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SOMATIC crossing over, was first demonstrated by Sterx (1936) in Drosophila

melanogaster, and has since been shown to occur in fungi. From the observa-
tion of single and twin mosaic spots in the hypoderm, Ster~ concluded that the
exchanges occur at the four-strand stage, and that the chromatids segregate
equationally proximal to the point of exchange and reductionally distal to the
point of exchange. He also observed that somatic crossing over occurred most
frequently adjacent to the centromere. Kapran (1953) and Brosseau (1957)
showed that the preferential location for somatic crossing over is the proximal
heterochromatic region. Brosseau also concluded that somatic crossing over early
in embryogeny occurs only in the proximal heterochromatin of the X chromo-
somes, but that later occurrences involve both hetero- and euchromatic exchanges,
but with a higher frequency in the proximal heterochromatic region.

The preferential location of the exchange in the proximal heterochromatic
region led to the following two hypotheses to explain the observed higher somatic
instability of ring X chromosomes as compared to rod X chromosomes (Brown,
WaLEN and Brosseau 1962): (1) since somatic crossing over largely takes place
in heterochromatin then the greater amount of proximal heterochromatin, usually
present in ring chromosomes as compared to rod chromosomes, increases the
probability of somatic exchange. (2) The inherent shape of ring chromosomes
may, for mechanical reasons, cause more stress and, therefore, more opportunities
for breaks resulting in increased frequency of somatic crossing over. The
present study was undertaken in an attempt to discriminate between these two
hypotheses.

MATERIALS AND METHODS

The following four groups of Drosophila melanogaster stocks were used in this study: (1) The
original stocks consisted of: (a) normal rods, either the wild-type stock Samarkand or variously
marked with y ac and sn3; (b) the ring chromosomes X¢2 and X¢ y, with or without sr3; (c) a
rod chromosome derived from a ring of approximately normal size as viewed in oogonial smears
and with a reversed gene order, i.e., In(1)En¥ from Dr. Arona HanNaH-Arava (presumably
similar in structure to In(1)En of Novirskr (1954), although probably not identical in regard
to heterochromatin); (d) YSIn(7)En B y-YU (Novirskr 1954) henceforth called XY y B.

(2) A rod X chromosome derived by crossing over between Ins(1)scSIL S sc8R scS81+8w0
(Muller-5) and XY y B. Crossovers between y+ and B were selected as diagrammed:
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Three independent crossover products were selected, since the distal heterochromatin may have
been partially or wholly replaced by YS heterochromatin. These chromosomes will henceforth
be called XYLy+y—1,2 and 3. These chromosomes were kept in attached-X (yf:=/Y) cultures
for the duration of these experiments.

(3) Ring XY and rod XY chromosomes presumed to contain different amounts of hetero-
chromatin were synthesized by means of X-ray treatments of males with the attached XY y B
chromosome. Suspected altered XY y B chromosomes were given code numbers and kept in
stocks either heterozygous with a balancer chromosome (delta 49) or as males in attached-X
cultures (yf:=—/Y) depending on the fertility of the males. The morphology of the chromo-
somes was determined cytologically by the aceto-orcein squash method on oogonial cells from
heterozygotes of the various supected altered XY » B chromosomes. The ring derivatives were
given the general brief designation, XY¢y-1,2.3, etc., to 6. Unlike the ring derivatives, the rod
derivatives gave normal results on crossover tests with In(7 )En¥ sn3, and were selected at random
on the presumption that the radiation may have produced deficiencies in the heterochromatin
in some of them. The six treated XY y B rods were labeled with the superscript D to indicate
linear derivatives, e.g., XYP »-1,2.3, etc. to 6. Cytological examination did not reveal which of
the chromosomes had more or less heterochromatin, but it did permit classification into either
ring or rod chromosomes. This classification was found to fit two frequencies of gynandromorph
production. Ring chromosomes produced many more gynandromorphs than did the rods. Sterile
males resulted from ring chromosomes Nos. 5 and 6 and rod chromosomes Nos. 2, 5 and 6.

(4) The following three stocks were obtained from Dr. D. L. LinpsLey, Oak Ridge National
Laboratory: y+ Y8 y cv v+ YL, Y8 y sn®. YL, and Ins(1)sct’ scSR, y sct car m w? sc8. The first
has Y heterochromatin intercalated between »+ and y in contrast to X heterochromatin in chro-
mosomes XYLy +y-1,2 and 3. The last chromosome is deficient for a large block of centric hetero-
chromatin.

Data were obtained for many of the experimental series from two separate series of abdomens
collected from different culture bottles. Temperature conditions, age of flies at mating, observa-
tions of mosaic spots and mounting procedures of abdomens were all identical to those previously
reported (WaLEN 1961).

RESULTS

The two hypotheses mentioned in the introduction regarding the higher fre-
quency of somatic crossing over for ring/ring and ring/rod as compared to normal
combinations will be designated heterochromatin and ring-shape. The former
hypothesis assumed that the amount of heterochromatin influences the frequency
of somatic crossing over, whereas the latter hypothesis assumed that the particular
shape of ring chromosomes is the responsible factor. The results expected can be
outlined as follows.

