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INTRODUCTION 

This paper is an attempt to analyze the current theories of crossing 
cver by a study of its normal fluctuating variations in a particular chromo- 
some. I t  is the direct outgrowth from, and indeed in some respects, a 
Fupplement to the studies of crossing over made during the past few 
years in this laboratory.. During this investigation, however, the prob- 
lem has been approached from a different point of view and has made 
iise of rather more adequate methods. 

The problem and the point of view taken may be best defined by con- 
sidering a few of the already known facts concerning crossing over in 
Drosophila. If one counts separately the offspring of a large number of 
back-crossed females heterozygous for a large number of factors, there 

1 A contribution from the Zoological Laboratory of COLUMBIA UNIVERSITY. 
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may be formed from the resulting data characteristic curves of variation 
of the number of breaks for each region of the chromosomes which 
were contained in the females under consideration. The precise form 
of these curves, as well as the location in them of the va!ue calculated 
from the offspring of any particular female, is the result of two basic 
variables, environment and heredity ;-environment, in that the conditions 
>urrounding the germ cells of one female may be more favorable to 
crossing over in one region or mayhap in the whole chromosome than 
the conditions in another female; heredity, in that a gene may, when su1)- 
stituted for another gene in the same locus, influenced in a marked way 
the crossing over in a given region. 

Little has been done toward a direct analysis of factors such as these 
in their bearing on the contending views of the mechanism behind the 
Lrossing-over phenomena. Yet clearly such an analysis offers one of the 
best means of extending our knowledge and furnishes critical evidence. 
The study of interindividual variation offers a way by which the prob- 
lem of the mechanics of crossing over may be attacked. 

Specifically, the direction of the attack on the general problem is that 
oi  the analysis of the variation curve in terms of its component individ- 
uals. A given individual in the frequency distribution may show a par- 
ticularly high rate of crossing over for one section of the chromosome. 
Will it show the same high rate for other sections and, if so, will it also 
show this proportionately high rate for the double crossing over including 
these two regions? Does the substitution of other genes for those nor- 
mally present affect the crossing over in an individual concerned in the 
formation of our variation curve ? These examples will give a definite 
idea as to the general manner of approach to the problem of variation in 
crossing over followed in this paper. 

MATERIAL A N D  METHODS 

Most of the data contained in this paper were collected during the 
years 1915-'16 and 1916-'17 that the author has been a member of the 
Zoological Laboratory at COLUMBIA, the rest was obtained at Cold Spring 
Harbor, Long Island, during the summer of 1916. 

T o  make the conditions as nearly constant as possible with regard to 
temperature, all flies were bred and reared in an incubator controlied by 
a thermostat to maintain a temperature of 2 j" C. Even with this pre- 
caution, it is realized that this is not altogether satisfactory, for in 
summer the outside temperature often rises higher than 25" C. How- 
ever this rise is slight, and it is thought that the conditions have been 
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maintained so constant that temperature variations may be said to be 
negligible. 

But as a 
change was made from fermented banana to an artificial food mixture 
of starch, sugar, peptone, yeast, and water, this factor will be discussed 
in connection with the data. 

The factors used throughout were those which lie in the third chromo- 
some. Enumerated in the order of their position, they are’sepia (.re), 
Dichaete (0’) , curled (c,) , peach ( f i p ) ,  spineless (s,) , hairless (H’) , 
sooty ( e , ) ,  and rough ( y o ) .  These factors are arranged in the chromo- 
some as seen in diagram I. 

Several distinct sets of experiments were made, using different com- 
hinations of these factors. In all cases they were made as back-crosses 
of a heterozygous female to a male homozygous for the recessives car- 
ried by the female. The specific kind of cross that was used in each 
experiment will be given in ’connection with a discussion of the data. 

For the data on the effect of selection on crossing over, all of the mat- 
jngs were made strictly brother and sister. For the rest of the data this 
practice has not always been followed, although it generally has been. 
In all cases the record for the output from each female, represents the 
offspring of that female mated to a single male. The time allotted for 
the hatching of the eggs which were laid is in every case ten days after the 
first fly hatches. Thus the count of a given female is obtained by count- 
ing all flies which hatch during the ten days following the emerging 
of the first offspring from the pupa case. 

I t  hardly seems necessary to say that contamination was carefully 
watched as a source of error in the data. In every case all of the triple 
crossovers were tested to be sure that there were no mistakes. Any other 
cultures which gave extreme results were bred from to test the result. 
From this it is thought that the cultures included in these data are free 
from contamination and non-virginity errors. 

In recording data, each region of the chromosome may be designated 

I t  is probable that food has no effect on crossing over. 

1 2 3 4  --.-- 
s, ex in one of two ways. the first region would 

be either s, D’ or I ; the second region D’ s, or 2 ,  etc. In  this way the 
regions are designated from left to right numerically as I ,  2 ,  3, 4, etc. 
The double crossover may also be recorded as s, D’ and D’ s, where a 
break occurs in the two regions sepia Dichaete and Dichaete spineless 
simultaneously, or it may be recorded as I ,  2 (break in region I and break 

Thus se D, 
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DIAGRAM I 

region 2 ) .  The triple crossovers may likewise be recorded 3 I, 2 ,  3, 
for one including the first three regions of the chromosome. Thus by an 
extension of this method all possible crossovers are recorded. 

The biometrical methods used in the analysis of the statistical material 
are in general not different from those commonly in use. -4 few re- 
marks may not he out of place, however, in regard to the computation 
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of some of the constants in this payer. In the calculation of the standard 
deviation SHEPPARD'S correction for the second moment was not used 
as it is evident to anyone studying the distribution that there is no ap- 
proach to high contact at  one end of the distribution at least. In  the 
back-cross test of heterozygous females, carrying the genes for sepia, 
curled, spineless, sooty, rough, in one chromosome, and for  dichaete, and 
hairless in the other, by males homozygous for sepia, curled, spineless, 
sooty, and rough, all of the calculations were made from ungrouped fre- 
quency distributions. In the formation of the correlation tables all the 
data have been punched on cards and sorted, first into the frequency 
distribution for the first region, then the classes sorted into the fre- 
quencies for the second region to form the correlation surfaces. This 
Forting has all been done by the machine made by the Tabulating Ma- 
chine Company. All of the calculation was done on one of the com- 
mon calculating machines. It is hoped that there are no errors remaining 
in the computations, although it is impossible to be absolutely sure in a 
u7ork as large as this that slight arithmetical slips have not gone by 
unnoticed. 

A BIOMETRICAL SlTUDY OF CROSSING OVER 

THEORETICAL ASPECTS O F  T H E  PROBLEM O F  T H E  MECHANISM 
O F  CROSSING OVER 

Before proceeding to the direct analysis of the problem of crossing 
over, it may be well to consider what the different theories of crossing 
over should give as observed results in a theoretically perfect experiment. 
The theories to account for crossing over which are now extant may 
be reduced to two.' The first of these, brought forward by BATESON 
and PUNNETT, as the reduplication theory, attempts to account for cross- 
ing over as a differential rate of division in germ-cell formation. The 
second takes as its fundamental postulate a twisting of the chromosome 
threads in loose twists. 

If we carry the analysis of what would be expected on the reduplica- 
tion theory to include, besides the single separation, those double separa- 
tions of coupled factors, we would expect only such correlation between 
single separations and the successive double separations as would be 
hrought about by their being correlated to the same thing. In  other 
words, we would expect this relationship to vanish when we used par- 
tial correlations to measure directly the single separations and double 

' In  view of the recent criticism by STURTEVANT and BRIDGES of the hypothesis to 
account for crossing over brought forward by GOLDSCHMIDT, it seems to me wise to 
await the reply before considering it further. 
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separations. This is just what we would not expect on the twisting 
hypothesis of crossing over. Let us consider the case of a fixed point 
of twist having a known variation around a mean ratio ( a )  from the 
fixed point for the second twist. Sow, if we take successive ratios of 
crossing over along this chromosome, with a break at  one fixed point, 
what is the likelihood of another simultaneous break in successive re- 
gions as we progress along the chromosome away from the fixed point? 
Surely, it will increase to the mode of our frequency curve of the ratio 
for twist, and diminish from that toward the further end. Thus one 
of the strongest pieces of evidence that can be given for the twisting 
hypothesis to account for crossing over will be given if we can show 
that there is such a rise and fall in single and double correlations. 

There are, unfortunately, some difficulties in our data which should 
be pointed out. In the first place, it is impossible to limit our first break 
to a fixed point because there are not enough good factors close enough 
together to do this. I t  is necessary, therefore, to take a small segment 
of the chromosome from which to measure. The successive regions taken 
t c ~  divide the frequency distribution of twisting have to be uneven inter- 
vals and further the interval in one of our segments (es y o )  has to be 
quite long. These are physical difficulties which I see no way of over- 
coming. They are not difficulties which in any way vitiate the conclu- 
sions, however, for in every case the effect is such that it subtracts from 
the numerical value of the coefficients measuring the relationship. Thus 
conclusions drawn from these coefficients have a big margin of safety. 

