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I. INTRODUCTION

F CHROMOSOMES are broken by various means, the broken ends

appear to be adhesive and tend to fuse with one another 2-by-2. This
has been abundantly illustrated in the studies of chromosomal aberrations
induced by X-ray treatment. It also occurs after mechanical rupture of
ring-shaped chromosomes during somatic mitoses in maize and is assumed
to occur during the normal process of crossing-over. In a previous publica-
tion (McCLINTOCK 1938b) it was shown that following breakage of a single
chromatid in a meiotic anaphase of maize, fusion occurs at the position of
breakage between the two sister halves of this broken chromatid. Because
of this fusion, the two sister halves cannot separate freely from one another
in the following mitotic anaphase. As the two centromeres of the termi-
nally united chromsomes pass to opposite polesin this mitotic anaphase, a
chromatin bridge is produced. The tension on the bridge configuration,
following the poleward migration of the centromeres, results in rupture.
Once again, a chromatid with a broken end enters each sister telophase
nucleus. The questions then arise: Will fusions occur at the position of
breakage between the two sister halves of each of these broken chromo-
somes giving rise to an anaphase bridge configuration in the following
mitosis? If so, will this breakage-fusion-bridge cycle continue in each suc-
cessive nuclear division, or will the broken end, produced by the rupture of
an anaphase bridge configuration, eventually “heal,” thus discontinuing
the breakage-fusion-bridge cycle? Answers to these questions were pre-
sented briefly in a preliminary publication (McCLINTOCK 1939). The re-
sults presented in this latter publication and those presented in this paper
have led to the following conclusions. (1) If a chromosome, broken at the
previous meiotic anaphase, is delivered to the primary endosperm nucleus
through either the male or the female gametophyte, the breakage-fusion-
bridge cycle will continue in the successive nuclear divisions during the
development of the endosperm tissues. (2) A similarly broken chromosome
delivered to the zygote nucleus by either the sperm or the egg does not give
rise to bridge configurations in successive nuclear divisions in the sporo-
phytic tissues. The broken end heals. There is a complete cessation of the
breakage-fusion-bridge cycle. (3) The breakage-fusion-bridge cycle is con-
fined to the gametophytic and endosperm tissues of the generation im-
mediately following the initial break in the chromosome, (4) Healing of the
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broken end in the embryonic sporophyte is permanent. When a chromo-
some with a healed broken end is introduced into gametophytic or endo-
sperm tissues in succeeding generations, no fusions of broken ends result
either between sister halves of the broken chromosome or between two
such broken chromosomes when both are introduced into a single nucleus.
It is the purpose of this paper to present the evidence for these conclusions.

II. THE TYPES OF GENETIC VARIEGATION PRODUCED BY THE
BREAKAGE-FUSION-BRIDGE CYCLE

If a broken chromosome continued the breakage-fusion-bridge cycle in
successive nuclear divisions, its presence should be made evident by genctic
variegation in endosperm and plant tissues. This would follow when the
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FIGURE 1.—A representative illustration of the method by which variegation may be produced
in tissues carrying a chromosome with a broken end. The clear circle represents the centromere.
The dominant genes A B and C are carried by the arm with the broken end, 4 being near the
broken end and C near the centromere. The homologue of this chromosome (not diagrammed) is
considered to be normal and to carry the genes e b and ¢. Division of this broken chromosome re-
sults in fusion at the position of breakage between the two split halves (prophase, second diagram
from top). This is followed by a bridge configuration in the following anaphase (anaphase, third
diagram from top). The arrow points to the position of breakage, the two broken chromosomes
entering the sister telophase nuclei (telophase, right and left). This process is repeated in succes-
sive divisions. One such division is diagrammed below each of these two telophase chromatids.
The diagrams illustrate how dominant genes may be deleted or reduplicated followed the break-
age-fusion-bridge cycle.