According to the heterochromatin hypothesis, both the ring and the rod
chromosomes should show a correlation between frequency of somatic crossing
over and amount of heterochromatin. Furthermore, it is assumed that any extra
heterochromatin in ring or rod chromosomes participates physically in the
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exchange event, as opposed to a stimulatory effect on the natural frequency of
somatic crossing over in the proximal heterochromatic region. This assumption
can be checked by comparing the phenotypes of mosaic classes expected a priori
to those observed.

Data on frequency of crossing over for the various types of chromosomes will
therefore be presented in the following order: (1) A rod chromosome deficient
in heterochromatin; (2) A rod chromosome with an excess of heterochromatin
located terminally (XY y B); (3) Rod chromosomes with Y-derived heterochro-
matic right arms and additional heterochromatin intercalated between the marker
loci; (4) Ring chromosomes derived by X-ray treatment of rods with extra termi-
nal heterochromatin (XY y B); (5) Rod chromosomes with extra terminal hetero-
chromatin (XY y B) which had been treated with X rays and therefore perhaps
containing altered amounts of heterochromatin; (6) A rod chromosome with a
Y-derived right arm and additional heterochromatin intercalated between the
marker loci in heterozygous combination with a normal ring chromosome.

According to the ring-shape hypothesis, the chromosomes of all classes except
(4) should show about the same frequency of somatic crossing over, but should
differ from class (4). According to the heterochromatin hypothesis, class (1)
should show a low, classes (2) and (3) a high frequency of crossing over. Classes
(4) and (5) should have an upper limit about that of class (2), but class (4)
certainly, and class (5) probably, would have considerable variation in fre-
quency. The chromosomes of class (4) having sustained two breaks in the
terminal heterochromatin, one in the right and one in the left arm to yield the
rings, must therefore, be deficient as compared to the original chromosome in
some of the heterochromatin. The chromosomes of class (5), however, need not
necessarily have sustained any damage from the treatment. Class (6) was used
in an experiment in which it was attempted to distinguish between single and
multiple exchange events in a single heterochromatic region.

Next, the major classes and nomenclature of mosaic spots in this study will be
briefly considered. Figure 1 is a schematic representation of exchange between
two normal rod X chromosomes with the marker genes y and sn?® in the repulsion
phase. When the exchange occurs to the right of sn® (that is, in centric hetero-
chromatin) the segregating chromatids may give rise to two cells homozygous for
the marker genes y and sn® respectively. If both cells give rise to hypoderm tissue,
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Exchange: (1) y-sn twin spots
Ficure 1.—Normal rod chromosomes with the marker genes in the repulsion phase (y+/-+
sns).
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there will be observed two mosaic spots, one with yellow hypoderm and bristle(s);
the other with wild-type coloration and singed bristle(s); these spots will lie
close to each other and will often be contiguous. STERN referred to these mosaic
spots as twin mosaic spots in contrast to single mosaic spots of either phenotype.
Single mosaic spots can be due either to the production of hypoderm by only one
of the crossover derivatives or to the loss of one of the X chromosomes. As out-
lined in Figure 1 both twin and single mosaic spots will generally be composed
of cells with an XX constitution. However, In special cases of chromosome
rearrangements, somatic crossing over may lead to an X0 constitution of the
spot-forming cells. Such a genetic constitution is an imperative result in the
case of simple chromosome elimination. Mosaic spots composed of cells with the
X0 constitution and which occur in the sexually dimorphic region of the female
abdomen will exhibit the dark male coloration of the hypoderm. These “male X0”
spots may give important information as to the underlying mosaic producing
mechanism. Finally, it is customary to distinguish between single and multiple
bristle spots. This offers a convenient evaluation of the time (early vs. late) dur-
ing development when the event took place which led to the spot formation.
A rod X chromosome deficient in centric heterochromatin: The first hetero-
zygote tested was sc* scb, y-+/~+sn?® (deficient rod/normal rod). The control for
this and other experiments was y+/+sn? (normal rod/normal rod). Both twin
and single phenotype spots are expected. The results are presented in Table 1.
No twin spots were observed in the experimental series and the total percent
mosaicism (6 percent) was much lower than the average value (average of per-
cent mosaicism of rows 3 and 4, Table 1) obtained for two normal chromosomes
(53 percent). A second experiment was performed to rule out the possibility that
heterozygosity for the sc* s¢® inversion was responsible for the reduced frequency
of somatic exchange. In this experiment the heterozygote In(1 )En”, +sn*/sct scd,

TABLE 1

Mosaicism following somatic crossing over of different rod chromosomes with deleted
proximal, normal, and extra terminal heterochromatin

Mosaic spots

Twin Singles Multiples Number of
Genotypes Percent y-sn » sn ¥ sn abdomens
a.
sct scS, ¥y +
v s 6 0 2
S 3 1 0 100
sct sc8, vy +
15
o 0 10 1 0 4 100
b.
y + 64 9 13 20 12 10 100
+ sn3 43 5 8 18 8 4 100
(control)
C.
XY, y - 538 147 92 149 61 89 100

L em3 436 106 95 123 37 75 100




SOMATIC CROSSING OVER 909

y+ was used. These chromosomes are isosequential in their euchromatic portion
and similar to sc* s¢®/normal rod in the amount of heterochromatin. In this case
(Table 1, column 3, rows 1 and 2) only a slight increase (10 vs. 3) in single
yellow-bristle spots was observed, which could be due to better pairing of the
chromosomes. The total percent mosaicism in this case was 15 percent, again
much lower than the average control value.