These difficulties should, however, be kept constantly in mind in weigh- 
ing the value of the evidence. Specifically, in our data, region ea r, is 
poorly suited to this study because it is so long that should twists occur 
hetween 25 and 30 units apart the second twist might fall in either of 
two regions (s,D’ or D’,), depending on whether the first one is near 
e, or ro. The mid-regions are also not well suited to this study as the 
regions on either side are not long enough to enable the mode of the 
curve to appear, if the modal frequency of twisting is about 25 units. 
The s, D’ region considered in connection with the rest of the data is, 
however, well suited to the study, for here the first region is short and 
so located at  the end of the chromosome that it has the whole length of the 
chromosome for the other twist to fall. Consequently, it is to that re- 
gion which we will pay most attention in our subsequent analysis. Some 
(,ther difficulties, such as genetic variations of crossing over, which if 
present materially influence our conclusions, will be the first to receive 
consideration. 
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Per- 
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3 3  
1.66 
7.50 

12.08 
18.34 
22.93 
15.84 
12.51 
5.41 
I .25 
1.25 
.4I 

FREQUENCY DISTRIBUTIONS O F  T H E  VARIATION I N  PERCENT O F  SINGLE AND 
DOUBLE CROSSING OVER I N  T H E  THIRD CHROMOSOME OF DROSOPHILA 

The frequency of the percentage of crossing over for the various re- 
gicns is shown in tables I and 2 ,  both in absolute figures and in per- 
centages. 

-- 
Fre- 

quency 
-___ 

2 

IO 

30 
51 
57 
31 
27 
16 
9 
5 .  
I 

I 

Per- 
cent 

crossing 
over 

0-2 

2-4 

6-8 
4-6 

8;IO 
10-12 

12-14 
14-16 
16-18 
18-20 

22-24 
24-26 
26-28 
28-30 
30-32 
32-34 

20-22 

34-36 
36-38 

Total -- 

Fre- 1% 
quency 
______- 

IS 7.50 

TABLE I 

se SS e’ ro 
Percentage of single crossing over ( 1. L3’ 

Fre- 
quency 

Region I 1 1  Region 2 

45 1 18.76 I 
57 I 23.76 I 
44 I 18.34 
29 I 12.08 
19 I 7.91 
11 I 4.59 
4 I 1.66 
3 I 1.25 

I 
___-- 

240 I 100.00 

Fre- 
quency 

2 

4 
18 
29 
44 
55 

30 
I3 
3 
3 

38 

I 

I 

3 

5 
I3 
I5 
38 
34 
48 
28 
23 
I7 

7 
5 

2 

I 
I 

240 
-- 

240 1 100.00 I /  240 

Per- 
cent ’ 

.83 
4.16 

12.51 
21.26 

12.92 
11.25 
6.66 
3.74 
2.09 
.4I 
.4I 

23.76 

100.00 

Region 3 1 1  Region 4 

Per- 
cent 

1.25 

2.09 
5.41 
6.25 

15.84 

.83 

14.17 
20.00 

I I .67 
9.58 
7.08 
2.92 
2.09 

.4I 

.4I 

100.00 

In  engaging in any discussion of the distributions and the interrela- 
tions between them, it seemed advantageous to have the physical con- 
stants, mean, standard deviation, and coefficient of variation, before us. 
In the calculations of these constants SHEPPARD’S correction for the 
second moment was not used. 

A number of interesting points are brought out by this table : 
I .  I t  will be seen that the crossing-over ratio for D’s, obtained by 

summation of the values for D’c, and c,s, that the sum is only 8.388 
percent, as against 9.483 percent for the cross which does not contain 
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TABLE 3 
Physical coitstants for the frequency distributions of the third chromosorne. 

213 

Region 

se D'H 
Se ss* 
se e'* 
se ro* 
D' cut 
D' sss 
D' e'* 
D' yo* 

cu sst 
ss H't 
ss e's 
ss ro*  

H est 
e' r 8  

seD' and D'sd 
seD' and ssesS 
seD' and esro$ 
D'ss and ssess 
D'ss and e"rd 
sse' and esroJ 

Mean 

10.w & .166 
20.383 t 276 
30.458 z .361 
50.858 & .GO 
2.845 k ,297 
9.483 & . I j O  

19.558 t 258 
39.958 f .330 
5.543 & .I% 

9.862 t .251 

30.475 & 266 
1.173 f 258 

20.400 f 216 

IO.Oj5 f .165 

1.065 ? .045 
1.273 f .O4I 
2.170 & .063 

.6Gg f .02j 

1.498 ?I .os3 
.613 f .ozg 

Standard 
deviation 

3.807 & .117 
6.332 t .ZOI 
8.282 t 263 . 
9.654 t .306 
2.680 & 2 1 0  

3.907 f . I20 

5.916 f .188 
7.568 t 240 
1.677 & .131 

3.785 If: .117 
6.103 '. .1g2 

4.957 -c .I53 

2.263 & .I77 

2.323 f .I82 

1.029 -C .032 

1.458 f .045 
.613 t . o ~ g  

.672 f .on 

.950 2 .OZg 

1.210 2 .OS7 

Coefficient of variation 

34.923 f 1.199 

31.003 & 1.074 
27.1% * ,917 
18.623 * .624 
58.956 f 5.885 
41.201 k 1.468 
30.335 * 1.034 
18.513 t .624 
40.823 f 1.636 
23.558 f A75 
37.570 f 1.310 

62.980 t 6.414 
19.47 f .651 

24.300 f .791 
96.651 2~ 5.040 
74.636 f 3.341 
67.178 C 2.853 

100.766 * 5.401 
80.792 & 3.777 

109.750 c 6.240 

* Compound constants calculated from the separate components by summation. 
t Calculated from ungrouped frequencies of table A (Appendix, p. 241). 
S Calculated from grouped frequencies of table D (Appendix, pp. 243-247). 

the gene for c,. Likewise, in the summation of the values s,H' and H'e, 
there is quite a considerable difference from the result obtained in the 
cross without H' (11.035 to 10.075). I t  remains for a further section 
of this paper to discuss whether or not these differences are significant. 

2 .  I t  will be noted that there is a very high coefficient of variability in 
practically every ratio, this variability being greatest when the mean 
crossing over ratio is small. Thus, it may be said that when dealing 
with factors which separate only rarely there is to be expected great 
fluctuation in the value of the ratio of crossovers to the total number of 
flies. 

3. I t  is further to be noted that the variability in the number of double 
breaks is markedly higher than when the variability of the single break 
is considered. This high variability is no doubt due in part to the small 
absolute number of double crossovers which are expected. However, this 
does not in any measure account for the whole of it. From the table 
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we can safely say that double crossing over is an extremely variable 
character. 

X comparative view of this variability will give us a better basis 
for judging of its real magnitude. A constant is so named because it has 
a low variability, and as this variability becomes greater , its action is 
measured by so-called laws. Now, it will be interesting to compare some 
of the morphological characters which more nearly approach physical 
characters and some more nearly physiological characters with the values 
for crossing over. 

3. 

TABLE 4 
Variation constaats for various characters. _ _ _ ~  

Poland-China swine 
Man 
English males 

Cattle 

English 

Drosophila 
Drosophila 

Domestic fowl 

Domestic fowl 

variation 

SURFACE (1909) 
POWYS (1905) 

Size of litter 
Number of children 

Rev. maximum daily milk yield 18.00 ~ GAVIN (1913) 

Length of skull 3 31 , MACDONELL (1904) 

Single crossing over 18.51-58.96 IThis paper 
Double crossing over 67.18-109.76 This paper 

Heart weight GREFXWOOD and BROWN 
(1913) 

Shell weight of eggs I3.86 CURTIS (1914) 

Breadth of egg 3.29 PEARL (1914) 

A glance at this table suffices to show how much crossing over in dif- 
ferent females varies. Even the lowest values stand well up among 
the characters which are more purely physiological in character and the 
highest value is much above that which is ordinarily found even in the 
physiological characters. Such a high variability demands explanation, 
and it will be the function of a succeeding section of the paper, where 
the data has been collected for it, to attempt such explanation. 

\'ARIATION I N  CROSSING OVER B E T W E E N  TWO F I X E D  P O I N T S  I N  EXPERI-  

M E N T S  CONTAINING O T H E R  INTERMEDIATE GENES 

In undertaking a discussion of crossing over, a matter of prime 
importance is the question whether or not a change in the genes between 
two fixed points influences the amount of crossing over between these two 
fixed points. 

It has already been shown by STURTEVANT (1917) and MULLER 
(1916) that there are disturbing factors in the second and third chromo- 
somes which reduce the crossing over of the factors located in their re- 
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spective chromosomes. In every case these disturbing factors have quite a 
considerable effect, as, for example, the cutting down of crossing over 
from about 50 percent to I percent. Now the question arises, do all 
factors influence crossing over? Is an effect on crossing over as much a 
function of a gene as the eye color or the body color that is given to an 
animal by its presence? A partial answer to this problem may be had 
by a comparison of the crossing-over value for two sets of data in which 
it is known that in the first set a given gene is present which is not pres- 
ent in the second set. To this end the following data were collected in 
which heterozygous females of the composition indicated for each distri- 
bution were crossed with males homozygous for the recessives carried 
by the female. 