broken chromosome carried dominant genes and its normal homologue
carried the recessive alleles. Figure 1 illustrates the method by which
variegation is produced in consequence of the breakage-fusion-bridge cycle.
The line at the top of the figure represents a chromosome with a broken
end. The dominant genes 4 B and C are carried by the arm with a broken
end, 4 being close to the broken end and C nearest to the centromere. The
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diagram immediately below represents this chromosome at the following
prophase, fusion having occurred between the two sister chromatids at the
position of previous breakage. Separation of the two sister centromeres at
anaphase results in a bridge configuration (third diagram, fig. 1). If a
break occurred at the position of the arrow, a chromosome carrying the
genes A A B C and possessing a broken end would enter one telophase
nucleus (left in the diagram) and one chromosome carrying the genes B
and C would enter the sister telophase nucleus (right in diagram). All the
cells arising from this latter cell would lack the dominant gene 4. Thus, the
recessive gene @ would appear in all cells arising from this cell, and the
process which results in variegation would have commenced. Each of these
broken chromosomes could, in turn, repeat the process just outlined. In
the telophase chromosome to the right, the broken ends of the two sister
chromatids would again be fused at the succeeding prophase (see diagram),
and a bridge configuration would result at the following anaphase (see
diagram below). If a break occurred at the arrow, a broken chromosome
carrying B B C would enter one telophase nucleus and a broken chromo-
some carrying only C would enter the sister nucleus. All the cells arising
from this latter cell would have lost the dominant genes A4 and B, and the
tissues would show the character of the recessive alleles @ and 4. In the
first telophase to the left, a similar process has been diagrammed whereby
the dominant gene 4 is lost to one daughter nucleus and repeated duplica-
tions of A genes are introduced into the sister nucleus.

The diagram (fig. 1) is merely an example. The break in the first ana-
phase might have occurred between the two A genes. Several nuclear
cycles might take place before a break occurred to one side of these genes
resulting in the loss of the A gene to one of the daughter nuclei. On the
other hand, the first or successive breaks might have occurred close to one
of the centromeres resulting in the loss of all three dominant genes to one
nucleus and their duplication in the sister nucleus. Variegation patterns of
dominant and recessive tissue resulting from this type of behavior should
be very distinctive. Some tissues could be totally recessive—that is.
a b c. In this case, all three genes would be lost from a nucleus in a single
anaphase break. Other tissues could be recessive for ¢ but variegated for
band c. In this case 4 would be lost from the cell following one anaphase
break, while B and C would be subsequently lost. In these tissues, patches
should be found which are (1) a b ¢ where B and C have subsequently and
simultaneously been lost; (2) a b C from which B and not C has been lost.
In this latter patch, which is wholly a b in genetic character, still smaller
patches should be found which are a 4 ¢. No tissues should be found which
show the genctic constitution a B¢. In other words, when variegation
within variegation is present, the developmental pattern should show the
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loss of the terminal genes before loss of genes close to the centromere. Since
variegation of endosperm tissues was the means by which individuals pos-
sessing broken chromosomes were detected, a description of the types of
variegation observed will be given after the method has been described by
which broken chromosomes may be obtained.

In order to secure cytological evidence of the presence of a broken chro-
mosome in a plant and to study the genetic consequences of its behavior,
two methods were employed. Both methods involve the breakage of chro-
mosome ¢ at a meiotic anaphase and its deliverance to the endosperm
and the zygote after successful passage through the developmental periods
of the male or the female gametophytes (the pollen grain and embryo sac,
respectively). This necessitates the production of a broken chromosome

Figure 2.—Photomicrograph of chromosome g at pachytene in a microsporocyte. The centro-
mere appears as a grey bulge (arrow). The short arm of one of the homologues terminates in 2
small knob. Note the deep-staining region adjacent to the centromere in the short arm and the
smaller, more widely spaced chromomeres in the distal part of the arm. The proximal deep-
staining segment appears relatively longer in this photograph than in the diagrams given in this
paper. This is due to an overlapping of the two homologous chronosomes immediately distal to
the junction of the deep-staining and lighter-staining regions.

which possesses at least a full set of genes if transmissions are to occur
through the male gametophyte, or broken chromatids with only relatively
short terminal deficiencies if transmissions are to occur through the female
gametophyte. No deficiencies within the short arm of chromosome ¢ which
are transmitted through the pollen are known, but deficiencies of terminal
segments up to and including one third of the short arm may be trans-
mitted through the female gamete (McCriNTOCK unpublished).

