THE MECHANISM OF CROSSING-OVER. IV
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TaE ‘‘map’’ of the first chromosome, based on these
experiments, is shown below:
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F1g. 10. Map of chromosome I.

The figures represent the distances of the factors from
yellow, the first one in the line, and are calculated merely
by adding together the intermediate distances. This map
gives almost exactly the same proportionate distances be-
tween the different loci as does that obtained by com-
bining the results of linkage experiments performed by
other workers, in which usually the inheritance of only
two or three factors was followed at one time. Kach set
of ratios, therefore, confirms the accuracy of the other.
The absolute distances in the present map are, however,
somewhat shorter, being % the length of those in the com-
posite map. This was caused mainly by the comparatively
large number of non-cross-overs produced by a few fe-
males; in the rest, the crossing-over frequencies were
about normal. It may, therefore, be concluded that chro-
mosomes which differ in regard to eleven pairs of factors
behave in the same way, so far as crossing-over is con-
cerned, as those which are alike except for two factors.
This is contrary to a suggestion made by Punnett. More-
over, the fact that chromosomes differing in so many fac-
tors behave normally is here especially noteworthy, be-
cause 11 of the 12 recessive factors were in the same
chromosome.

The results of the experiments with the second chromo-
some may now be tabulated. 462 offspring of females
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heterozygous for the ten mutant factors used in this group
have been recorded. The table only gives the result with
respect to nine characters, however, as arc wing was not
followed in all of the experiments.
as to its position have, accordingly, been calculated from
not quite as large a count of flies as have the data for the

other factors.)

(The data given later

CLASSIFICATION OF FACTOR COMBINATIONS TRANSMITTED BY FEMALES

HAVING THE COMPOSITION : S—m ar S
daj cv ba
' Streak Not Streak | Total
Non-cross-overs
’ Sbpvas 68 ' djcb 82 | 150
Between Single Cross-overs

Srandda....ociveniiea. S8dj ¢ba 11 | bprs 15 26
daand br..vveneie i, S 7 c¢bg 24 dbprs 19 43
blandj....ooivieeiininnen, S bj cba 17 d pvs 0 1?
Jand Pu. v v Sb ¢ba 3 d jpv 8 6 9
poand vg. . ... i, Sbp cha 14 djvs 20 34
R T S b pvchs 10 dj s 11 21
erand Sp. .. vt it S bpyv bg 51 dj cs 50 101
spand ba......iiiiiiia. Sbpvshy O dji ¢ 0 | 0

Double Cross-overs
Sicand da; puand vg...o.L Sdi vs 2 bpcha 1 3
Scwrand da; veand cv. .. .. ... Sdj ] 1 bpuch, O 1
Swrand dajevandsp. . oun.. . Sdj s 5 bprbs, 8 13
daoandbi;jand pue.eoeennn.. Sjpvs 1 db cbg O 1
daand bi;; puand vg. ... ... Sj vs 5 dbpcby 5 10
daand bi; veand Gve. oo vval . SJ s 5 db pvchy, 1 6
daand bi;evandsp.......... Sji es 5 dbpv b, 8 13
jand pu;puand vg. ... ...t S bos 1 djpchg 1 2
jand pu; vgand Cve. o ane .l h . S b s 0 d jpochg 1 1
jand pu;evand sp.. oo ven.. S b es 7 djpd, 1 8
paand ve; vgand ev......... 8 bp s 0 djvhbs 2 2
puand vg;evand Spe.. ... S bpecs 3 djovb, 3 6
vgand cv;cvandsp. ... ..., S bpves 2 dj b, 1 3

Triple Cross-overs
Sirand da; daand by; cvand sp . Sd bpvb, 1 b
Swandda;jand pujevandsp .| ... b cs 1
daand bi;jand pu; puand vg .. 8 7 pcba )
daand bi;jand pujevandsp. . .| ..l db s 1
daand bi;puand vg;evandsp. .| ... db pcs 1 ’
jand pu;puand vg;cevandsp. ..;  c..ieaiaaen d jpcs 1
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Total Single, Double, and Tn'ple Crossing-over

Observed Per Cent. of

Between Number Crossing-over
Serandda «-oeeiiiiiii i 45 9.7
daand 1 ..o 77 16.7
brand j ....... ey 1¢ 0.2%
J and Pu ceviiiiiiii i 25 5.4
Poand Vg covoienniaeenneniiennn 59 12.8
Ve and €v . .eihiiiii i 34 7.1
Cvr ANd Sp . .cvrnniiii e 150 32.5
Sp and Da «ovevniiiiiiiiiaanan 0 0.0