I t  will be seen on examination of these tables that they differ from 
each other in having a different set of factors run in combination with 

A BIOMETRICAL S'TUDY OF CROSSING OVER 

Non- 
crossovers 

0 

1459 

certain common factors. Thus, table 5 differs 
formed from a cross which has a chromosome 

Single Double Triple 
crossovers crossovers crossovers Total 

._._____ _____ __ 
4 1 9 2  193 114 293 294 374 1,273 1,274 

2 \ < - \ $ \ - 4 g  ~ \ ~ - l ~ l < - \ ~ ! ~  -- 

TABLE 5 
se ss e' ro 

Genes, 
D' 

from table 6 in being 
carrying dichaete sub- 

Non-crossovers I Single crossovLrs I Double crossovers 

Triple crossovers 
Quadruple 

crossovers Total 

TABLE 6 
se ss ea ro 

H' 
Genes, 
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TABLE 7 
D' pp SS cS ro 

GEIICS,  

TABLE 8 

D' H' 
SC CU Ss CS ro 

Gciies, 

Non- 
crossovers 

Single Double 
crossovers crossovers 

0 

4664 

stituted for one carrying hairless. Table j differs from table 8 in having 
a chromosome carrying dichaete substituted for one carrying both dichaete 
and hairless. 

This, then, gives the data necessary to test out the previous question, 
Is an effect on crossing over as much a part of the function of a gene 
as the character produced by i t?  For if the gene is not an integral part 
of the mechanism, but is simply carried along by it, it would be expected 
that a gene's presence would have no effect on crossing over. But if 
allelomorphs are granules of varying physical characteristics in the chro- 
mcsome and crossing over takes place by the breaking of finely spun-out 
twisted threads, it would be expected that one type of granule substituted 
for another type of granule would affect the position and number of 
Freaks in a chromosome, much the same as the breaking of the strands of 
n wire cable in a given place is influenced by whether German silver or 
steel occupies that place. All that is necessary is to compare the con- 
5tant elements of these distributions as they would have been, supposing 
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that the gene in question had not been there. To compare the cross 
dichaete heterozygous with hairless heterozygous all that is necessary is to 
redclce the distribution of table 5 to what it would have been in a cross 
s, s, k es ro 

As it 
was impossible to follow the kidney factor ( K )  in the presence of rough, 
it was not counted. 

A BIOMETRICAL STUDY O F  CROSSING OVER 

neglecting dichaete and hairless as in table 9. 

TABLE 9 
1 I I 1 

3 I , Z  I, 3 2,3 
Formula of Reduced 
back-crossed 1 formula 1 o 1 I 2 

female I 

TABLE IO 

Rcduct ion  of crossing ovcr  of table 9 to  single crossovcr in each region. 

I 
I 
I 

female I 

Formula of Reduced 
back-crossed I formula I o I 2 3 

Without going into further detai1,the eight possible arrangements of 
These five tables were made for the comparison of the effect of their differ- 
ent factors on the crossover ratios between the common factors. The 
measure used for this comparison was the well-known x2 test of PEAR- 
SON. Since none of these were theoretically fitted frequency curves, the 

. comparison was made only between the non-crossovers and single cross- 
overs (obtained by summation) of each distribution. In this way the 
danger of q being small in the case of double crossovers is avoided. In 
the following table are given the results of the comparisons of these 
distributions. 

From this it is seen that even taking the greatest probability (that of 
the two curves D' heterozygous and H' heterozygous being the same), the 
adds against any of these curves coming from the same population are 
all more than three times the probable error ( 2 5  to I ). The disturbance 
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T.\BLI: I 1  

~e ~s k C' 1.0 se ~s k eS T O  

and 
D' H' 

U'  

D' D' H' 

LJ' H' H' 

L)' H' 

se ss k e" U' bP ss 12 ea yo 

.se ss k e' vu se cu ss k e' T O  and - - 
se c,, ss k c6 ru se ss k cs v0 _-_-- and - 

s e  ca ss 12 cs ro D' b" ss k e' r, 
and 

and ----- 

- 

I 
I Less than 

.039859 

234.76 1/IOM 

I / IOI* 82.81 

29.94 .00000~ 

307.05 

8.37 I 
I I/IOM 
I 
I' 

does not necessarily confine itself to the region occupied by the gene, as 
a study of the distributions will show. I t  may be anywhere and its effect 
may be more or less pronounced. In general, however. the effect is not 
z s  great as that of the previously found modifiers for crossing over. 
From this it follows that each gene has been accompanied by a distur- 
bance in the crossing-over mechanism. This disturbance, it seems to me, 
may be due to the difference in the strains and stresses set up in the 
chromosome by different types of particles. 

The essential conclusions to be drawn from this section of the work is 
that only those experiments containing as nearly as possible the same 
genes can be used in any critical study of crossing over and that the 
;mount of crossing over between two fixed genes is a variable quantity, 
depending on the genes which are present. This does not mean that the 
crossing-over ratio is not a good means of measuring the position of the 
factors in a chromosome, it merely means that the scale from experiment 
to esperiment may vary. Thus we should carefully consider the factors 
present in every experiment. 

DOES FOOD OR SEASON INFLUENCE CROSSING OVER ? 

T o  test this, it becomes necessary to divide our records (table D) at the 
places where a change of food occurred. The distributions resulting may 
Then be compared by means of the previously described test, x2, for simi- 
larity. Table 12 gives the distributions and the x2 with the resulting 
probabilities that the various distributions can come from random sam- 
])ling. Thus the x2 value of 9.78 obtained by the comparison of the dis- 
t-ribution resulting from the use of fermented banana and of a starch- 
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sugar mixture for food indicates that once in 22 such trials as good or 
worse a fit would be expected. 

TABLE 12 

Distribu- 
tions 

compared 

1 

xz z 3 4 1 Total 
I 

Fermented banana I /  4456 866 744 779 1691 
S tarch-sugar 

mixture 
4944 100g 922 959 1824 
5797 1193 962 1132 2159 

I l- 
8536 

11244 
9658 

I & I1 9.78 
I1 82 I11 5.78 
I & I11 1 6.91 

This gives a fair chance that all three curves are samples from the same 
liopulation as would be expected a priori. The second and third distribu- 
tions are the much better-fitting divisions. From this it may be con- 
cluded that the food used has little or no effect on crossing-over. Since 
ihe divisions may also represent divisions for different seasons, it fol- 
lows from this that seasons have little or no effect on crossing over unless 
one takes the doubtful stand that the effect of food and season exactly 
counterbalance each other. 

CROSSING OVER I N  RELATION T O  MODIFYING FACTORS 

It is too obvious to require experimental demonstration that modify- 
ing factors for crossing over ivould influence in a marked way the data 
obtained for crossing over in a large number of females where such modi- 
lying factors were present. 

In an earlier section of this paper it has been shown that such a 
crossing-over disturbance does occur when known and accompanying 
unknown genes are introduced between fixed p in ts .  Now, it is con- 
ceivable that there are unknown genes in any cross which may cause 
crossing-over disturbances and will be distributed unevenly in the female 
whose offspring are counted. This uneven distribution will make the 
results from such a cross heterogeneous. The test of whether or not the 
material to be used in the succeeding study of crossing over is homo- 
geneous will be dealt with in this section. 

If we select only the females giving the lowest total percent of cross- 
ing over in the chromosome in question, we should lower the percent of 
crossing over if  modifying factors are present. Such a selection experi- 
ment has been performed, the selection continuing for six generations 
of strictly brother-and-sister matings. In some respects these data are 
unsatisfactory. The chief difficulty lies in the few individuals that it was 
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Parent-and-off- 1 i 
spring correlations /-.06412.1 IO; I .0297*.3369 .1500-t.2484 

possible to include in a given generation. In this way a large individual 
variation is possible which may in some cases obscure the results. How- 
ever, taken as a whole, I think it will be found to answer the question, 
ior the constants are rather uniformly the same in showing no effect of 
>election. 

The material chosen for this selection experiment was the cross, male 
homozygous for sepia, spineless, kidney, sooty, rough, mated to a female 
heterozygous clichaete and sepia, spineless, kidney, sooty, rough. This 
cross is chosen as it is to be the cross used in the study of the mechanism 
~f crossing over which is to follow. The reductions of the data to their 
means and correlations for each given generation are tabulated in 
table 13. 

1 
-.1348t.1912~-.0780t.2021 

TABLE 13 
I 

Generation 

Xleaii total of crossing over 137.97i.970/ 47.81C1.274 /49.67i1.929 i49.03&1.272, j j.7j=k1.09 

=2 like experiment has been made for selection of females with high 
percent of crossing over; the results are seen in table 14. 

TABLE 14 

I t  is evident from this data that while the probable errors are large, the 
data are in accord in showing no effect of selection. This is even more 
Ftriking when one considers the individual pedigrees where one generation 
niay jump to the other extreme from its parent. 