Both methods involve the use of abnormalities in the structural arrange-
ment of chromosome ¢ of maize. A photograph of a normal chromosome
o at the mid-prophase of meiosis is given in figure 2. The genes Yg? C,
Sh,and Wx are located in the short arm of chromosome g. ¥g normal green
plant, yg vellow-green plant; C colored aleurone, ¢ colorless aleurone; Sk
normal development of the endosperm, sk shrunken endosperm; W« nor-
mal starch staining blue with iodine, wx waxy starch staining red with
iodine). The linear order of these genes is Yg-C-Sh-Wx. Vg is located very
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near the end of the short arm. C is located approximately a quarter of the
distance in from the end of the short arm. S# is located very close to it.
Wx is located at approximately the middle of the short arm, although its
exact position has not been determined. It should be noted that the gene
Vg is a plant character, whereas the genes C, Sk, and Wx are endosperm
characters.

III. THE PRODUCTION OF A BROKEN CHROMOSOME BY MEANS
OF A REARRANGEMENT IN CHROMOSOME 9

(a) Description of the rearrangement

The first method will be described in considerable detail, since it affords
particularly favorable material for a cytological and genetical study of the
behavior of broken chromosomes. It involves the use of a chromosome 9
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FIGURE 3.—A normal chromosome ¢ terminating in a large knob (stippled). The clear oval
region represents the centromere. The individual parts of the chromosome have been numbered
from 1 to 17. The broken line (segments 1 to 4) represents the widely spaced small chromomeres of
the distal two-thirds of the short arm. The wide line (segments 5 and 6) represents the proximal
deep-staining region of the short arm adjacent to the centromere. The long arm is represented by
anarrow line. The arrows point to the positions of breaks which resulted in the rearranged chromo-
some shown in b.

with a moderately complex rearrangement of parts which arose following
X-ray treatment. A normal chromosome g is diagrammed in a, figure 3.
In the strain of maize irradiated, the short arm terminated in a large knob
(stippled). (In certain strains of maize no knob is present at the end of the
short arm. In other strains small or intermediate size knobs are found.
The knob substance lengthens the chromosome but does not carry essential
genic material.) The proximal one-third of the short arm (fig. 2 and regions
5 and 6 fig. 3) adjacent to the centromere (clear oval region in diagram) is
characterized by large, closely associated deeply-staining chromomeres,
suggesting heterochromatin in appearance. It will be referred to as the
pycnotic region. The distal two-thirds of the short arm (dash lines fig. 3)
is composed of small, widely spaced chromomeres. The arrows in a (fig 3)
indicate the positions of breaks which resulted in the rearrangement of
segments shown in b (fig. 3). The large terminal knob has been broken into
two unequal parts, the small part together with three quarters of the short
arm being inserted into the long arm in the normal order. The section which
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includes 6 to 10 became attached to the larger segment of the knob at
region 10, resulting in an inverted order for the genes in this segment.

(b) Types of chromosomes produced as the result of crossing-over

Plants which contain one rearranged chromosome g and a normal homo-
logue give rise to several types of anaphase I and II configurations following
crossing over in the rearranged segments. A diagram of the meiotic pro-
phase synaptic configuration is given in figure 4. The regions where cross-
ing over results in aberrant configurations are labelled A, B, and C. Region
A includes the segment from 1 to 5. Region B includes segment 6. Region
C includes the segment 7 to r1o.

Several types of altered chromosomes result from crossing over in these
regions. In figure 5, the types of dicentric chromatids produced by crossing

FicurE 4.—Synaptic configuration produced following homologous associations of a normal
chromosome ¢ (without a knob) and the rearranged chromosome diagrammed in b of figure 3.
Region A includes segments 1 to 5. Region B includes segment 6 (between the small knob and the
centromere). Region C includes segments 7 to 10.

over are diagrammed. The type of crossing over which produces each type
of dicentric chromatid is given in the description beneath the figure. In
most cases, the dicentric chromatid produces a bridge configuration in ana-
phase I. The two types of crossovers which lead to bridge configurations
at anaphase II are indicated in the legend. In addition to the dicentric
chromatids, two new monocentric chromatids can be produced as the re-
sult of crossing over. These are diagrammed in figure 6. The various types
of acentric chromatids, which are the complements of the dicentric chro-
matids, are mainly lost to the successive nuclei following crossing over.
Thus, they have not been diagrammed.