In the case of this chromosome, too, the law of linear
linkage is graphically illustrated by the characteristic
t‘gectional’’ mode of interchange between the groups.
The non-cross-overs here constitute only 32.5 per cent. of
the population, whereas the single cross-overs make up
51.1 per cent., the double cross-overs 15.2 per cent., and
the triple cross-overs 1.3 per cent. In making a map of
this chromosome, the chances of error are greater than in
the preceding case, since not so many flies have been ob-
tained. Nevertheless, the values correspond very closely
with estimates of the results obtained in other work, al-
though figures exactly representing the sum total of other
work are not just now available.for comparison.

Ste du Wi pe v P ar S
. 'S u s PO ne gk
Fi1c. 11. Map of chromosome II.

Let us now construct a curve showing the frequency
with which, in the experiment with the first chromosome,
points various distances apart showed coincidence of
crossing-over. Suppose that in this curve the horizontal
line represents the distance apart of the two coincident
crossings-over, the vertical line the per cent. of cases in
which double crossings-over at such distances occur. For
example, if it were known that double crossing-over for a
distance anywhere between 15 and 16 units occurred in .2
per cent. of all cases the height of the curve above the
figures 15 and 16 would be made .2 vertical units. Now,
each case of double crossing-over that actually happens
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among the 712 flies obtained for group I must represent

]2, or .14 per cent., of all the cases. If, then, a crossing-

71
over is found to occur somewhere between ¢; and v, and

one occurs coincidentally between s and r, the two points
of crossing-over may have been as far apart as ¢ and r
(36), or as close together as v and s (8), or at any inter-
mediate distance. Therefore we have no right to make
this case stand, in the curve, for a coincidence that hap-
pened at a particular distance (say 10-11) and to raise
the ordinates for this particular distance by .14 units.
Kach distance between 8 and 36 is consequently given
partial credit in our curve for the occurrence of this coinci-
dence, and so each of the 28 ordinates between 8 and 36

is raised to an average height of 215 =.005 approximately.

All the other cases are treated in a similar way, and thus
the curve shown by the heavy line in Fig. 12 is obtained.
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Fi1c. 12. Curve showing the observed frequency of double crossing-over
The dotted line shows

in chromosome I, for points various distances apart.
the frequency expected on pure chance.
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But although these ordinates are, on the average, raised
by this amount, each one is not raised equally, for there
is less chance that double cross-overs should have the
most extreme possible values than medium values. The
total addition of .14 units to the curve should hence be dis-
tributed among the different possible ordinates according
to the relative probabilities that the two points of crossing-
over should have been the distance apart represented by
these respective ordinates. These various probabilities
for the different ordinates, in the case of any specific
double cross-over, may be represented in the form of a
curve, and the main curve of double cross-over frequency
shown in figure 12 is thus really a composite in which these
individual curves for each double cross-over have been
added together. We may now consider the way in which
the individual curves of probability are calculated.

Let us take the case of the double cross-over that
occurred between ¢, and v and coincidently between s and
r. We have already calculated that the distance between
the two points of crossing-over must be somewhere be-
tween & units and 36 units (see second paragraph above).
The curve for this individual dsuble cross-over vill there-
fore start at 8 on the abscissa and continue to 36. What
height shall it have along the ordinates between these
points? Let the region ¢, — v be divided into 8 equal parts
—abedefgh—of two units each, as shown below.

13 29 37 49

¢ — 16 units — v —8 un.— 8 —12 un.— r

L | 1t 1 |

FrY P Tyttt ] \
a becde f gh

It will be seen that a double cross-over of 8 to 10 units
length (7. e., having 8 to 10 units between its two points of
crossing-over) which passes between the factors ¢, and v,
must go between them in the region h, if its other point of
crossing-over is to be between s and r. However, any
double cross-over of 10 to 12 units length which passes
through either g or h will also pass between s and r, and
so there is twice as much chance for double cross-overs of
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this length to occur as for those 8 to 10 units long. Sim-
ilarly, those 12-14 units long may be three times as numer-
ous, for they may pass through f, g, or h, and so with each
increment of length, up to 20, there will be an equal addi-
tional amount of chance for a double cross-over of that
length (passing through the required sections, ¢, — v and
s —r) to occur. Thus our curve of probability rises in
regular steps from 8 to 20; if we could have divided the
distance ¢, — v into an infinite number of parts, instead of
into 8, these steps would each be infinitely small, and so
we should have a straight line rising from 8 to 20.