In this connection, it seems to me especially instructive to compare the 
correlations obtained by MACDOWELL ( 191 7) during his selection cxperi- 
ment with those we have here. After selection had been continued for 
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more than fifty generations, the parent and offspring correlations in one 
set of experiments for the bristle number were -0.1436 for the males and 
-0 .1378  for the females, or correlation of about the same magnitude as 
those in the experiment given above. Thus we see that in actual magni- 
tude the correlations are about the same size for our experiment as those 

DIAGRAM z 

for an experiment carried on for some fifty-four generations where it 
was shown that selection had no appreciable effect after the first six 
generations. I t  seems a justifiable conclusion to be drawn from the above, 
the origin of the stock from a single pair, and the subsequent long in- 
breeding, that the records are homogeneous and without heterozygous 
modifying factors for either reduction or increase in crossing over. The 
crossing-over mechanism is, then, working in a system of events con- 
trolled only by the mechanism used in crossing over for the particular 
set of factors. 

ON THE RELATION BETWEEN NUMBER OF OFFSPRING AND VIABILITY OF 

THE FACTOR COMBINATIONS USED 

As an explanation of the difference of expected from obtained ratios 
in some crosses, the hypothesis of differential viability has been proposed. 
This is on the face of it a legitimate hypothesis for such results, as it is 
known that some combinations of factors are less viable than others. 
Now, in a bottle of a large number of flies, where crowding takes place, 
it is an easy step to consider that in the competition more of the less 
viable combinations of factors die. Since this cause might be a disturbing 
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influence in the ratios obtained in these experiments, i f  one combination 
of factors were less viable than another, it becomes necessary to test for 
disturbances of linkage due to inviability. If it is considered that the 
number of flies produced by a bottle is a suitable measure of its condition, 
then if t k r e  is a disturbance of the linkage due to the viability in any 
given combination with variations in food or crowding, it would be ex- 
pected that the ratios obtained for such bottles would be correlated. I€ 
we find no such correlation it is justified to conclude that no such dif- 
ference in viability of factors remained unbalanced in our experiments. 
Table 15 shows the correlation for the given Combinations of factors 
and the bottle output. 

TABLE I j  

Region 1 Correlation I Region I Correlation 

Thus it will be seen that only in two cases does the correlation run as 
high as 0.1. Even this is only slightly above two times the probable er- 
ror and therefore cannot be considered as significant. W e  may conclude 
with safety, then, that in no combination of factors which resulted from 
the crosses that were used did unbalanced differential viability exist. 

The general conclusions which may be drawn from the first part of 
this paper are: 

I .  Crossing over between two fixed points is highly variable both rela- 
tively and absolutely. 

2. A change in genes between two or more fixed points in the third 
chromosome may be accompanied by a slight disturbance of the crossing- 
aver ratios between these fixed points. 

3. The food used had no effect on crossing over. 
4. I t  is highly probable that there were no unequally distributed modi- 

fying factors for crossing over at  work in our data for the back-crossed 
females heterozygous for dichaete and sepia, spineless, kidney, sooty, 
rough, to be used for the critical study of crossing over in the succeeding 
section. 

5. There is no effect of unbalanced differential viability resulting from 
any of our combinations of factors. 
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#Coefficient 

correlation 

I and 2 0.7136 2 .0213 2 and 4 
I and 3 0.7888 2 .or64 2 and T* 
I and 4 0.7426 & .OIg5 3 and 4 
I and T* 0.8108 1 .014g 3 and T 
2 and 3 0.6761 2 .0236 4 and T 

Section Section 

O N  T H E  RELATION O F  CROSSING OVER TO POSITION 

In  any study of the crossing-over mechanism an adequate analysis of 
the problem must include a knowledge of the relation between the total 
crossing over in one part of the chromosome and the total crossing over 
in the remaining regions. Toward the solution of this phase of the 
problem the data in table D (page 243) have been collected. The cross 
of a homozygous sepia spineless kidney sooty rough male mated to a 
heterozygous female sepia spineless kidney sooty rough on one side, 
dichaete on the other, is the same as that used in our selection experi- 
ment where the stock was shown to be free from factors modifying the 
crossing-over ratios. For want of space the formed correlation tables 
have been omitted. All correlation coefficients have been calculated by 
the usual formula, 

4 X Y )  

N%U, 
r =  

The problem presents some difficulties as the above formula does not 
give the true correlation as uninfluenced by other associated variables. 
For obtaining.these it is necessary to resort to the use of partial correla- 
tions. The fundamental correlations are shown in table 16 with their 
probable errors calculated by the help of the tables edited by PEARSON 

TABLE 16 
Coeficients of correlation for total crossing over in the different regions of the chromo- 

some, together Zpnth those for  number of offsprirtg. 

(1914). 

Coefficient 
of 

correlation 

0.5985 1 .0280 
0.6628 f .0244 
0.7410 -C .or96 
0.8335 1 .or33 
0.8782 1 .or00 

* T stands for the total offspring output per female. 

In every case the correlations are high and many times their probable 
errors. This table furnished us the material for calculation of the corre- 
lations between the different regions when the effect of difference in num- 
ber of offspring per mating, on the correlation between two given chro- 
mosome regions, is eliminated through the use of partial correlations. 
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TABLE 17 
Partial correlations deduced fYom table 16. 

Regions 
correlated 

I and z .T 
I and 3 .T 
I and 4 .T 
2 and 3 .T 
z and 4 .T 
3 and 4 .T 

Partial correlations 
(Total constant) 

.4019 .036; 

.3492 & .O38Z 

.IO93 2 .0430 

.0458 & .0435 

.OS41 2 .0435 

.z@ 2 .0396 

The correlations range from 0.4019 to 0.0341, from nine times the 
probable error to insignificance. An interesting relationship is apparent 
in this range of correlation. Considering any given region correlated 
with the remaining regions, the algebraic value of the correlation co- 
efficients is greatest for the first left-hand region and diminishes toward 
the right hand. This is clearly brought out in table 18, together with the 
differences and their probable errors calculated by the usual difference 
formulae. 

TABLE 18 
Correlation and differences f o r  the single CrossoZreYs of successive chromosome 

segmevats. 

Regions 

I and 2 .T 
I and 3 .T 
I and 4 .T 
2 and I .T 
2 and 3 .T 
2 and 4 .T 
-- 

Coefficient 
of 

correlation 

.4019 
.3492 
.IC93 
-4019 
.29% 
.0458 

Coefficienk 
Difference Regions of 

3 and I .T .3492 

Difference 

.Os04 k .OS50 

.2647 k .os84 

.0635 +- .&I1 

.0117 & . 6 1 5  

The significance of these differences becomes apparent by a com- 
parison with their probable errors. In each case the relation of the 
crossing over between the I and 3, 2 and 3, and 3 and 2, with the 
fourth I and 4, 2 and 4, and 3 and 4, is quite significant. The other 
values do not have such great significance, some of the .greater dif- 
ference in the case of the fourth region may be due to its greater 
length. The consistency of the relationship leads one to suspect that 
it is more than chance, even though the differences are not great in 
comparison with the probable errors. 
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The fact that all of the eight differences between adjoining sec- 
tions arranged in order from left to right are positive when the like- 
lihood a priori is equal, as to whether any given difference shall be an 
excess or defect, is greatly in favor of the view that this is not a chance 
relationship, but is one brought about by some inherent cause in the 
mechanism of crossing over. Taken at its face value, this graded scale 
of correlation means that the conditions in a given female favorable to 
a given grade of crossing over in the first region is in a less degree favor- 
able to  crossing over in the second region and to a still less degree to 
crossing over in the regions to the right of the second. 

It is further brought out that the distribution of the single crossovers 
for the different segments of the chromosome is by no means a random 
sample. They are associated variates. This conclusion is important in a 
number of ways. The chief among these is that in treating any expec- 
tation for double crossovers as the product of the single crossovers, 
either as just the single observed crossovers or as the single crossovers 
obtained by summation, we are committing a grave error. The error 
lies in the fact that we do not take into consideration that they are in gen- 
eral correlated variates. 

Because of the importance of this correlation and to  further test its 
generality another experiment was performed, using a larger number 
of factors. The cross used for this was a male homozygous for sepia, 
curled, spineless, kidney, sooty, rough, mated to a female heterozygous 
€or dichaete, hairless on one side, and sepia, spineless, kidney, sooty, 
rough, on the other. It is realized that this distribution is not compar- 
able with the preceding one, yet should the mechanism of crossing over be 
the same, the manner of crossing over in the two cases should be alike, 
even though the absolute values were different. 

It is realized only 
too keenly that they are based on rather small numbers; as measured by 
the standard of the probable error, however, they are significant. Not 
only that, but taken in consideration with the preceding data it is be- 
lieved as greater numbers are gathered that the correlations will remain 
practically the same except for a little tendency to smooth. Table 19 
gives the correlation for the successive regions calculated from the un- 
grouped frequencies by the use of the ordinary formula. 

By examination of this table it is seen that it substantiates a former 
conclusion that the crossing-over values for various sections of the 
chromosome may be, and generally are, correlated variates. This corre- 

The correlations for this cross are given below. 
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TABLE 19 
Coeficients of correlatiolz for the successive regions of the third chromosome. 