A rod chromosome with an excess of heterochromatin located terminally
(XY y B): Individuals heterozygous for the standard XY y B chromosome and a
normal rod carrying sn® were examined for mosaic spots. Figure 2 shows possible
heterochromatic exchanges and the expected phenotypes of the resulting mosaic
spots. It should be noted that several pairing patterns are indicated. The same
normal rod X chromosomes as in the previous experiment served as the control.
The frequencies of the different spot classes of the two independent abdomen
readings are in good agreement (Table 1). Furthermore, when these data are
compared with the two readings of the normal rod X chromosomes (rows 3 and
4), a tenfold increase in total percent mosaicism is observed. Since only twin spots
can be considered as a definitive measure of somatic crossing over, it is of con-
siderable importance that these values also are approximately ten times higher
for the series with the terminally located extra heterochromatin than for the
control.

a)

y* sn3 {1
e -
Ys sn* y yL
Exchange: (1) y-sn twin spots (XX constitution)
b)
y* sn3 {
2'221 z
- ey
yL y snt Y$
Exchange: (1) dicentric—elimination, y-sn twin
¢ spots (X0 constitution)
vt sn3 (1)
i - M
L
Y
¥s sn® y @

Exchanges: (1) attached X,no spots
(1) & (2) y-sn twin spots (XX constitution}

d)
Pairing of heterochromatic regions within one single chromosome.
Chromosome: XYy +—sn (X0} spots

Ficure 2.—Rod with extra terminal heterochromatin in combination with a normal rod
(XY y +/4 sn?). (The different pairing patterns may not have equal probability.)
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Rod chromosomes with Y appended to the right arm and additional hetero-
chromatin intercalated between the marker loci: The previous series of abdomen
readings showed that additional heterochromatin located terminally had an effect
on the frequency of somatic crossing over. Next, rod chromosomes with inter-
calated heterochromatin were observed for mosaic-spot production. The derivation
and genetic constitution of these chromosomes (XY%y+y-1, 2 and 3) were men-
tioned above. These chromosomes contain X heterochromatin between y* and
snt y, and have Y™ attached to the right of the centromere. Figure 3 is a schematic
representation of the possible heterochromatic exchanges between this chromo-
some and the standard XY y sn’ B chromosome. According to this scheme, (3a),
no twin spots are expected, but the contrary would be true if the sn® marker were
located on the chromosome with intercalated heterochromatin (Figure 3b, c).
The sn® marker was, therefore, crossed into two of these chromosomes. The data
on these two series of abdomen readings are listed in Table 2. As predicted, the
occurrence of twin spots (y-sn) in the one series (a) is negligible in contrast to
the expected high frequency in the other series (b). Total percent mosaicism for

al

+
A : oY
—--Y - B A st

-
A sn3 y yt

Exchanges: (1) ysn spots

(2) y spots

0 (1} &{2) sn spots
yto@ sn3 y @ vt
:_‘X :XIE

g - X
Ys + y yL
Exchanges: (1) y-sn twin spots
(2) 'y spots
(1) & (2} sn spots
c) -
VAE! sn? y
— s Jupapue -
yL
— -
& + 2
Exchanges: (1) attached X, no spots
(3} y spots

(1) & (2) y-sn twin spots (XX constitution)

0 (I} &(2) &(3) sn spots

Pairing of heterochromatic regions within one single chromosome.
Chromosome: XYL[' + y—sn{X0) and y (XX} spots
XYLyt sn3y—yxx) spots
XYy +—sn{X0) spots
Fieure 3.—Rod with extra heterochromatin intercalated in the euchromatic part and YL

attached to the right arm in combination with a rod with extra heterochromatin terminally
(XYL, y+ /XY, y). (The different pairing patterns may not have equal probability.)
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TABLE 2

Mosaicism following somatic crossing over between rods with extra heterochromatin
and normal XY rod chromosomes*

Mosaic spots
Twin y-y sn Singles Multiples Number of
Genotypes Percent y-sn  sn-y sn ¥y sn ysn y sn ysn abdomens
a.
L g+ 1y
XVt Ayl 360 1 1 68 19 37 16 8 3 50
XY, sn¥y
XYLyt + -2 304 0 4 63 21 47 928 3 31 50
XY, sndy
L
XYyt + 73 630 4 6 98 26 62 46 17 56 50
XY, snfy
b.
XYL, y+ snf -1
2 61 242 11 2 1 54 2 1
XY . Ty 561 2 2 118 8 00
XYL, y+ sn? y-3 7
2 6 71 4 274 119 19 7 47 1 1
XY Ty 26 9 00
C.
yr¥sy 4 YR 710 49 27 9256 85 97 105 48 43 100
Ys ¥ snd. YL