Beyond this point the rise in probability ceases; a
double cross-over between 22 and 24 units long has no
more chance of happening than one of 20-22 units. Refer-
ence to the figure will show that a double cross-over of
20-22 units passing through any of the regions from c¢
through h will separate s from r and thus fulfill the re-
quirements, but a double cross-over 22-24 units long,
while it has the additional alternative of passing through
b, can not pass through h without its second point of
crossing-over falling to the right of section s —r. Sim-
ilarly, one 24-26 long may not pass through g or h, though
it may pass through any region from a to €; double cross-
overs of all these lengths therefore have the same chance
of occurring, and our curve along the corresponding ordi-
nates would hence be a horizontal line.

Double cross-overs longer than this would have less and
less chance of occurring; one 26-28 long could only pass
through regions a — e, one 28-30 only through a — d, and
so the curve falls again in a straight line to the zero level
at 36.

The same rules can be shown to apply to all cases: the
curve starts at a place on the abscissa representing the
distance apart of the innermost factors involved (in the
above case this distance was v—s, =8); it rises in a
straight line for a distance equal to the length of the
smaller section involved (above, this was the distance
s —r, =12, so that the line rose to point 8 - 12, =20);
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it then proceeds horizontally until a distance from the
starting point of the curve equal to the length of the longer
section has been passed (above, this was the section
¢, — vV, =16; thus the line proceeded on a level to point
8 - 16 =24°%) ; then it falls in a straight line to a point on
the abscissa representing the distance between the outer-
most factors involved (above, the distance is ¢, — r, = 36).
The height to which the curve rose is determined by the
fact that its area (the sum of all the ordinates) must have
a value representing the per cent. of total cases in which
such a double cross-over occurred (above, each double
cross-over must have a curve with an area =.14, since
each fly was .14 per cent. of the total count).

It will be noted that for each individual curve the prob-
ability is calculated on a basis of pure chance, no account
being taken of possible interference, which, if present,
would tend to make the longer distances more likely than
the shorter, and so to raise the right end of the curve at
the expense of the left. In other words, each individual
curve represents the frequency with which double cross-
overs of different lengths would happen within the partic-
ular regions dealt with (in our case above, regions ¢, — v
and s — r), if there were no interference and they had a
purely chance distribution, within these regions. The
composite curve thus errs rather by showing too little
effect of interference than too much. All interference
which it does show—that is, all deviation between it and a
curve representing an entirely random distribution of
double cross-overs—must then be due solely to the way
in which the double cross-overs were found to be distrib-
uted among the various regions, as no assumption of
interference was made in caleulating out the curve for
each double cross-over.

The curve representing the proportion of double eross-
overs of different lengths which would have been found on
an entirely random distribution (no interference) is

6 The discrepancy between this figure (24) and that (26) found by the
method of trial used above would disappear if the region ¢,— v had been di-
vided infinitely instead of only into eight parts.
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shown by the dotted line. To make comparison with the
other curve legitimate, it had to be constructed by the
same method,—namely, by making a composite of indi-
vidual eurves, each of which represented the probabilities
for a certain type of double cross-over—only, instead of
using the observed numbers of double cross-overs of the
different types, in constructing it, it was necessary to use
the numbers. of double cross-overs of the different types
that would have been observed if there had been no inter-
ference. (This curve hence represents the results of a
chance distribution both among and within the various
regions.) In the case of each type of double cross-over,
the way to find the per cent. of individuals showing it that
would be produced if there were no interference, is to
multiply the total per cent. of crossing-over in the first
region by the per cent. in the second region, as explained
in section IVa. (Thus, the per cent. of double cross-overs
passing between A and B and between C and D equals per
cent. of cross-overs between A and B times per cent. of
cross-overs between C and D.) This per cent., then, multi-
plied by the total numker of individuals counted, gives the
number of such double cross-overs theoretically to be ex-
pected in the absence of interference. When such caleu-
lations for each different possible kind of double cross-
over have been made. and the individual curve for each
then made, the latter may be combined to form a com-
posite curve like the curve shown by the dotted line.

The end desired is of course to compare the dotted and
the heavy-lined curves and see what proportion of the dou-
ble cross-overs various distances apart, that were expected
on pure chance, actually occurred. Therefore a new curve
(Fig. 13) may be made, representing this relative coinci-
dence, 1. e., the per cent. which each frequency on the ob-
served curve formed of each frequency on the expected
curve (see sect. [IVa). This curve consequently shows the
rise or fall of the index with which we are already famil-
iar, and which we have called simply ‘‘coincidence.’’