Section 

se D' and D' cu* 
Se D' and cu ss 
se D' and ss H' 
se D' and H e" 
se D' and es r ,  
D' cu and cu s. 
D' cu and sa H' 
D' ou and H' e" 

Coefficient 
of 

correlation 

0.5792 k .U677 
0.3100 t .WII 

4.0070 t .1m3 
0.1920 rt a971 
0.2224 2 .og58 

0.4440 t .o%g 

0.3970 & .0849 
4.1330 f .OggO 

Section 

D' cu and e.  r, 
cu ss and ss H' 
cu ss and H' e' 
cu ss and es  r, 
ss H' and H' e' 
ss H' and e' To 

H' e' and e' ro 

Coefficient 
of 

correlation 
~~ ~ 

0.0640 * .1004 
0.1945 2 . O M  
0.2752 t .0932 
0.2023 -t .a367 

-0.2003 + .0967 
0.1194 * .a 

4 . 2 3 6 4  -I. 9 5 2  

*The total number of offspring for each section held constant by the method of 
partial correlations. 

lation runs as high as 0.5792 and drops to -0.2364. The correlation for 
the H'eS distance is seen in most cases to be abnormal. This is probably 
due to the fact that the ratio for crossing over of this section is rather 
small in absolute magnitude and since there are only a few crossovers ex- 
pected with the number of individuals small, the crossing-over values are 
subject to considerable variation. For this reason where more individuals 
are included in the data this discrepancy will straighten out and fall in 
line with the observations previously made. This conclusion is justified, 
it is thought, for when the data are plotted the curve of the successive re- 
gional correlations of the smaller series onto the curve of the successive 
regional correlations for the larger series of data, the curve of the larger 
series is seen to bisect the fluctuations of the smaller series as would be 
expected if they were samples of like populations governed by the same 
mechanical laws. Thus, barring the slight modifications of the double- 
crossover values caused by the kind of intermediate factors present, in 
general the relationship previously established is seen to hold. 

Thus, there is a correlation between the crossovers in a given region 
2nd the crossovers in successive regions. In  general, this relation between 
crossing over in the various regions is greatest between the region toward 
the left-hand end of the chromosome and the region under consideration, 
That is, high crossing over in region BC is more likely to be correlated 
with high crossing over in AB than in the region of CD. 
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ON T H E  RELATION BETWEEN CROSSING OVER I N  ONE REGION AND 
CROSSING OVER INCLUDING TWO REGIONS AT A TIME 

The question having most immediate bearing on the mechanism of 
crossing over is: What is the relation between crossing over in one re- 
gion and crossing over including two regions at  a time, for the successive 
segments of the chromosome? The importance of the question lies in 
the fact that if it can be shown that the value of the double crossovers 
falls in the ordinary cocked-hat frequency curve, it indicates that there is 
a definite modal length for maximum amounts of double crossing over. 
Such a modal length is accounted for by the twisting hypothesis of 
crossing-over as due to the chromosome threads lying across each other 
in loose twists during the stage at which crossing over takes place. If it 
can be shown that the double crossing-over ratios do rise and fall for 
each of the successive segments of the chromosome studied, it not only 
strengthens the twisting hypothesis, but puts the only other existing 
hypothesis of reduplication in the forced position of adopting another 
co-hypothesis to account for the fact, as has been shown in the previous 
discussion of the theory. T o  make a study of the crossing-over relation- 
ship secure and to be sure that our deductions ark not based on a false 
groundwork, it is necessary to carefully consider how the experiment is 
performed. All factors that are to be compared should be put together in 
the same experiment and only data known to be alike in modifying fac- 
tors used. Such data are at  hand in the data on back-crossed females 
contained in our records for the back-crossed female sepia, spineless, 
kidney, sooty, rough, on one side, the dominant dichaete on the other, as 
has been shown by the previous parts of this paper. Before beginning 
the mathematical analysis of the data it may be well to consider some 
general aspects of the material as presented. There is one difficulty 
which must be taken into consideration when considering all measure- 
ments containing the region earo, that is, this region is about twice the 
value of the other regions under consideration. Unfortunately, it was 
impossible to get this region broken up into smaller parts, for as yet 
no good factor is known to occupy this region. This high ratio of 
crossing over means that if the length of the double crossing over is of a 
value such that the two extremes of the long e?, region fall so as to in- 
clude two segments, the data will have a bimodal distribution and our ob- 
served correlation will have a distorted value. This possible distortion 
should be kept in mind when considering the data, and in general the main 
conclusions should rest on observations of the shorter distances. 
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Doubles 

I, 2 
I, 3 
1, 4 
2, 3 
2, 4 
3, 4 

The first difficulty confronted is the fact that the single crossovers in 
the various regions of the chromosome are correlated variates partly 
dominated in their position of breaking by some such cause as the plasma 
surrounding them. Thus it becomes necessary in a critical experiment 
to determine the mode of distribution of the breaks in a chromosome, to 
keep the single-crossover correlations constant throughout the length of 
the chromosome in females used in the experiment (constant with regard 
to its quality to influence double crossing over). Since the influence of 
this relation has been measured by the correlations of the different regions 
of the chromosome with one another, a mathematical universe may be 
formed to measure the double crossovers as they would have occurred in 
an experiment where the surroundings of the chromosomes are constant. 
In other words, in this way the obstacle of differential single crossing over 
as regards the various regions of the chromosome is removed. When this 
is done it is possible to measure the relation that exists in the double 
crossovers of the successive regions of the chromosome, knowing that it 
is only the effect of the chromosome mechanism that is studied. 

T o  the end of establishing such a universe, it is necessary to obtain 
the relationship between the successive regions of the chromosome for 
double crossing over as they occur in a universe affected by the correlation 
of the single crossovers for the different regions. To this end the data 
given in table 20 were collected. 

Region I 
correlation 

0.5578 C .03m 
0.7724 rt .0176 
0.6483 & .0253 

0.4810 2 .os35 
0.4220 3- .0358 

0.1795 t .O&I 

TABLE 20 
Correlations between single and double crossovers and number of ofls’spring per mating. 

Region 2 
correlation 

0.6336 rt .0260 
0.6239 & .0266 

______ 

0.404 .OS35 
0.3572 2 .Os80 
0.6258 2 ,0265 
0.4269 t .0356 

Region 3 
correlation 

0.4421 2 .OS50 
0.7073 2.0218 
0.5730 2 .O292 

0.472 2 .0348 
0.3285 rt .0388 

0.5336 rt .o311 

Region 4 
cor relation 

0.3634 * .0378 
0.5640 t .om7 
0.6202 +- .0268 
0.1375 k .O&7 
0.4907 * .0330 
0.489 & .0348 

Total 
offspring 

0.6180 +_ .O&I 

0.6224 2 .0267 

0.4249 * .0357 
0.3830 +_ .os72 

0.3857 2 .OS71 

0.1734 & .0422 

Before tabulating the constants which will be necessary to the final 
study, the establishing of the linearity of regression for the tables from 
which the fundamental correlations of table 16 and table 20 have been 
deduced, is necessary. The constants to determine this are given in 
table 2 I .  



A BIOMETRICAL STUDY OF CROSSING OVER 229 

Characters 
correlated 

T and I 

T and 2 

T and 3 
T and 4 

T and I, 2 
T and I, 3 
T and I, 4 
T and 2, 3 
T and 2, 4 
T and 3, 4 

I and 2 

I and 3 
I and 4 

I and I, 2 

I and I, 3 
I and I, 4 
I and 2, 3 
I and 2, 4 

2 and 3 
2 and 4 

2 and I, 2 

2 and I, 3 
2 and I, 4 
2 and 2, 3 
2 and 2, 4 

___ _.__ 

I and 3, 4 

2 and 3, 4 
3 and 4 

3 and I, 3 
3 and 1, 4 
3 and 2, 3 
3 and 2, 4 
3 and 3, 4 

4 and 1, 3 
4 and 1, 4 
4 and 2, 3 
4 and 2, 4 
4 and 3, 4 

3 and I, 2 

.i and I, 2 

TABLE 21 
Criteria for linearity of regression. 