* Control values, Table 1, y ac +/~+ + sn8, 64 percent and 43 percent mosaicism,

the chromosomes with extra heterochromatin is somewhat higher in the series in
which twin spots are observed. Furthermore, as in the previous experiment, with
extra heterochromatin located terminally, the results of these series (a and b)
show, on the average, a tenfold increase in mosaicism as compared to the normal
control chromosomes.

Another fact borne out by the results of the present experiment is that the ex-
change events occur in the extra heterochromatin. The latter conclusion is based
on the prediction of the lack of twin spots in series (a), and that the occurrence
of both yellow and singed spots in this series involve exchanges in the intercalated
heterochromatin (Figure 3a). Moreover, since the production of singed spots
involves double crossing over, these spots are e priori expected to appear with a
lower frequency than yellow spots, which is fully in agreement with the data
(Table 2a).

To study the possibility of a specific difference between intercalated X and Y
heterochromatin behavior in somatic crossing over, females of the genetic consti-
tution y+ Y8  + YU/YS 5 sn® Y (detailed above) were examined. The inter-
calated heterochromatin is Y® rather than centric X heterochromatin present in
the chromosomes of the previous experimental series. Unfortunately no cyto-
logical data are available for a consideration of the relative length of the X and
Y8 intercalated pieces of heterochromatin. The cytogenetic information on
Muller-5 (see MmaTERIALS (2)), however, gives an approximate length of the X-
intercalated heterochromatin (Cooper 1959). Comparing this length to the length
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of Y® in accordance with Cooper’s scale for X and Y heterochromatin, Y® is the
longer piece of heterochromatin.

The expected phenotypes of the mosaic spots in this Y® intercalated series arise
as diagrammed in Figure 3a. From Table 2c it can be seen that an average of
seven spots per abdomen was observed in this series, which is an average increase
of two spots per abdomen over the previous series (Table 2a, b) with intercalated
X heterochromatin. If this increase in mosaicism is viewed in the light of the spot
frequency for normal rod chromosomes (one spot for every two abdomens), it
represents a significant increase. As mentioned above, the same spot classes and
no twin spots are expected for the two series (a) and (c), whereas in series (b),
twin spots are expected which could result in an increase in mosaicism (Figure
3a and b). The data from chromosome 1 and 2 in series (a) are in agreement
with each other, but not with the data of the third chromosome, which are con-
siderably different (approximately four versus six spots per abdomen). The ob-
servations on the third chromosomes in series (a) will be evaluated separately
in the discussion. It is concluded that total percent mosaicism is significantly
higher in the Y® intercalated series than the X heterochromatin intercalated
series. The possible reasons for this difference in behavior of the two “types” of
heterochromatin will be considered in the discussion.

Finally, it is necessary to elaborate on an apparent discrepancy between results
listed in Table 2 for series (a) and (c) and the predictions outlined in Figure 3a.
The figure does not indicate the appearance of twin or other dual spots (e.g., other
combinations of spots than the usual y-sn twin spots; y sn-y and y sn-sn), but
these spot categories are listed (c) at percentages as high as 49 and 27, respec-
tively. It is believed that some of these mosaic spots are actually two separate,
independently produced spots which happen to lie close to each other, and that
others may be due to two independent exchanges in the same cell lineage.

Ring chromosomes derived from rods (XY y B) with extra terminal hetero-
chromatin following X-ray treatment: Rod chromosomes having either deleted,
normal or extra heterochromatin revealed increases at each step in the frequency
of somatic crossing over. Whether such frequency fluctuations could be demon-
strated for ring X chromosomes with initially higher incidence of somatic crossing
over (Brown et al., 1962) was tested by X-ray derived ring chromosomes. It was
assumed that the production of these ring chromosomes from rod chromosomes
with extra terminal heterochromatin (YSX-Y") involved the loss of two pieces of
terminal heterochromatin and the subsequent fusion of the broken ends to form
the ring. Since the pieces of heterochromatin lost would vary in size, the ring
chromosomes would contain varying amounts of centric heterochromatin, and
they should therefore be of different sizes. The survival in males of all the X-ray
derived ring chromosomes precluded a size change below that of usual X° chro-
mosomes. These males were found to be either fertile or sterile for a particular
derived ring, suggesting that less heterochromatin had been lost in the male-fertile
chromosomes than in the male-sterile chromosomes. The male-fertile chromo-
somes should therefore show a higher frequency of somatic crossing over than
the male-sterile chromosomes. The inverse relationship between frequency of
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somatic crossing over and fertility versus sterility would be expected if more
tension and stress is assumed in a smaller ring than in a larger ring. Thus, the
male-fertile chromosomes, because they are larger than the male-sterile chromo-
somes, should show a lower frequency of somatic crossing over than the male-
sterile ring chromosomes. Finally, it follows that in ring/rod combinations in
which the ring is kept constant and the rod is variable in respect to content of
heterochromatin, the ring-shape hypothesis predicts about the same frequencies
of somatic crossing over, while different frequencies are expected according to
the heterochromatin hypothesis.

