosses, it is possible to obtain direct compari-
sons. The crossover values of the rearranged data are given in table 8, the strand
distributions are given in table g.

The first and second sets of controls when compared in this way are found
to be statistically identical in each of the three crossover regions and also with
regard to the strand distribution. Therefore there was no change in the rucuca
or Oregon-R stocks during the course of these experiments. Of the four inver-
sions tested two were very short; one (4 B) islocated in the central region of the
X chromosome, the other (B23—47) in the proximal region of the X chromosome.
The former had a marked effect on crossing over in the third chromosome, the
latter had none. The remaining two inversions were relatively long; one
(Aggb) includes the entire active region of the X chromosome, the other

TaBLE 8

Comparison of test crossover values with control values.*

REGION COI:IT)ROL sct  aMm BBY pr4g cLB sc” sc vt
. 9% crossover 21.1 22.2 21.g 22.5 23.8 23.5 25.7 26.8 24.0
% change — 5.2 3.8 6.6 12.8 11.4 21.8 27.0 18.3
% crossover 6.5 7.5 6.1 9.6 8.5 8.6 9.1 II.9 I5.3

2
% change —_— 15.4 —6.2 47.7 30.8 32.3 40.0 83.1 135.4
% crossover 13.9 13.8 15.3 13.4 16.8 18.0 16.6 18.1 2I.§
3 % change — —o0.7 10.1 —3.6 20.9 29.5 19.4 30.2 54.7
Map length ~  41.5 43.5 43.3 45.6 49.1 50.1 s5r.4 56.8 60.8
% change — 4.8 4.3 9.0 18.3 20.7 23.9 36.9 46.5

* Note new region r=old region 2; new region 2=old regions 3 and 4; new region 3=old
region 3.

In recasting data, crossover strands involving regions 3 and 4 simultaneously were treated as
non-crossovers in new region 2.
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(5¢?6°714) about the distal half. 499b had no effect while sc?°-4 caused a signifi-
cant increase in crossing over in the third chromosome.

The data derived from these four inversions combined with those derived
from the eight previously tested make it abundantly clear that neither the size
nor the position with respect to the ends of the chromosome nor the combina-
tion of these two morphological features of an inversion are related to the
interchromosomal effect of inversions on crossing over.

DISCUSSION

For cénvenience of discussion two aspects of the problem of the inter-
chromosomal effect of inversions on crossing over may be distinguished: (a) the
nature of the effect—that is, the magnitude and distribution of the increased
crossing over from region to region of the affected chromosome—and (b) the
relationship between the effect (its magnitude and distribution) and the nature
of the inversion causing it. The two aspects are of course intimately related,
and the one cannot be measured without the other.

All the inversions tested showed the same pattern of effect on crossing over
in the third chromosome (that is, when any effect was observed). The greatest
increase in crossing over occurred in the region of the centromere and fell off
sharply on either side (tables 2 and 4). ScuuLtz and REDFIELD (MORGAN,
BriDGES, and SCHULTZ 1932, 1933) reported the same type of distribution of
effect in the second and third chromosomes. They observed no difference in the
pattern of effect on the third chromosome of inversions in the first and second
chromosomes, nor did they observe any differences between the effect of the
CIB inversion and the Payne inversions on crossing over in the second chromo-
some. From all these data it appears that the autosomes always respond in the
same way to the interchromosomal stimulus of inversions on crossing over.
This is not true of the X chromosome, which shows a different pattern of in-
crease in the presence of the Curly inversions from that which it shows in the
presence of the Payne inversions (STEINBERG 1936).