~ 

r 

__-___ 
,8108 f .0149 
662% t .c244 

8782 k . o m  

.61% t .0269 

.6224 f .0267 

.I734 t .0422 
,4249 f .0357 
.3830 t .OS72 
.7136 f .0213 
. 7 W  t .0164 
.7@6 f .0195 

.8335 t .OI33 

,3857 k .037I 

.5578 2 .0300 

.7724 .0176 

.6483 f .0253 

.I795 c ,0421 

.48IO .OS35 

.4220 & .0358 

.6761 f ,0236 

.5@5 t .0280 

.6336 f .02b 

.6293 .0266 

.4804 2 .os35 

.3572 f .O3& 

.6258 2.0265 

.4269 2 .0356 

.74IO 2 .OI% 

.a21 2 .OS50 

.TO73 f .0218 

.5730 2 .0292 

.3285 f .0388 

.5336 '. .031 I 

.3634 f ,0378 

.5640 t .ozg7 

.6202 2 .0268 

.472  f .0348 

.I374 & .0427 
4907 2 .OS30 
.& f .0348 

rl 

2275 t .0137 
.6733 t .0238 
.8439 2.0125 
-8847 f . w 4  
.4&5 2 .0363 
.6563 f .0248 
.6394 2 .0258 

.4436 2 .0350 

.4008 t .0365 

.7307 2 .0203 

.7472 2 .0192 

.5752 f .0291 

.7788 t ,0171 
,6728 2 .oqg 

.I971 k .O4I8 

a7993 * .0157 

,2227 f .0414 
.4920 t .OS30 
.4796 2 .0335 
,6847 k .0231 
.6238 k .0266 
.6647 t ,0243 
,6580 t .0247 
.52@ 2 ,0314 
.3724 t .0375 
.6358 f .025g 
.5018 f .0326 
.7&3 2.0192 

.7161 f.0212 

.3618 f ,0378 

.4632 t .os42 

.55Q 2 ,0291 

.3* 2 .0367 

.5857 t .0286 

.6459 f .024g 

.1Q6 2 . o m  

.5133 2 .0321 

.4837 f .0333 

.4608 t .OS43 

.6ooo 2 .0279 

r l - - r  

.0167 

.OICg 

.or04 

.& 

.02& 

.0383 

.OI 72 
-0237 
.0187 
a178 
.0172 
.0105 
.0046 
.0174 
.0064 
-0245 
.043 1 
.OIIO 

. 0 5 ~  

.ooe6 

.a253 

J334I 
.0&5 
.0152 

33749 
.W73 
.0187 
. d 9  
.0270 
.0333 
.OI60 
.0247 
.0332 
.02 I 7 

.02I  I 

.OIoo 

.0257 

.047 I 

. a 2 6  

.0348 

8, 

.3&70 

.23530 
. 2 6 I I 0  
.2127~ 
.A740 
.40190 
a 9 3 0  
.I 86z0 
.25320 
.23470 
.2722a 
.2241~ 
.I4370 
.243% 
,17300 
.31230 
.228&u 

.I7970 

.39570 

.I6620 

.270za 

.3&U 

.3213~ 

.33990 

.r618u 

.I7250 

.1782~ 

.22200 

.19120 

.24930 

.20630 

.2813~ 

.22290 

.2873a 

.I730u 

.2114u 

.2530u 

.40520 

.30400 

,25330 

q a -  9 

.0274 f .0143 

.0140 k .0102 

.OIIS t .oog3 

.o181 * .0115 

.04@ I .0187 

.0227 2 .om3 

.m88 & .dI 

.0162 f .0109 

.0140 f .0102 

.0167 f .0112 

.oc%g 2 .0072 

.0173 f. .OI I4 

.0247 2 .OI35 

.OI97 f .012I 

.oogg f .& 

.OS24 f .OI54 

.0174 2 .0113 

.0107 t .oo@ 

.o117 t .m94 

.03@ t ,0150 

.0404 k ,0171 

.0490 2.0185 

.OIII 2 . o o g I  

.0126 t .oq7 
.&IO 2.0217 
.OIOg f .oosg 
.or@ 2 .OII2 
,0125 f .oog7 
.os17 f .0152 
.0230 f .0124 
.0146 2.0104 
.o271 2.0139 

.OS19 f .OIgO 

.0437 2 .OI77 

.O252 2 .OI35 

.0249 f .OI35 

.OS25 2 .Or57 

. O I j Z  2 . o r 6  

.0227 rt . O I ~  

.0325 2 .Or53 

I t  will be remembered that a regression to be linear must have the 
ronstants 71 - r, 71' - r' and 2, equal to zero within the limits of random 
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sampling. T o  obtain these, two new constants must be derived. The cor- 
relation ratio is obtained by the formula 

umU 

ut/ 
y=-  

where umU is the standard deviation of the weighted means of the y 
arrays about the mean of the population. S,, the square root of the mean 
square deviation of the means of the arrays from the regression line, is 
derived by the formula 

8, = u v v y 2  - r2 
due to PEARSON (1905). The probable errors of y2 - ./2 are calculated 
by the method of BLAKEMAN (1905). 

The net result of the study of table 21 shows that all the'tables on 
which our correlations are based have the regression lines linear. In  no 
case is the value of the constant q2 - r greater than three times its 
probable error. 

The point of linearity of regression established, we may now return 
to table 20. From these constants the singular partial correlation co- 
efficients where the total offspring output per female is held constant, 
have been tabulated in table 22. 

Region 3 cor- 
relation, Par- 

tial correlation 

TABLE 22 
Partial correlation coeficielzts f o r  total single and total double crossing over in the 

third chromosome. 

Region 4 cor' 
relation, Par- 

tial correlation 
Doubles 

0.2365 & .0411 
0.4423 f .os50 
0.1271 rt . o ~ g  

0.1860 k .o@o 
0.3352 f .O386 

0.4200 Zk .0359 

Singles: Region I 
correlation 

Partial correlations 

0.0560 & .0434 
0.0564 f .0434 
0.1g66 k .oqrg 

0.2714 2 ,0403 
-4.0313 f .0435 

0.2547 * ,0407 

0.4539 & a346 
0.5895 f .0284 
0.3136 & .os93 
0.0676 e a433 
0.2576 f .04& 
0.2062 f .0417 

~ 

Region 2 

correlation 
Par;tial correlations 

0.5471 2 ,0305 
0.3640 k .0378 
0.1158 4 .0430 
0.3286 k .0388 

0.2501 4 .0408 
0.5077 4 ,0323 

Study of this table reveals a general tendency on the part of crossing 
over in regionlr, when correlated with doubles including region I ,  to rise 
to a high point and then to  decline from this point to the end of the 
chromosome. The same general tendency will be seen when region 4 is 
correlated with the successive doubles including 4. That is, the correlation 
rises to 2,4, then declines toward I, 4. In  the middle of the chromosome 
both regions have their high correlations at the end of region I .  Thus it 
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is seen that the relation of double crossovers to the regions surrounding 
them forms curves, the crest of the curves occurring between 20 and 30 
units. 

But there are discrepancies in the high point of this curve. It will be 
noticed that there is a significant correlation between region I and the 
double including regions 2 and 4. In the same way, 2 is correlated with 
1 ,  3 and 3 with I ,  4 significantly as measured by its probable error. 
These correlations would not be expected, and the question arises as to 
what they are due. 

We have seen that the single crossovers in the various regions are cor- 
related variates in which the correlation is most pronounced between ad- 
jacent regions. If, then, crossing over in region I has a sufficiently high 
correlation with crossing over in region 2 ,  it would be expected that 
double crossing over including region 2 would also be correlated with 
region I. T o  test this hypothesis for this case and the similar cases as 
given above, it is necessary to form the previously described universe, in 
which the correlation between the two continuous variables I and 2, 4 for 
a constant value of a third variable I and 2 is determined, where all 
values of the offspring are held constant. The measure of such a cor- 
relation has been termed the singular partial correlation by PEARSON 

The values for the successive singular partial correlation coefficients 
(second order) for the above data are given in the table below in which 
the terms held constant are separated from the correlated term by a dot. 

For the complete analysis of the problem the third-order singular par- 
tial coefficients needed are given in table 24. 

(1914). 

TABLE 24 
Singular partial correlations fo r  table 23 (third order).  

1,2 .1T2 
I, 4 .1T4 
2,4 .ZT4 

Singles Singles 
region 2 region 1 I Double 1 

0.0124 2.0435 
0.0124 2 ,0435 
0.0371 2 .0435 

2,3 .zT3 4 . 0 8 4 j  2 .oaz I ,  3 .1T3 0.1223 2 .O@Q 

3 ,4  .3T4 0.0442 -C .0435 3 ,4  .3T4 0.1834 2 .0421 
2 , 4  .2T4 I 0.0421 2 .OM5 ~ I ,  4 . IT4 I 4 . 0 1 2 3  2 .0435 

Singles Singles 
region 3 1 Double 1 region 4 Double 
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A study of these tables shows that where before a significant correla- 
tion was observed between singles in one region and doubles not includ- 
ing this region as one of the breaking segments when coefficients of 
the first order were used, now a significant correlation is present only 
when the double also includes the single as one of the breaking segments. 
Thus the previous hypothesis to account for these discrepancies was cor- 
rect. Two double crossovers correlated with a given region may have a 
significant correlation with that region due to their both being correlated 
with a third region. 

The last difficulty in the study of the data at hand for the purpose of 
determining how double crossovers are related to the various regions of 
the chromosome is removed. The correlations of table 23 show that 
double crossing over, including region I, is not distributed at random, but 
is more apt to have a second simultaneous break in region 3 than in any 
other, the difference in this case running as high as seventeen times the 
probable error. 

Each of the end regions exhibit that rise in the relationship in the 
middle of the chromosome which, as has been previously pointed out in 
the first part of the paper, would be expected on the basis of the twisting 
hypothesis where there was a definite ratio of twist. These waves rise 
rather sharply to the mid-point and drop off rapidly in the other direction. 
The relations of region I to double crossing over including the other suc- 
cessive regions is that best suited to bring out this rise, for, as has been 
previously pointed out, the region I is so short that twists of the same 
length cannot extend into either of two regions. This, then, forms the 
best test of the hypothesis of twisting to account for crossing over versus 
any other hypothesis which calls for the distribution of crossovers a t  ran- 
dom. Region I correlated with the successive doubles rises sharply to 3 
and falls rapidly to 4. Region 4 rises to 2 and falls to I. The rise and 
fall in 4 is less rapid, due to its being so long a segment that it enables a 
twist falling within its bounds to fall in either of two regions, depending 
on whether or not its first break is near one end or the other, still even in 
this the mode is marked. The mid-regions also exhibit a rise toward the 
ends as would be expected, although as the number of factors is too few, 
no mode appears. This high point and this drop may then represent a 
twisting taking place about every 20 to 30 units in the third chromosome. 