The six derived ring chromosomes were studied for mosaicism in females
heterozygous for a sn?® rod chromosome. Of these ring chromosomes, Numbers
1, 2, 3 and 4 are male fertile, while 5 and 6 are male sterile. Figure 4 is a sche-
matic representation of possible exchanges between the heterochromatic regions
of a usual X° ring chromosome and a normal rod chromosome. Considering the
number of exchanges, the following spot phenotypes are expected: (1) single
(0odd number) exchange results in twin spots (y-sn) composed of X0 cells; (2)
double (even number) exchanges on both sides of the centromere lead to twin
spots with cells of an XX constitution. The results of duplicate series of the ex-
periments are given in Table 3. Mosaic spots that could only have arisen through

a)

Any odd number of exchanges: y-sn twin
spots (X0 constitution)

Exchanges: (1) and (2) y-sn twin spots
(XX constitution)

b)

Any odd number of exchanges: y-sn twin

spots {X0)

Exchanges: (1) and (2) y-sn twin spots (XX)
(1) and (3) y-sn twin spots (XX)
(2) and (3) no spots

Ficure 4—Ring/rod combinations. Odd number of exchanges between such chromosomes
will result in a dicentric chromosome, which subsequently may get lost; two daughter cells will
result, one with one ring chromosome and the other with one rod chromosome. If these chromo-
somes are properly marked they will give rise to y-sn twin spots with an X0 constitution. Such
spots are expected to show male characteristics in the sexually dimorphic region of the abdomen.
(a) Normal ring/rod combination (X¢2,y +/-+ sn%). (b) Rod with terminal heterochromatin
in combination with a normal ring chromosome (XY, y 4/Xc2, 4 sn%).
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TABLE 3

Mosaicism following somatic crossing over or loss, with ring chromosomes
containing different amounts of heterochromatin

Mosaic spots

Percent

due to somatic Twin Singles Multiples Number of
Genotypes Percent crossing over*  y-sn ¥ sn ¥ sn abdomens
XYe, y 4 -1 645 192 16 36 220 4 53 50
+ sn? 671 223 23 94 461 6 88 100
XYe, y + 2 510 188 6 43 158 1 47 50
~+ sn? 408 177 7 83 289 2 27 100
XYe, y 4+ -3 562 198 9 43 188 2 44 50
+ sn? 614 246 13 52 194 3 45 50
XYe, y 4 4 622 186 9 37 217 5 44 50
+ snd 614 224 14 42 186 7 58 50
XYe, y + 5 298 112 2 2 152 1 47 50
—+ sns 213 88 6 19 164 0 24 50
XYe, y» 4 -6 260 114 7 23 169 2 59 50
-+ sns 245 92 8 17 165 2 53 50
Controls

Xe, v + 484 261 17 110 296 12 49 100
-+ sn? 467 223 31 89 262 7 78 100
Xez, 4 snf 514 205+ 21 343 87 58 5 100
¥y + 478 193+ 13 343 82 32 8 100

Xez, + sn? A
XY, 5 + 885 603+ 43 467 248 97 32 100

* Twin spots plus twice the number of yellow spots.
4+ T'win spots plus twice the number of singed spots.

somatic crossing over, in contrast to spots due to simple loss of the ring chromo-
some, have been estimated (Table 3, column 2) in view of the following facts.
One genetic marker is on the ring, the other on the rod, so that simple loss of the
ring will result in mosaic spots showing the marker of the rod, whereas the marker
of the ring would appear only after somatic crossing over. This latter component
of the total mosaicism has been doubled since both types of spots are expected
after somatic crossing over, and to this estimate the number of twin spots has
been added (Brown et al., 1962). It is clear from these results that the percentage
of spots due to somatic crossing over fall into one of two categories, either 100
percent or 200 percent. The former category reflects the frequencies of somatic
crossing over for the male-sterile chromosomes and the latter, those of the male-
fertile chromosomes.

Additional evidence for the role of heterochromatin in regard to the higher
incidence of somatic crossing over of ring chromosomes comes from the data of
X¢/normal rod combinations as compared to X°¢ in combination with a rod which
has extra heterochromatin terminally (Table 3, last 3 series). The two normal
control ring/rod combinations show about the same frequencies of somatic cross-
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ing over, but the same ring chromosome together with the rod having extra
heterochromatin raises the frequency approximately three times.