As indicated in figure 5, most of the dicentric chromatids result in a
bridge configuration in anaphase I. Only the three-strand double crossovers
involving regions A and B result in bridge configurations in anaphase II.



240 BARBARA McCLINTOCK

Observations of the number of bridge configurations in the two meiotic
divisions indicate the frequency of the types of crossovers. Among 238
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Ficure 5.—Types of dicentric chromatids produced as the consequence of crossovers in re-
gions A, B, and C of figure 4. a. Dicentric chromatid produced following a single crossover in region
A. A bridge configuration occurs at anaphase 1. b. A dicentric chromatid resulting from a two-
strand double crossover involving regions A and B or A and C. A bridge configuration occurs at
anaphase 1. ¢. Dicentric chromatid resulting from a three-strand double crossover involving one
chromatid of the rearranged chromosome and the two chromatids of the normal chromosome. One
crossover in region A, the other in region C. will result in a bridge configuration in anaphase I.
If the second crossover is in region B, a bridge configuration will occur in anaphase IL d. Dicentric
chromatid resulting from a three-strand double crossover, as in ¢, but the chromatids involved are
the reverse—that is, one from the normal chromosome and two from the rearranged chromosome.

microsporocytes in anaphase I, 77 or 32 percent showed a chromatid
bridge. In two of these microsporocytes a double bridge with two acentric
fragments was observed—the result of a four-strand double crossover.
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FIGURE 6.—Types of derived chromosomes with a single centromere resulting from a crossover
in regions B or C of figure 4. The chromatid in a could be recovered, since it containsa complete set
of genes plus a duplication of segments 11 to 17. The chromatid in b could not be recovered, since
it is deficient for the segments 11 to 17.

In anaphase II, only those dyads were counted in which both sister cells
could be observed at mid-anaphase. Among 271 such dyads, only five or
1.8 percent showed a chromatin bridge configuration in one of the sister
cells.

The dicentric chromatid most frequently formed (a, fig. 5) is of particu-
lar significance for this study. The part of the dicentric chromatid extend-
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ing from the small internal knob to the right end of the chromosome is the
equivalent of a complete chromosome ¢. Left of the small internal knob is
the short pycnotic region 6 followed by the second centromere and the seg-
ment 7 to 1o which terminates in the large knob. At anaphase I, the two
centromeres moving in opposite directions cause the chromatid to break.
Analyses of anaphase I configurations and of the composition of this chro-
mosome in microspores indicate that the break may occur at any position
between the two centromeres. Breaks which occur immediately to the right
of the small internal knob or to the left of this position, will result in one
broken chromatid with at least a full set of genes of chromosome g. This
chromatid could result in a viable spore since no essential genic material
has been lost from the chromosome at this initial break. Breaks which occur
to the right of the small inner knob within regions 1 to 6 would result in a
chromatid deficient for various numbers of genes of the short arm, de-
pending in each case upon where the break had occurred. Regardless of
where the break occurs, the resulting broken chromatid to the left would be
deficient for a large number of genes of chromosome g. It would not be ex-
pected to produce a functional spore. Interest centers, therefore, on the
transmissions of the broken chromatid to the right.

The two dicentric chromatids shown in b and ¢ (fig. 5) could give rise to
broken chromatids with a full complement of genes. Those in d would not
be expected to survive, because both of the broken chromatids would be
highly deficient. In b (fig. 5) the surviving chromatid following breakage
would have most of the genes in the short arm in the inverted order. In ¢
(fig. 5) the surviving broken chromatid could have its genes in the normal
order if the break occurred between the knob and the left centromere and
would be indistinguishable from the broken chromatid derived from a. If
the break occurred in segment 6 adjacent to the right centromere, the sur-
viving broken chromatid would have the order of the genes reversed, as in
b. Since none of the transmitted broken chromosomes so far obtained have
shown an inverted order of genes, attention will be concentrated on the sur-
viving broken chromatid arising from the dicentric chromatid of a.