Owing to the fact that it was not possible to obtain very



No. 5951 THE MECHANISM OF CROSSING-OVER 429

large figures, we must be cautious about accepting the
exact values shown in the curve of coincidence; this
applies not so much to the main portion of the curve as to
the right-hand end (shown in dotted lines), for in the case
of very long double cross-overs, very few kinds are even
theoretically possible, compared to the number of different
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F1c. 13. Curve of coincidence for chromosome I, 4. e., the ratio of obh-

served double crossing-over for points in chromosome I various distances apart
to double crossing-over expected on a chance basis.

positions in which short double cross-overs of a given
length may be found. Accordingly, the marked fall, fol-
lowed by great rise at the very end of the first curve lias no
true significance.

Certain points may be seen to stand out plainly, how-
ever. It is clearly evident that interference is great for
short distances—i. e., that relative coincidence is low; as
distance increases the coincidence rises, at first, quickly,
but beyond a certain point the rise ceases.

There is no indication of a usual length of loop of less
than half the length of the chromosome, as cytological ob-
servations on strepsinema stages would suggest, and as
would therefore be expected on the view that crossing-over
oceurs at that stage. The fall seen near the right hand
end is entirely unreliable, as has been explained. But,
even if taken at its face value, the drop at this point can
have no significance for the question at issue, for a fall
due to the loop would have to be as long as the whole pre-
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vious rise. In addition, the curve should, on this explana-
tion, rise high above the 100 per cent. level at its modal
point, whereas it is evident that, so far as the significant
figures go, it does not rise much above 100 per cent. at any
point. It would be premature, however, to generalize fur-
ther on these results.

The rather small count obtained for group II Would
scarcely warrant the presentation of a curve. It may be
stated, however, that this curve too shows the phenomenon
of interference, although, since the factors are not so close
together, the crossing-over for rather small distances can-
not so well be followed.

The great variability possible in the distance between
two points of crossing-over is shown not only in the above
curves, but may be graphically illustrated from a single
case. This fly was the triple cross-over in the first chromo-
some, which has already been mentioned. Its mother was
one of the tested females of the count, whose composition
proved to have been ywAbvmsrf S TN it itself was a male
with the factors yrB:.. Crossing-over, therefore, must have
taken place between y and w, s and r, and r and f. The
minimum possible distance between the first two points of
crossing-over is 42, the maximum distance between the
second two is 14. The latter is the smallest distance ever
observed between two points of crossing-over. It may
here be mentioned that it will be of great interest, when
more extensive figures are obtained, to see whether in the
second chromosome the same coincidence holds between
crossings-over on opposite sides of the middle point as
between crossings-over an equal distance apart, but on the
same side. The bend of the chromosomes in the middle, or
some other structural difference here due to the attach-
ment of the spindle fiber at this point, might cause the re-
sults to be different in the above two cases.

Incidentally, the results demonstrate another point,
lying in a somewhat different field of genetics. By fol-
lowing the method of keeping stocks constantly in heter-
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ozygous condition, twenty-two factors have been contin-
ually outerossed, in each successive generation, to their
allelomorphs. Yet after about seventy-five generations of
outcrossing, these characters do not show the slightest
contamination. The experiment therefore forms an ex-
tensive test and verification of the ‘‘purity of Mendelian
segregation.”” Castle has, however, raised the point that
in determining whether characters change, we should not
be content with casual inspection. One of the characters
in the above experiment—dachs legs—lends itself readily
to quantitative work, since one of its main features is a
shortening of the tarsus and metatarsus. Measurements
of the legs of about a dozen of these dachs flies, derived
from the stock which had been subjected to continual out-
crossing, were therefore made, as well as measurements of
the legs of some dachs flies derived from a stock which had
been kept pure; the values for normal flies were de-
termined also. At the same time the thorax length of the
flies was observed, in order that any difference in leg
length due merely to variation in the size of the whole
animal might be allowed for. The results for each individ-
ual are shown in the following table. Measurements are
given in eyepiece micrometer divisions, each of which
represented .026 mm.