X-ray treated rod chromosomes (XY y B) with presumably altered quantities
of extra terminal heterochromatin: Finally, it was reasoned that X-ray treatment
of rod X chromosomes with extra heterochromatin terminally attached (XY y B)
could produce rods with different amounts of heterochromatin which in turn
would result in varying frequencies of somatic crossing over. Moreover, an upper
limit frequency near that of the normal XY y +/+ sn® series (Table 1, series b)
was expected. The percent mosaicism from the different X-ray treated rods in
combination with a normal rod with the marker sn® are listed in Table 4. As
controls to this experiment the results of the two previously discussed series
(Table 1b and c) are also listed in Table 4. It can be seen in this table that the
predictions are realized: that is, none of the frequencies of mosaicism for the
X-ray treated chromosomes are greater than the control series (last row) and at
least for two of these chromosomes (5 and 6) the percent mosaicism is signifi-
cantly reduced. In view of the evidences presented in this study in support of the
quantitative significance of heterochromatin in somatic crossing over, it seems
reasonable to assume that at least chromosomes 5 and 6 in Table 4 are deficient
for heterochromatin. Further support for such a conclusion comes from the fact
that both of these chromosomes were sterile in males which indicate a deficiency
for fertility factors carried on Y® and/or Y™,

TABLE 4

Mosaicism following somatic crossing over between rods with different
amounts of heterochromatin and control chromosomes

Mosaic spots

Twin Singles Multiples Number of

Genotypes Percent y-sn ¥ sn ¥ sn abdomens
XYP, y + 1 464 92 32 45 15 48 50
+ sn? 310 60 34 36 10 15 50
XYP, y + -2 578 103 39 52 26 69 50
+ snf 746 142 54 71 40 66 50
XYD, y -+ -3 316 56 19 39 14 30 50
+ sns 426 68 43 45 22 35 50
XYD, y I -4 646 100 43 84 32 64 50
+ sns 448 70 42 52 27 33 50
XYD, y 4 5 160 10 13 32 2 23 50
-+ sn? 196 15 20 23 1 39 50
XYD, y + -6 160 12 8 23 2 35 50
-+ sn? 172 13 9 25 7 32 50

Controls

y + 64 9 13 20 12 10 100
-+ sns 43 5 8 18 8 4 100
XY, y + 538 147 92 149 61 89 100

-+ snt 436 106 95 123 37 75 100
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A rod chromosome with Y* appended to the right arm and additional hetero-
chromatin intercalated between the marker loci in combination with a normal
ring chromosome: The experiments described above suggested a rather precise
and cumulative effect of heterochromatin on somatic crossing over. It was, there-
fore, assumed that the positive correlation observed between the amount of
heterochromatin and the frequency of somatic crossing over signified more oppor-
tunities for exchange. Furthermore, since male spots (spots composed of X0 cells)
in the sexually dimorphic region of the abdomen (Figure 4) were only observed
occasionally for the ring/rod combinations, it was hypothesized that many of the
mosaic spots recorded in Table 3 were of an XX constitution instead of X0. This
meant that more than one exchange must have occurred in the heterochromatic
regions of both ring and rod chromosomes. To test this hypothesis an experiment
was performed for which certain predictions could be made regarding relative
spot-class frequencies. Simple elimination of the ring chromosome for this par-
ticular ring/rod combination will result in no spots, since the rod chromosome
carries both a y and a y+ locus (Figure 5). A single exchange between the ring
and the rod will lead to the formation of a dicentric chromosome which may sub-
sequently be lost, followed by normal segregation of the two remaining noncross-
over chromatids. In this case singed spots with an X0 constitution showing male
characteristics in the dimorphic region, and no yellow spots are expected. Double
crossovers at (1) and (2) and (1) and (3) will also result in singed spots, but only
simultaneous crossovers at (1) and (3) and (4) will give rise to yellow spots.
These latter spots presumably consist of normal, diploid tissue. If singed spots
owing to single exchanges are the primary source of mosaic spots in this experi-

@) xr-yt )

Single exchanges will result in sn spots with an XO constitution

Exchanges: (1) and (2) sh spots
(1) and (3) sn spots
(1), (3)and {4) y spots

Ficure 5.—Rod with extra heterochromatin intercalated in the euchromatic part and YL
attached to the right arm in combination with a normal ring (XYL, y+ -+ 3/Xc°2, - sn?).



SOMATIC CROSSING OVER 917
TABLE 5

Mosaicism following somatic crossing over between a rod with heterochromatin intercalated
into the euchromatic part and a usual ring chromosome