The increase in crossing over observed in the third chromosome is associated
with a decrease in non-crossover strands and an increase in single and multiple
crossover strands. This relationship is most clearly illustrated in tables 7 and g
where only the three most affected regions are considered, but masked in tables
3 and 5 where all seven regions are considered, because four of the seven regions
are either not affected at all or are affected to only a very slight extent. The
increased frequency of multiple crossovers may be the result of reduced inter-
ference or may be due to a proportional increase of single and multiple cross-
overs resulting from an increase in crossing over without any change in inter-
ference. If interference has been reduced, the frequency of muitiple crossover
strands relative to the frequency of single crossover strands should be in-
creased. If, on the other hand, interference has not been affected, the frequency
of multiple crossover strands relative to the frequency of single crossover
strands should remain unchanged. The changed relationship may not be dis-
cernible when all seven regions are considered because of the masking effect of
the four unaffected regions; however, if only the three most affected regions
are considered it should be easily recognized.
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A preliminary survey of the data in table ¢ indicated that in all except the
cross involving the y* inversion the ratio of single crossover to multiple cross-
over strands was statistically the same. Accordingly a x? test for homogeneity
was made in a 2 X8 contingency table involving the strand data of the original
set of controls and that of seven of the first eight inversions (y* being omitted);
x*=8.3, n=17, and P=o0.30; hence there is no change in interference. The strand
distribution derived in the presence of the y* inversion was tested against the
control strand distribution in a 2X2 table; x*=33.2, n=1, P< < <o0.01, in-
dicating a considerable change in interference. The change is obviously a re-
duction, since the frequency of multiple crossover strands relative to single
crossover strands is greatly increased. The test for homogeneity when repeated
with the y* inversion included gave a x* value of 29.0, n=8, P< <o.or. The
remaining four inversions were tested against the second set of controls (table
7) in a 2X 5 contingency table; x?=8.8, n=4, P>o0.05 but <o.1, indicating no
change in interference.

The data published by STEINBERG (1936) involving the effect of the Curly
and Payne inversions, singly and combined, on crossing over in the X chromo-
some were tested in the same manner. In each of the three tests P < < <o.01,
indicating a marked decrease in interference. This was recognized in the
earlier publication where, although no statistical tests were made, it was
pointed out that there was a considerable increase in multiple crossover
strands and only a slight increase in single crossover strands in the presence
of the inversions either singly or combined. StpERoW, SokoLow, and TROFI-
Mow (1936) studied the effect of inversions in the second and third chromo-
somes on double crossing over within the inverted portion of X chromosomes
heterozygous for an inversion. In each of two experiments (one involving
In(1) s¢® the other In(1) CIB) the test cross showed a five-fold increase in cross-
ing over as compared to the control value. This magnitude of increase is the
same as that obtained by STEINBERG (1936) and indicates that SipEroOW,
SokoLow, and TRoFIMOW’S data also involve a great reduction in interference.

Unfortunately Scuurtz and REDFIELD’S data are not published in a form
which would permit an analysis of interference changes in their experiments.

It is clear that the increase in crossing over caused by heterozygous inver-
sions in another pair of chromosomes is realized in two different ways. The
first method involves a reduction of non-crossover strands and a concomitant
reduction in interference. This type of effect is the only one thus far to be ob-
served in the X chromosome, and it has been observed in the third chromosome
only in the presence of the y* inversion. The second method involves a general
increase in crossing over with no accompanying change in interference. This
type of increase in crossing over has been observed in the third chromosome in
all cases involving an increase, except that associated with the presence of the
y* inversion.

It will be noted that a tetrad analysis of the data has not been attempted,
although an extensive analysis of this type was made in the senior author’s
earlier paper (STEINBERG 1936). This is so because the work of HEARNE and
Husxkins (1935), Huskins and NEwcoMBE (1941), and of LINDEGREN and
LINDEGREN (1937, 1939) cast doubt on one of the basic assumptions involved
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in the derivation of the formulae upon which the tetrad analysis is based—
namely, that the chromatids which cross over at one level do not influence
those which cross over at other levels.

We turn now to a discussion of the data in the light of the three hypotheses
advanced to explain the interchromosomal effect of heterozygous inversions
on crossing over. SCHULTZ’S hypothesis requires a correlation between the
degree of disturbance of somatic pairing in the last premeiotic division within
the chromosome pair heterozygous for the inversion and the interchromosomal
effect of the inversion on crossing over. The only direct way of measuring the
degree of disturbance of somatic pairing is of course cytological observation of
the last premeiotic division. If ScHULTZ’S hypothesis is correct, the disturbance
in somatic pairing should affect the pairing not only of non-homologous
chromosomes but also that of the chromosome pair heterozygous for the in-
version. This disturbance should be reflected in the extent to which crossing
over is affected in the chromosome pair heterozygous for the inversion and
hence should afford an indirect measurement of the degree of disturbance in
somatic pairing caused by heterozygous inversions. Seven of the twelve
X chromosome inversions utilized in these experiments were studied by
STURTEVANT and BEADLE (1936) with regard to their effect on crossing over
within the inverted and the uninverted portions of the chromosomes. STURTE-
vaNT and BEADLE’s findings are summarized below.