(c) Types of kernels resulting from the cross

C Sh Wx rearranged chromosome g

X ¢ sk wx normal chromosome g.
¢ sh wx normal chromosome g

The dicentric chromatid (a, fig. 5) arises from a crossover in region A of
figure 4. This region carries the loci of the genes ¥g C Sk and Wx. Since
the chromosomes with a broken end arise from a dicentric chromatid which
suffered a break at anaphase I or II, all surviving chromosomes with a
broken end should be crossovers within this region A. If the breakage-fu-
sion-bridge cycle continues after the initial meiotic anaphase break, the
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endosperm tissue should be variegated when it has received from one par-
ent a broken chromosome g carrying any or all of the dominant endosperm
genes and from the other parent a normal chromosome ¢ with the recessive
alleles, ¢ sk and wx.

The following tests were made in order to show that the variegated ker-
nels arise following a crossover in region A of figure 4. Plants were obtained
which possessed a rearranged chromosome ¢ carrying the genes Yg C Sk
Wx and a normal chromosome ¢ with the genes yg ¢ sh wx. These plants
were crossed to those carrying two normal chromosomes g each with the
genes yg ¢ sk wx. The types of single crossovers within this region and the
resulting dicentric chromatids with their genic constitutions are shown in
figure 7. The rearranged chromosome g with the genes Yg C S& Wx and
the normal chromosome g with the genes yg ¢ sh wx are diagrammed at the
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Ficure 7.—The genic constitution of dicentric chromatids resulting from crossing over in seg-
ments 1 to 5. At the top of the diagram, homologous associations of the rearranged chromosome
9 and a normal chromosome g are represented only between segments 1 to 5. The genic constitu-
tion of each chromosome is indicated. Between the two chromosomes the regions where crossovers
may be detected are numbered 1, 2, 3, and 4. The dicentric chromatids with their genic constitu-
tions resulting from crossovers in each of these regions are given below.

top of figure 7. To simplify visualization of the crossovers, homologous as-
sociations of these two chromosomes are diagrammed only in the region
carrying these genes (region A of fig. 4). There are four marked regions of
crossing over, designated 1, 2, 3, and 4 in the diagram. The amount of
crossing over which occurs between two normal chromosomes g in regions
1, 2, and 3 are 19 percent, 3 percent, and 21 percent, respectively (EMER-
soN, FrRASER, and BEADLE 1935). The normal amount of crossing over in
region 4 (from Wx to the break) cannot be stated, since there were no pre-
vious tests for this region. A crossover in region 1 (from ¥Yg to C) would
give rise to a dicentric chromatid carrying the genes Yg ¢ sk wx. Following
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the meiotic anaphase break, a surviving broken chromatid with the endo-
sperm genes ¢ sk and wx could be delivered to the primary endosperm
nucleus. Since no variegation would result, this broken chromatid could
not be detected by the endosperm characters.

A crossover in region 2 would give rise to a dicentric chromatid carrying
Vg C shwx. If the first break in the dicentric chromatid occurred to the left
of C, a broken chromosome carrying the genes C sk and wx could be de-
livered to an endosperm, provided the successive breaks in the gameto-
phyte divisions did not eliminate C. The resulting endosperm should be
homozygous for sk and wx but variegated for C and ¢.

A crossover in region 3 would give rise to a decentric chromatid carrying
Yg C Shwx. Thus a broken chromosome with the genes C Sk and wx could
be delivered to the primary endosperm nucleus. The endosperm tissue
which develops should be homozygous for wx but variegated for C-¢ and
Sh-sh.

A crossover in region 4 would give rise to a dicentric chromatid carrying
the genes Yg C Sk and Wx. If the original break and the successive breaks
in the gametophyte divisions occurred to the left of C, a broken chromo-
some with the genes C Sk and Wx would be delivered to the endosperm.
The endosperm then should be variegated for all three genes, the detectible
order of the loss of the dominant genes being C, followed by S4, followed by
Wz, In this last case, a break occurring between C and Sh, either in the first
or in subsequent gametophyte divisions, could deliver a broken chromo-
some with the genes Sk and Wx to the endosperm tissues. The endosperm
would then be ¢ but variegated for Sh-sh and Wax-wx. If the original or
subsequent break in the gametophyte occurred between Sk and Wz, the
endosperm tissues would be ¢ and sk but variegated for IWa-wsx. Thus, sin-
gle crossovers in regions 2, 3, and 4 should be genetically detectible by the
type of endosperm variegation. Since C and S% are close together and the
genes Sk and Wi relatively distant, there should be many more C-¢c Sh-sk
wx kernels than C-c sk wa kernels. If the normal relative rates of crossing
over for these two regions is maintained in the plants heterozygous for the
altered chromosome g, the two types of variegated kernels should occur in
the ratio of 1 to 7. That this ratio is maintained is seen from an examination
of table 1, which gives the types of kernels resulting from the cross C Sk Wx
rearranged chromosome /¢ sk wx normal chromosome g X¢ sk wx normal
chromosome g. This table considers only the endosperm characters. In the
crosses contributing to table 1, the plant character yg need not be con-
sidered. However, in some crosses, both parents were homozygous ¥g. In
other crosses, the heterozygous parent was either Yg Vg or Vgyg as in
figure 7, while the recessive parent was homozygous for yg.