If these correlations are considered from the point of view of the redu- 
plication theory to account for the interchange, what is it necessary to 
consider? Not only does the rise and fall of the correlation have to be 
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taken into account but also account has to be taken of the whole correla- 
tion, for no correlation can be expected on the reduplication theory as pre- 
viously shown. Correlations have then to consider nothing, even when 
ranging from twenty-four times the probable error to those four times the 
probable error. The odds against this being accidental are enormous. It 
may then be said that the twisting hypothesis for crossing over accounts 
for the facts remarkably well, while the reduplication theory accounts for 
them not at all. Consequently, the experimental facts here deduced in 
carefully controlled and analyzed experiments indicate crossing over to 
take place between loosely twisted, finely spun-out chromosome threads 
with between 25 and 30 units as the modal distance between successive 
crossovers. Because of the uneven intervals and the inaccuracy of the 
moments calculated from them due to the few classes on which they 
would have to be based, it is not the purpose of this paper to treat ' the 
frequencies other than by the use of correlation coefficients. It is, how- 
ever, of interest to try the moment calculation for the position of mode 
for the best suited of these classes for analysis. The approximate ratio 
between the two twists when calculated for the s,D' region by the formula: 

position of the mode = mean - 5 1p3(y-22)15 , is shown to be at 

26.24 units, considering each class as distributed around the mid-ordinates 
(an hypothesis obviously untrue, but giving the best approximation to the 
true value which it is possible to obtain since the true mean of each 
class is not known). The use of the above formula for the mean is justi- 
fied, as the curve is shown to be type IV by &=f.057 and P2=+68.313. 

2P2(4 + 2 )  

DISCUSSION 

The geometrical interpretation put upon the rise and fall of the double- 
crossover frequencies may seem rather speculative in character. It is, 
however, I venture to think, supported by a good deal of strong evidence. 
Since the idea that the chromosomes are the bearers of the determiners of 
hereditary characters was put forward by WEISMANN and Roux and 
applied to Mendelian inheritance by SUTTON, there has been an ever in- 
creasing amount of evidence collected that it is to the chromosome we 
must look for the mechanism of heredity. As a basis for this conclusion 
the studies of STEVENS and WILSON have shown the parallel between sex 
and the behavior of a chromosome pair. This was followed by the work 
of MORGAN, showing that this parallel included the so-called sex-linked 
factors as well as sex. As direct evidence, we may draw first on that of 
BOVERI on multipolar mitosis, of BALTZER on reciprocal crosses of sea- 
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urchins and that of HERBST (1909) and GODLEWSKI (191 I )  on partheno- 
genesis and fertilization. Further evidence comes from the work of 
LUTZ (1912), GEERTS (191 I )  and  GATES (1907, et seq.) in the study of 
Oenothera mutants. With all, perhaps the most brilliant piece of evi- 
dence is that of BRIDGES (1916) where proof is given that the sex chrom- 
osomes bear the sex-linked factors; for here by cytology and genetics he 
can follow the course of the sex-chromosomes and of the factors carried 
thereby. These names do not exhaust the list of those who have added 
materially to  the proof that the chromosomes are the bearers of the 
hereditary characters, yet it seems to me that these constitute as  complete 
a chain of crucial experimental evidence as would be required by the 
most rigorous logic, consequently the conclusion will not be crowded by 
presenting more. Should it be granted, however, that this does consti- 
tute proof, it requires that all hypotheses to account for the interchange 
of linked or  coupled factors shall rest on the chromosome; it requires 
that the reduplication hypothesis shall segregate its genetic ratios through 
the agency of the chromosomes. 

If other evidence is taken purely from the experimental side of genetics 
and consideration be given to STURTEVANT’S (1914) criticism, the re- 
duplication hypothesis in what TROW (1912) and BAILEY (1913) have 
shown to be the general mathematical relations of its gametes, it is found 
that it is doubtful if reduplication is able to explain even the ratios that 
are obtained. Thus in the case of TROW’S special hypothesis STURTE- 
VANT shows that in every case the calculated is greater than the observed 
ratios. The difference is significant in every case and in the same direc- 
tion. Further, STURTEVANT shows that if the general hypothesis is used 
the number of cell divisions required are at  hopeless variance when con- 
sidered with the possible divisions. It may then be said that deduction 
from the theory leads to a poor agreement between this theory and fact. 

The students of genetics who use the linkage hypothesis to explain 
their ratios have some evidence to show that the linkage hypothesis is 
also applicable to the same forms on which the reduplication hypothesis 
is based. BRIDGES (1914) has shown that in the experiments of PUN- 
NETT (1913) on sweet peas and GREGORY (191 I ) on Primula the linkage 
hypothesis is at least applicable. Unfortunately, BRIDGES used as his 
measure of linkage the coefficient of association of YULE, which is in 
itself of rather doubtful value as a measure of relationship, as has been 
shown by HERON (191 I ) ,  and HERON and PEARSON (1913). Fortun- 
ately, however, the conclusions of BRIDGES have been justified, since we 
now have some very excellent data presented by ALTENBURG (1916) 
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in evidence that the linkage hypothesis can be applied to Primula. Data 
on some 3600 plants show clearly that it is exceedingly difficult to see 
how a reduplicating series can be made to fit. 

ALTENBURG separates his cases in which the male plants were hetero- 
zygous and the cases in which his female plants were heterozygous. There 
seemed to be quite a difference in the amount of crossing over between 
them, so I thought it might pay to test each of the classes for the likeli- 
hood of this coming from random sampling. The table 25 shows the 
result of this test. 

TABLE 25 

rozygous 

266 
107 
I1 

8* 

Non-crossovers 
First single 
Second single 
Double 

8 

55.558929 

9.872418 
31.986633 

1 8Hete- 1 OHete- I Percent 
rozygous 

1829 
I053 
325 
85* 

Percent 
0 

67.807132 
27.295914 
2.806122 

Diff. + 
P*E. Diff. 

Difference 

1z.2~8 & 1.716 I 7.2 
4.691 2 1.437 3.2 
7.066 I+ 0.956 j 7.4 

1 I I I 

*Not  calculated, as the value of q would be very small. 

Thus it is seen that the difference is well above three times the prob- 
able error. The range of probability that these differences came from 
random sampling are 31 to I for the 3.2 times the probable error to 
1,675,321 to I for the 7.2 times the probable error. This difference cer- 
tainly looks significant. Since all of these plants were raised under the 
same conditions and cared for alike, it would seem that crossing over in 
the female is less than that in the male due to some differential effect of 
the sex. Such a graded effect, taken in connection with the other known 
facts for  crossing over, indicates that when a sufficient number of ani- 
mals and plants are known, a graded series of crossing-over values may 
be found, extending from Drosophila with crossing over only in the fe- 
male, through sweet pea and Primula with crossing over in both sexes, to 
silk-worms and probably chickens, with crossing over only in the male. 
Such a series would then duplicate the series found for the Y chromo- 
somes, although it would not parallel it. 

To return to our general theme, in discussing this paper of ALTEN- 
BURG (1916), PUNNETT (1917) suggests that the reduplication hypothe- 
sis calls for a marked difference for the reduplicating series for the BC 

and - X - regions in the back crosses, - X - bc .4 
BAC bar: BC 

bac bac bc bc 

4 “On the chromosome hypothesis there is only one set of positions which allows of 
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At first sight the difference in crossing over shown when different genes 
are interpolated between two fixed genes would seem to agree with this 
expectation for the reduplication hypothesis as above stated. In  non-con- 
formity with the requirements of this hypothesis as stated by PUNNETT, 
the total crossing over may be significantly increased by the presence of 
A heterozygous and be diminished in a like case where another A is 

BC bc 
bc bc 

heterozygous as compared with the crossing over of the - X -  

condition. Further, the change of a factor outside the region BC may 
affect the crossing over of that region more than a similar change of a 
factor within the region itself. Let us now take the data in the tables and 
arrange two cases to conform with the needs of the reduplication hypothe- 
sis. There are several possible cases of this. kind which could be made, 
The choice of the particular case seems immaterial, consequently let us 
confine attention to  the back-crossed females heterozygous for sepia, 
spineless on one side, dichaete on the other, and females heterozygous 
lor the genes sepia and spineless. For this table the data from appen- 
dix tables A, D, and C are available. The data collected and so reduced 
are given in tables 26 and 27. 

two of the coupling values between three factors A, B and C to be equal, viz., when 
two loci are equidistant from the third, thus: 