Mosaic spots

Twin Singles Multiples Number of
Genotypes Percent y-sn ¥ sn ¥ sn abdomens
XYL, y+ + 5 -3 205 11 69 158 17 40 100
Xe2, snd 4 255 4 62 145 15 29 100
y + 514 21 343 87 58 5 100
Xe2 1 sn? 478 13 343 82 32 8 100

ment, then no correlation between sn and y spots is expected. However, if multiple
exchanges are the underlying process for the formation of yellow and singed spots
and if double exchanges occur with equal frequency as triple exchanges (see
Figure 5), then singed spots are expected twice as frequently as yellow spots
Again duplicate series of individuals were collected from two separate culture
bottles and all slides bearing mounted abdomens were coded and “read” along
with those of other experiments. All spots appearing in the dimorphic region of
the abdomen were critically examined for any indication of maleness (X0 tissue),
but none of the typical morphological male spot characteristics was observed. The
results of this experiment are listed in Table 5, together with the data from a
normal ring/rod combination from Table 3, as the control. Both single and multi-
ple yellow bristle spots are recorded for the experimental series, and the frequen-
cies of the respective spot classes in the two independent series of abdomens are
quite similar. Comparing the numbers in the experimental series with those in
the control, it is evident that the relative frequencies of y and sn spots (single and
multiple spots) are reversed. The rather high frequency of yellow spots in the
control series is mostly due to simple elimination of the ring chromosome, where-
as singed spots are only due to somatic crossing over, as already discussed above
for this particular ring/rod combination. It is important to note that in the experi-
mental series which involved a rod with extra heterochromatin, the frequency of
singed spots is doubled. It was also reasoned earlier (see Figure 5) that if multiple
exchanges occurred preferentially between chromosomes with extra heterochro-
matin then singed spots should be twice as frequent as yellow spots in this par-
ticular experiment. According to the values in Table 5, the ratio of single y to
single sn spots is 2.2 and 2.3, and for multiple bristle spots 2.3 and 1.9, respec-
tively, for the two series of abdomens. These results will be considered in the
discussion. ’

DISCUSSION

The results of some of the experiments reported here have been summarized
in Table 6. It is concluded that the factor responsible for the enhanced frequency
of somatic crossing over involving ring chromosomes as compared to rod chromo-
somes (BrowN et al., 1962) is the larger amount of heterochromatin usually
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TABLE 6

Summary of results on somatic crossing over

Chromosomes Heterochromatin content Frequency of mosaicism* (percent)
rod/rod (control) normal/normal 53
rod/rod deficiency/normal 10
rod/rod duplication/normal 532
rods/rods duplication variable/normal 172-491
ring/rod (control) normal/normal 220
ring/rod normal/duplication 603
rings/rods deficiency variable/normal 101-204

* Due to somatic crossing over only. The percentages are averages taken from Tables 1, 2, 3 and 4.

present in ring chromosomes. Hinton (1957) suggested that some element in
the heterochromatic region of the ring chromosomes and the ring fragments made
for greater somatic instability of ring chromosomes as compared to rod chromo-
somes. Kapran (1953), studying somatic crossing over in the second chromosome,
found that most of the mosaics resulted from crossing over close to the centromere,
and that crossovers could occur sirmultaneously in the heterochromatin of the left
and the right arms. Since ring chromosomes usually contain heterochromatin on
both sides of the centromere, the conditions for crossing over between two rings
may, therefore, be similar to those observed for the second chromosome. Accord-
ingly, when the marker genes are in the repulsion phase, simultaneous crossing
over in the heterochromatic regions of paired ring chromosomes would result in
twin spots composed of XX tissues, whereas twin spots with an X0 constitution
would be the result of single exchanges. The same two types of twin spots, that
is, spots composed of X0 or XX tissues, are expected for ring/rod combinations
following single or double exchanges (Figure 4). STern (1936) originally dis-
cussed the fate of dicentric chromosomes resulting from single crossing over
between a ring and a rod chromosome. From a consideration of sister-strand
crossing over as the cause for simple ring elimination (double dicentric) it is
believed that dicentric chromosomes generally do not survive in the sense of
giving rise to mosaic spots. This has been indicated for the figures of the present
study. Sister-strand crossing over as the basic cause for ring-chromosome insta-
bility was proposed by McCrinTock (1938) and was discussed for gynandro-
morphs of Drosophila melanogaster by Brown and Hannan (1952). Suffice it
to say for the present that sister-strand crossing over has recently been demon-
strated in some animal and plant cells (TavLor 1958; PrescorT and BENDER
1963; Peacock 1963; WaLEN 1963).

Spots with an X0 constitution may be recognizable as male tissue when occur-
ring in the sexually dimorphic region of the abdomen. The almost complete ab-
sence, however, of male spots in the study by Brown et al. (1962) as well as in
the present work involving both ring/ring and ring/rod combinations may be due
to sampling errors or to the small size of these mosaic spots (Han~ar 1953;
SterN 1956). On the other hand, the alternative explanation for some of these
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twin spots, namely, that they really constitute XX tissue originating by means
of double crossing over, will be evaluated in view of some of the data of STERN
(1936) and from the present study as well.

As outlined in Figure 4, twin spots with an XX constitution would occur for
ring/rod combinations with the marker genes in repulsion if one of the crossovers
involved the short heterochromatic arm of the rod chromosome. Since the
present data do not furnish evidence of the participation of XR, the very short
right arm of the X chromosome, in somatic crossing over, it seems justified to
consider CoopeRr’s (1959) results on meiotic exchanges. He came to the conclu-
sion regarding meiotic crossing over that “No portion of the heterochromatin
half of X, including the right arm of X, can be eliminated as a possible site of
exchange with Y at this time . . .”” and that the right arm “. . . is breakable at
many points along its length. . . .”” It is, of course, questionable whether these
conclusions apply also to mitotic exchanges. Yet, such may be the case, especially
in view of the results obtained by Stern (1936) with the Theta duplication and
the present results from the experiment involving combinations of the usual X¢
chromosome with a rod having X-heterochromatin intercalated in the euchro-
matic left arm (Table 5).