In this table it may be seen that g percent of the kernels have the genet-



244 BARBARA McCLINTOCK

ic constitution of the two parental chromosomes of the heterozygous in-
dividual—that is C Sk Wx non-variegated or ¢ sk wx. Only 0.8 percent of
the kernels in the first column and o.51 percent of the kernels in the second
column are variegated, but the relative proportions, respectively, of the
variegated kernels representing crossovers in regions 2, 3, and 4 are similar

TABLE I

Types of kernels arising from the cross.

C Sh Wx rearranged chromosome g

X ¢ sh wx normal chromosome 9
¢ sk wx normal chromosome ¢

Q PARENT HETEROZYGOUS & PARENT HETEROZYGOUS
Non-variegated, non-
crossover kernels
CShWx 11,716 6,789
¢ shwx 11,679 5,812
Subtotal 23,393 12,601
98.9% 99.1%
Non-variegated,
crossover kernels
C shwx 2 3
¢ ShWx 3 I
C Shwx 12 21
cshWzx 8 14
CshWx o o
¢ Shwx 1 o
Subtotal 26 39
0.19% 0.39%
Variegated kernels
C-¢c shwx 7 7
C-c Sh-sh wx 78 48
C-¢c Sh-sh Wx-wx 21 11
¢ Sh-sh Wx-wx 2 <]
¢ sh Wx-wx 1 [
Subtotal 109 66
0.80% 0.51%
Totals 23,530 12,706

in both crosses. Among the variegated kernels 14 were homozygous for sh
and wx but variegated for C-c. These represent crossovers in region 2. One
hundred twenty-six were homozygous for wx but variegated for both C-¢
and Sh-sh. These represent crossovers in region 3. Thirty-two were varie-
gated for all three genes. These represent crossovers in region 4. The rela-
tive proportions of crossovers in regions 2 and 3 conform to expectancy on
the basis of both the cytological and genetic evidence for the distance be-
tween the genes C Sk and Wx. The relative proportion of crossing over
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from Wx to the break in the rearranged chromosome ¢ could not be antici-
pated, since no previous genetic evidence was available for this region.

In both crosses there were a few kernels (o.19 percent in column r and
0.30 percent in column 2) carrying crossover chromatids which did not
show variegation. According to expectancy, these should represent double
crossover chromatids with normal, non-broken ends. The kernels should
possess either a normal chromosome ¢ or a rearranged chromosome g but
not a broken chromosome 9. Whether, in any class, a normal or a rearranged
chromosome is present would depend upon the positions of the two cross-
overs with respect to both the genes and the chromatids involved (sce table
6).