B A C 
The coupling or linkage values between A and B, and between A and C, are here 

of the same value, but when this is so it follows of necessity that the value for B 
m d  C must be considerably lower than either of the other two. If a three-factor 
case were found of such a nature that two of the values were equal and the third 
definitely higher, such a case might serve as a criterion between the two hypotheses.” 
Further, he says, “Such a case is probably to be found among Primulas in connection 
with the three pairs of characters, magenta ( M )  and red ( r ) ,  short style (S) ahd 
long style ( s ) ,  green stigma ( G )  and red stigma (g).” GREGORY and ALTENBURG have 
both published on these, but, as PUNNETT, says, “The figures” (ALTENBURG’S) “as they 
stand offer of course no criterion between the rival hypotheses, for the critical experi- 
ment is yet to  be made. This consists in the cross between SsGg plants (ex SG x sg) 
and the double recessive ssgg, where all individuals used are homozygous for either 
iLf or m. On the chromosome hypothesis the linkage values should remain the same as 
those given above (where M is present in heterozygous forms) ; on the reduplication 
hypothesis we should expect to find the linkage higher, probably of the form 2SG: 
ISg : ISG : zsg.” This statement has several obscure points more especially as to how 
this comparison of the two distributions is to be made. If, as the text would indicate, 
the comparison is to be between the reduplication series as applied to each set of 
data, instead of comparing the actual distribution of the data, ‘the reasoning is in 
error for, as STURTEVANT has shown that tihe series obtained op TROW’S hypothesis, 
always is significanttly too high. In our comparison we shall, therefore, consider only 
the actual figures. 
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Table A 3532 
Table D 12758 

For table C when dichaete is not present : 

~e s s  s ~ D '  sa ~s D ' s ~  ~e s ~ D ' s ~  N 
~ ~~ ______ _.___ __ 

3257 381 368 211 307 27 26 
1666 1583 1260 1507 115 196 

I 12357 

Considering only the series sgs, which, according to PUNNETT'S state- 
ment of the reduplication hypothesis, the series of A and D should differ 
from that of C we have: 

TABLE 28 

I Se ss ~ Se 1 ss 1 A; 

Table A . . . . . . . . . .  
Best fitting series 5 :  I: I: 5 

Table D .......... 
Best fitting series 4: I: I :  4 

Table C . . . . . . . . . .  
Best fitting series 4: I : I : 4 

612 
679 
2843 
3147 
233 
263 

3558 
3395 
I2954 
12589 
1153 
IO52 

None of these expected series agrees with the actual series as well as 
could be wished. Thus table A could be best fitted by a series of about 
4.6 to I .  Table C would have a better agreement between actual and 
expected, fitted with a series of 3.4 to I .  This is a fundamental drawback 
to the theory of reduplication, for the search for simple series often 
obscures real differences. Thus the Primula series treated by PUXNETT 
(1917) leads to a theoretical distribution on Trrow's hypothesis of sec- 
ondary reduplication which could have the actual distribution observed 
in the S G  series selected from it in samples of 3684 individuals each in 
not more than I in 2joo such samples. Yet the uncritical nature of the 
hypothesis led PUNNETT to conclude that the result is in fair accord with 
expectation. Thus in our experiment there are significant differences in 
the distributions taken as a whole, but these differences follow no rule. 
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Comparing the reduplicating series above, it is seen that they lead to 
practically the same thing; that is, 4 :  I : I : 4, instead of coming to 
markedly different series as the reduplication hypothesis calls for. The 

.conclusion seems forced upon us by this test of the hypothesis that the 
facts of the several factor crosses do not agree with this hypothesis, but 
that the twisting hypothesis, based as it is on the known chromosome 
behavior, does fit the facts. 

The conclusion that the reduplication hypothesis does not explain the 
several factor cases is further borne out by the fundamental experiments 
of PLOUGH (1917). In this investigation the temperature effect on 
crossing-over rate enabled him to show that crossing over does not occur 
in the early oogonial divisions, and there is good reason to believe that the 
percentage of crossing over is affected by temperature only in the growth 
period of the-egg. Thus the long series of differential cell divisions 
necessary for the formation of the reduplicating series is shown to be 
absent in actual point of fact. 

Adopting the explanation that it is the chromosomes that must be 
looked to for the mechanism of crossing over, the inquiry may be made 
as to how crossing.over is brought about. STURTEVANT (1913) has 
shown that it is possible to map the position of the factors in the chromo- 
some by crossing-over ratios. This principle has been extended and has 
been shown to be applicable to all the Drosophila chromosomes. The 
practical value of the hypothesis may thus be said to be proved, and 
through the work of MORGAN, STURTEVANT, BRIDGES and MULLER 
(1915) all of the chromosomes are mapped. As was pointed out in a 
preceding section of this paper, the ratios may vary, yet in no case does 
this variation affect the relative position of the factors. 

I t  becomes important, then, to inquire how this exchange takes place. 
The function of this paper is a specific inquiry into what the ratios of 
the double crossovers to the different single crossover regions would 
show as to this interchange. Following the ideas of JANSSENS (1909) 
as elaborated by MORGAN (1916), MULLER, BRIDGES, and PLOUGH 
(19171, of a twisting of the chromosomes, although considering that 
this twisting takes place at an earlier stage and between the finer threads 
of the chromosomes, it has been possible to show that the results are 
what would be expected on the twisting hypothesis to account for cross- 
ing over. Turning more to the general aspects of the case, it is seen that 
this gives a strong foundation for a single mechanical explanation for 
the exchange of factors where there is only one scheme to account for 
the whole. I t  is not known why a fusion should take place where it 

'4 
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does or why the genes should line up along the cliromosomes as accur- 
ately as they do. These are problems of the future, but they do not in 
2ny way influence the fact that the hypothesis of loose twisting explains 
the observed ratios for the third chromosome in so many of its intrica- 
cies, as to carry the conviction that it is much more than just a chance 
relationship. 

In conclusion, I wish to express my thanks to Prof. E. B. WILSON and 
Dr. C. B. DAVENPORT for opportunities accorded me for research; to 

for their ever-ready assistance and suggestion, and to Dr. RAYMOND 
PEARL for his constant interest in my work. 

Prof. T.  H. ~IORGAN,  Dr. A A .  H. STURTEVANT, and Dr. C. B. BRIDGES 

SUMMARY 

This paper is a contribution toward the analysis of the normal 
fluctuating variations in crossing over as seen in the third chromosome of 
Drosophila wzclanogastcr. The third chromosomes of each female, as 
shown by her offspring, cross over a certain number of times. The 
variability is studied by comparing the results from different females. 
The association between the crossovers is studied by comparing the 
results within each given female. 

I .  The means, standard deviations, and the coefficients of variation 
are given for the distributions of each region in this chromosome under 
discussion. The features of chief interest are the great variability of 
both single crossing over and double crossing over. The coefficient of 
variability ranges between 18 and 59 for  the single crossovers and 67 
and I I O  for the double crossovers. The actual amount of this coefficient 
is apparently dependent to some degree on the actual mean size of the 
crossing-over ratio. 

2 .  A table is presented to show the relative variability of crossing over 
in comparison with that of other physiological and morphological char- 
acters. The table shows that crossing over is one of the most highly 
variable phenomena known, indicating that the mechanism behind cross- 
ing over is not as precise as that found in most physiological studies. 

3. As a necessary preface to the analysis of the internal mechanism 
of variations of crossing over it has been pointed out that it is essential 
to know how much the ratios are influenced by external agencies. To- 
ward this end it has been shown (page 214) that to some degree the 
absolute value of the crossing-over ratio varies according to the genes 
present in the chromosome. Further, it is shown that no significant 
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effect on crossing over was produced by the food or  temperature used or 
by the variations of season or bottle output. 

4. Since it had been shown that the crossing-over values are influ- 
enced by the known genes present, it became essential to know whether 
or not there were any modifying genes present influencing the ratios. A 
selection experiment was performed to test this. The parent and offspring 
correlations for this experiment ranged from + 0.336 2 .135 to 
- .0211 =!I .118 for the selection for low crossing over; for high cross- 
ing over from + 0.150 * .248 to - 0.134 +_ .191. The conclusion is 
to be drawn that there were no differences in modifying factors for 
crossing over in the experiment. 

5. In  the resolution of the single crossing-over ratios into their com- 
ponent elements it was shown that there is a significant correlation be- 
tween the crossing over in different regions. In general this difference 
progresses from the left-hand end of the chromosome to the right. Thus 
the correlation between region I and 2 is + 0.4019 =!I .0365, between 
I and 3 is + 0.3492 =!I .0382, and between I and 4 is + 0.1039 2 .0430. 
The explanation of this difference is obscure. 

6. A relationship between single 'and double crossing over is shown 
;o exist, such that a crossover in one region is more likely to be accom- 
panied by another simultaneous crossing over in a region 25 to 35 units 
away than it is to be accompanied by a simultaneous crossing over in any 
other region. Thus when region I is correlated with its double cross- 
over including regions 2, 3, and 4, respectively, the correlations are 
+ 0.3054 -+. .0395, + 0.5170 2 .0319, and 4- 0.2997 e .0396. This 
rise and fall, together with a definite mode, is held to mean that there 
is a modal interval between two successive crossovers. Thus the two 
finely spun-out chromosomes, when they come together prior to crossing 
over, apparently twist about each other loosely and generally have the 
points of contact where breaking may take place about 25 to 30 units 
apart. 
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