The frequency of mosaic spots obtained by Ster~ (1936) cannot be compared
with the present data, since different methods of observation were employed in
the two studies, but it is noteworthy that STerw in the experiments involving
the Theta duplication observed twin (y-sn) and yellow spots. Both types of mosaic
spots were explained by him as having arisen through exchange between the
homologous left end of the normal X chromosome (euchromatic exchange) and
the Theta duplication, resulting in cells with a constitution of 3X and 1X -+ frag-
ment. Spots of the same phenotypes, and presumably of XX origin, may, however,
appear after exchange between XR and the heterochromatic part of the Theta
arm.

Less direct evidence in favor of the participation of the right arm of the X in
somatic crossing over is found in the last experiment in the present study (Table
5 and Figure 5). This particular rod chromosome consisted of Y attached to
XR(XRY"). The results indicated that yellow mosaic spots were due to three
simultaneous exchanges, with one of these exchanges involving the heterochro-
matic arm on the right side of the centromere. A similar participation of the
combination XRY"™ in the somatic crossing over process may be deduced from
the approximately three times higher frequency of somatic crossing over for a
ring chromosome and a rod with heterochromatin terminally attached than for
normal ring/rod combinations (Table 3, last series).

The most puzzling observation in the present study is the increase in the fre-
quency of somatic crossing over observed for a normal rod in combination with
a rod having extra, terminal heterochromatin (Table 1, last two series). The
average percent twin spots for the control consisting of two normal rods is 7 per-
cent as compared to 127 percent for the series with heterochromatin terminally
attached. This 18-fold increase in the frequency of somatic crossing over could
be due to extra Y heterochromatin terminally attached acting as a stimulant for
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increased frequency of exchange in the heterochromatic region on the left side
of the centromere, without itself participating physically in the process. An argu-
ment against such a “catalytic action” of the added heterochromatin, however,
stems from an evaluation of the different pairing patterns in Figure 2, and the
resulting mosaic spots if the exchanges occur equally freely between XX and XY
heterochromatin. Evidence for “nonhomologous” exchanges of heterochromatin
(i.e. between X and Y heterochromatin) in somatic crossing over comes from
SterN (1936) and from a consideration of the spot classes expected a priori and
those actually observed in the third experiment of this study (Table 2, Series a
and b; Figure 3). In this experiment certain spot phenotypes could only have
arisen as a result of exchanges between X- and Y-heterochromatin. Accepting
these arguments in favor of fairly frequent X and Y heterochromatic exchanges,
it is evident from Figure 2 that twin spots do result from all the possible ex-
changes in this case. On the other hand, none of the spots showed male charac-
teristics in the dimorphic area although they were predicted for some of the
exchange patterns. The absence of such spots may again be due to the general
smallness of mosaic spots which result from somatic crossing over (HaNNau
1953; SterN 1956).

From these considerations, it is concluded that the frequency of somatic cross-
Ing over is to a great extent dependent on the amount of heterochromatin avail-
able for physical exchange. This means the addition of yet another factor to the
list of those which have already been shown to influence somatic crossing over:
the presence or absence of Minutes (STeErN 1936; Karran 1953; DEMARINIS
1959) ; a multigenic system (Weaver 1960); and environmental factors (STERN
and RentscuLEr 1936; KarrLan 1953; Brosseau 1957).

In the third experiment of this study, which involved a rod with intercalated
X heterochromatin between the marker loci, it was observed that the third experi-
mental X chromosome (Table 2a) was involved in a higher degree of mosaicism
than the other two chromosomes. This is believed to be due to a greater amount
of intercalated heterochromatin in this X chromosome. The procedure by which
these three X chromosomes were derived involved a meiotic crossing over of a
type that could result in the extension of the original piece of intercalated X
heterochromatin by the addition of Y® heterochromatin. Such an interpretation
also explains the significantly higher percent mosaicism for the Y® intercalated
series as compared to the other two X-heterochromatin intercalated series (Table
2, Series ¢ and a, chromosome 1 and 2). The short arm of Y is, as discussed above,
longer than the piece of centric heterochromatin transposed to the left end in
the Muller-5 chromosome. A logical extrapolation from these arguments is that
somatic crossing over is positively correlated with the amount of heterochromatin
present at any one particular location in the chromosome. Such a conclusion is
supported by the observed differences in percent mosaicism in the two experi-
ments in which X-ray derived chromosomes were analyzed for mosaicism. These
considerations also indicate that there are no “type’ specific effects of X versus
Y heterochromatin on the frequency of somatic crossing over.

It is perhaps peculiar that the six X-ray derived ring chromosomes were divided