EFFECT ON CROSSING OVER WITHIN THE
UNINVERTED PORTION
WITHIN THE
INVERSION -
INVERTED PORTION TO LEFT OF TO RIGHT OF

INVERSION INVERSION
sc? Decreased : * Decreased
dl-49 Decreased Decreased Decreased
ClB Probably decreased Decreased Decreased

sct Little or possibly no effect * *

sc8 Little or possibly no effect * *

bbPf Little or possibly no effect Decreased ) *
oy Little or possibly no effect * Decreased

* No uninverted section in which crossing over occurs in normal flies is present, and therefore
no tests can be made.

From these data it follows that crossing over is affected by the inversions in
the following order of decreasing magnitude: di-49 ZCIB > sc?>bbP/ = y* > sc?
= s¢% Presumably the degree of disturbance experienced in somatic pairing in
the last premeiotic division would follow the same seriation. However, the
relative magnitude of the effect of these inversions on crossing over in the third
chromosome follows no such seriation (tables 2, 3, 4, 5, 7, 8). For example,
both sct and sc® are very long inversions and have little or no effect on crossing
over in the X chromosome, yet sc® has a considerable effect on crossing over in
the third chromosome, while s¢* has no effect; y* is a long inversion and has little
or no effect on crossing over in the X chromosome, while CIB is of medium
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length and reduces crossing over in the X chromosome to a very great extent;
nevertheless, the y* inversion causes a significantly greater increase in crossing
over in the third chromosome than does the CIB inversion; on the other hand,
although the CIB inversion has a much greater effect on crossing over in the
X chromosome than does the s¢* inversion, it has a significantly greater effect
on crossing over in the third chromosome. When to this group of seven inver-
sions we add the AM and AB inversions, which SToNE and THOMAS (1935)
have shown to cause a considerable reduction in crossing over in the X chromo-
some, and the 4Aggh and sc** inversions, which probably have little or no
effect, and the B®—7 inversion, which probably has a considerable effect on
crossing over in the X chromosome, the breakdown of a correlation between
the effect of an inversion on crossing over in the X chromosome and its effect on
crossing over in the third chromosome becomes complete. From these con-
siderations it follows that ScHuLTZz’s hypothesis must be abandoned.

MATHER’s theory of “competitive pairing” (the name is an unfortunate one,
since it has already been used much more appropriately by DoBzHANSKY
(1934) to describe his hypothesis (DOBzHANSKY 1931, 1932) concerning the
competition between the portions of rearranged chromosomes for pairing with
their homologues) requires an inverse correlation between the effect of an in-
version on crossing over within the tetrad heterozygous for it and its effect on
crossing over in a non-homologous tetrad. The discussion presented above
relative to SCHULTZ’s hypothesis is also pertinent to MATHER’S hypothesis and
leads to the same conclusion—namely, that this hypothesis also does not ex-
plain the data.

There is one type of data involving an interchromosomal effect on crossing
over which may be explained by MATHER’S hypothesis. ScHULTZ (MORGAN,
BRIDGES, and SCHULTZ 1935) and STEINBERG coincidentally (see introduction
STEINBERG 1941) found that crossing over in the autosomes was greatly in-
creased when measured in the exceptional offspring of XXY @ @ (that is,
daughters arising from XX eggs and sons from no-X eggs). BRIDGES (1916)
has shown that the X chromosomes in XX eggs are non-crossover chromosomes.
Hence the increase in crossing over observed in the autosomes of daughters
arising from XX eggs and sons arising from no-X eggs is associated with the
absence of crossing over in the X chromosomes. While this phenomenon may
be explained on the basis of MATHER’S hypothesis, the explanation is not the
only one which fits the data and need not be the correct one. It is possible
nevertheless that the increase in crossing over observed in the autosomes of
the exceptional offspring of XXY @ @ is due to a different underlying mecha-
nism from that concerned with the increase in the crossing over arising in the
presence of heterozygous X chromosome inversions, since the latter increase is
not necessarily associated with a decrease in crossing over in the X chromo-
somes.

STeINBERG and WHITE’S (1939) hypothesis requires that no relationship
exist between the length or position of the inversion relative to the chromosome
ends and the interchromosomal effect of the inversion on crossing over. They
suggested that the interchromosomal effect of inversions on crossing over was
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due to an unspecified physiological effect caused by the inversion. It was
pointed out that many inversions are known to cause physiological effects.