In order to discover whether the character had become
more variable as a result of outcrossing, the standard de-
viation of the ratios of foot to thorax, in the two stocks of
dachs, was calculated from the above data. In the out-
crossed stock the standard deviation was found to be .036,
and in the original stock .035; that is, so far as these re-
sults can show, the variability of dachs after outerossing
has remained just the same. However this may be, the
fact remains that the character, after being subjected to
such long-continued outerossing, had not approached one
whi* nearcr to the type of its allelomorph. The slight dif-
ference in the other direction observed between it and the
original mutant stock is of no significance, since just about
as great differences in thorax length occurred between the
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two stocks, but in opposite directions in the two sexes.
The judgment based upon measurements accordingly con-
firms the judgments based upon inspection.

FEMALES
Dachs from Outcrossed Dachs from Uncrossed Wwild Fles
Stock Stock
8
3, <23 . y
S8 CSas g 8 g 2
23 q23 2 & 2 &
k3 ] ] & & 3
2<2
32 ...l 19 32 ... 20 41 ... 315
35 ..., 20 33 ... .. 21 42 ... 31
35 ... 20 34 ......... 19 42 ..., 31
36 .......... 19.5 35 ..., 20 42 ..., 31
36 ... ..... 20 35 ..., 20.5 43 ..., 32
36 RERERRREE: 225 35 ..., 21 43 ... 33
Averages: ’ 44 ... 34
35 ..., 19.8 34 ......... 20.25
Ratio of foot t 424 ........ 31.9
thorax length: .567 596 752
MarLrs
Dachs, Outcrossed Dachs, Uncrossed wild
26 ... ... 18 285 ....... 17.5
28 ... 19 29 ..., 19.5 26 .......... 24
29 ..., 20 29 L........ 20.5 29 ......... 26
30 ..., 21 30 ..., 19 29 ..., 26
31 ..., 17.5 32 ......... 22 32 ..., 28
31 ... ..., 19 32 ... 23.5 33 ...l 29
32 RERTRETE - 20 77335 ....... 2.?* 37 ....77.7..7.‘.32A
 Averages: I
296 ........ 19.2 306 ....... 20.7 31 ...l 27.5
Ratio of foot to
thorax: .650 677 887
SuMMARY

1. Recent results complete the parallelism between fac-
tor groups and chromosomes in Drosophila. This
strengthens the evidence that separation of linked factors
is due to an interchange between chromosomes.

2. The chief gaps in the information regarding the total
frequency of interchange in the different groups have been
filled, and it is found that the usual total frequencies of
separation correspond to the lengths of the chromosomes.
This constitutes specific evidence that crossing-over is the
method of interchange between the chromosomes, and that
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the frequency of crossing-over between factors is deter-
mined by their distance apart in the chromosome.

3. Other evidence for these conclusions, found by Sturt-
evant in the linear manner of linkage of factors in groups
I and TT, is shown to hold in the case of group IIT also.

4. It seems uncertain whether crossing-over occurs in
the strepsinema stage, as concluded by Janssens, or earlier
in synapsis. The cytological evidence at present at hand
would seem insufficient to settle this point. Various alter-
native mechanisms of crossing-over, together with pos-
sible tests for them, are suggested.

5. In order to study the nature of crossing-over by
means of ‘‘interference,’’ stocks were made up that dif-
fered in regard to many factors. Females heterozygous
for 22 pairs of factors were thus obtained, and a special
method was devised for testing their output. Other
special methods for obtaining multiple stocks, and for
eliminating discrepancies due to differential viability,
have also bheen presented.

6. The results have been arranged in the form of a
curve showing the amount of interference for various dis-
tances. The results thus far obtained confirm those ob-
tained by less exact methods, and also give evidence that
interference decreases gradually with distance from a
point of crossing-over; this, taken together with certain
evidence from non-disjunction, lends some probability to
the view that crossing-over occurs at an early stage in
synapsis.

7. A case of crossing-over in an embryonic cell of a
male is reported.

8. Incidentally, the experiments have afforded an ex-
tensive test of Castle’s assumption of contamination of
factors by their allelomorphs. Outcrossing in each gener-
ation for 75 generations has failed noticeably to change
any of the factors.

The author is deeply indebted to Professor Morgan, and
wishes also to convey his appreciation of the active co-
operation so often rendered him by E. R. Altenburg and
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A.

H. Sturtevant, who, moreover, .on several occasions

helped to tide the stocks over critical periods during which

it

was not possible for the author to carry on the work.

Thanks are also due to C. B. Bridges, for supplying sev-
eral multiple stocks as well as for the use of a number
of mutants which he had already located but an account
of which he has not yet published.
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