It is now clear that most of the physiological (mutational) effects associated
with inversions are due to position effects. Furthermore, neither the position
of the inversion relative to the chromosome ends, nor the size of the inversion
are related as such to the position effect resulting from the inversion. It has
been demonstrated above that neither of these two factors are related to the
interchromosomal effect of inversions on crossing over. Earlier experiments
(see ScHULTZ in MORGAN, BRIDGES, and SCHULTZ 1932, 1933, 1935; STEINBERG
1937, et al.) have shown that the increase in crossing over is affected in all
chromosomes of the nucleus. STEINBERG (1937) showed that the relative mag-
nitude of the effects exhibited by the various chromosomes cannot be ex-
plained as a simple function of the chromosome lengths. He showed that the
magnitude of the increase in crossing over per unit map length of a given
chromosome was a function of the total chromatin of the cell contained in that
chromosome. For these reasons the present authors postulate that the inter-
chromosomal effect of inversions on crossing over is the result of a position
effect.

Position effects may be classified into two groups (with some possible excep-
tions which will be discussed below): (a) those which arise as the result of the
transference of a locus which ordinarily lies close to the heterochromatic region
to a euchromatic region (for example the cubitus interruptus and light loci)
and (b) those which arise as the result of the transference of a locus which
ordinarily is situated in a euchromatic region to a heterochromatic region
(for example, the white and brown loci). A group of possible exceptions is con-
stituted of those position effects which arise as a result of translocations or
inversions in which both breaks occur in euchromatic regions. However, PRoXo-
FYEVA (1939) and KAUFMANN (1939) have shown that interstitial heterochro-
matic regions exist within the euchromatic regions of the X chromosome. It is
conceivable that the latter group of position effects simply involve transfers
from euchromatic regions to interstitial heterochromatic regions and vice versa
and hence are not exceptions at all. It is our belief that the position effect
leading to a change in crossing over arises exactly as do all other position ef-
fects and is subject to the same influences that they are. If this is so, the
presence of a Y chromosome should enhance or decrease the interchromosomal
effect of inversions on crossing over just as it enhances the position effect of
some loci (the cubitus interruptus group) and decreases that of others (the ‘
brown group). Furthermore some translocations should show an interchromo-
somal effect on crossing over (for example, a II-III translocation may effect
crossing over in the first chromosome, etc.), and others should not; depending
upon the regions involved.

No predictions can be made with regard to the role of homozygous inversions
on crossing over in non-homologous chromosomes, since it has been shown that
some position effects have no expression in the homozygous condition (cubitus
interruptus, etc.), while others do (some mottled whites, etc.); nevertheless
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such experiments are worth doing, since they may contribute new facts to
help our understanding of the problem.

Despite the many theories evolved to explain the mechanism of crossing
over, we are still far from an understanding of its basic nature. One difficulty
lies in the fact that the present techniques used to study crossing over have
about reached the limit of their usefulness without giving us the information
needed to solve the problem. It is to be hoped that further studies of the rela-
tionship postulated in this paper between the interchromosomal effect of in-
versions on crossing over and the position effect phenomenon will lead to a
further insight into the problem of crossing over.

SUMMARY

The effects of 12 different X chromosome inversions (table 1) on crossing
over in the third chromosome were measured.

Eight of the inversions caused an increase in crossing over in the third
chromosome, while the remaining four had no effect on crossing over in the
third chromosome (tables 7 and g).

Of ‘t'hose inversions which caused an increase in crossing over in the third
chromosome, all except the y* inversion did so without reducing the inter-
ference value. In the presence of the y* inversion interference is greatly reduced.
These observations were contrasted with those of the Senior author on the
effect of autosomal inversions on crossing over in the X chromosome in which it
was found that a marked decrease in interference occurred in each of the three
test crosses.

There is no relation between the size of the inversion, nor its position relative
to the chromosome ends, nor its effect on crossing over in the X chromosome
and the magnitude of its effect on crossing over in the third chromosome.

The data were examined in the light of the three hypotheses (Scuurtz,
MATHER, and STEINBERG and WHITE) which had been advanced to explain
the interchromosomal effect of inversions on crossing over; only that of STEIN-
BERG and WHITE was found adequate. This hypothesis, which in its original
form ascribed the interchromosomal effect of inversions on crossing over to
an unspecified physiological (mutational) effect of inversions, has been modi-
fied to state that the interchromosomal effect of inversions is due to a position
effect.
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