Cytological evidence for the conclusion that the variegated kernels carry
a chromosome ¢ with a broken end and that the non-variegated kernels
possess a non-broken chromosome could be obtained readily by examina-
tion of the chromosome complement of the plants arising from each of
these types of kernels. However, before these results are described, it is de-
sirable to emphasize the genetic evidence which allows one to conclude
that the breakage-fusion-bridge cycle is responsible for the variegation in
the endosperm. These may be enumerated as follows. (1) The frequency of
the different types of kernel variegation indicates their relationship to
crossing over in region A, figure 4, which, in turn, results in a dicentric chro-
matid and finally a broken chromosome. (2) The very low percentage of
non-variegated kernels carrying crossover chromatids. This is expected
on the assumption of their origin from a double crossover. These should be
relatively infrequent. (3) The developmental order of loss of the genes in
the variegated kernels containing C S# and Wx is the type expected on the
basis of the breakage-fusion-bridge cycle as outlined in figure 1. The genes
nearer the broken end are lost before those nearest the centromere. (4)
A striking confirmation of the breakage-fusion-bridge cycle appears in the
various colored regions in the variegated kernels. In normal endosperm tis-
sues the C allele may be present in a single dose (Cc¢), a double dose
(C C¢), ora triple dose (C C C). Usually the depth of color of the aleurone
layer is related to the number of C alleles present, C ¢ ¢ being lighter than
C C ¢ which in turn is lighter than C C C (JonEs 1937). When a broken
chromosome ¢ is introduced in the cross outlined, the depth of color in the
C regions in the variegated kernels varies from very light to exceptionally
dark. The regions are distributed in well defined patches for each intensity
of color. This type of variegation is exactly what should be produced fol-
lowing the breakage-fusion-bridge cycle. As illustrated in figure 1, genes
may not only be lost but may be reduplicated as a consequence of this
cycle. Thus, various doses of the C allele in different regions of the aleurone
are to be expected.
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On the basis of the genetic evidence obtained from the variegated ker-
nels, it was expected that the plant tissues would likewise show variegation
for the Vg gene when the homozygous parent contained the gene yg, as
well as the genes ¢ sk wx, in its two normal chromosomes g while the
heterozygous parent contained ¥g in each of its two chromosomes g. Some
of the crosses contributing to table 1 were of this type. The plants arising
from the variegated kernels would be expected to show variegation
(Vg-vg) or to be wholly yg if the ¥ g locus had been lost either in the original
or in an early subsequent break. The results were unexpected. The plants
were either ¥'g or vg. There were no variegated individuals. Forty-eight
plants were grown from the variegated kernels. Forty were Vg and eight
were yg. Cytological examination showed that all the plants arising from
these variegated kernels actually possessed a broken chromosome 9. The
Yg plants had at least a complete chromosome g. All the yg plants had lost
a segment at the end of the short arm of chromosome ¢ which included the
Yg locus. In all cases, however, the broken end of the chromosome g had
healed in the somatic diploid tissues, discontinuing the breakage-fusion-
bridge cycle and thus the possibility of producing variegation in the ¥g in-
dividuals. If the non-variegated crossover kernels possessed a non-broken
end resulting from a double crossover, none of the plants arising from these
kernels should be yg. All should possess either the normal chromosome g or
the rearranged chromosome g. Twenty-six plants were grown from the
crossover non-variegated kernels. All twenty-six were Yg; none was yg.
Cytological examination showed that all possessed an unbroken chromo-
some 9.

The cross outlined above allows one to distinguish between the crossover
types which give a broken chromosome g and those which give a non-
broken chromosome g. As stated earlier, the single crossovers in region 1 of
figure 7 cannot be detected by variegation, because the broken chromosome
has the constitution ¢ sk wx. Since this region between the knob and C in
normal material shows as much crossing over as that between C and W,
a number of broken chromosomes must have remained undetected in the
above crosses. In order to detect the transmissible broken chromosomes
following a crossover in region 1, as well as in the other three regions, indi-
viduals of the constitution C Sk Wx rearranged chromosome ¢/C sk wx
normal chromosome g were crossed with plants carrying two normal chro-
mosomes g each with ¢ s wx. In this cross, the single crossovers in region 1
(fig. 7) would result in a dicentric chromatid with the constitution C sk wx.
Following breakage of the dicentric chromatid, the surviving broken chro-
mosome should have the constitution C sk wx and would result in a kernel
variegated for C-c but homozygous for sk and wx. The single crossovers in
regions 2, 3, and 4 would produce the same types of variegated kernels as
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described in figure 7. Since single crossovers in regions 1 and 2 result in sur-
viving broken chromosomes with similar constitutions, the class C-¢ sk wx
among the variegated kernels should be relatively increased in this cross.
This is shown in table 2, where the results of this cross are recorded. The
first column gives the results obtained when the female parent was hetero-
zygous. The second column gives the results obtained when the male

TABLE 2
Types of kernels arising from the cross.

C Sh Wx rearranged chromosome g

X ¢ sh wx normal chromosome g
C sh wx normal chromosome ¢

Q@ PARENT HETEROZYGOUS &' PARENT HETEROZYGOTS
Non-variegated kernels
¢ 4,532 4,116
c 1 8
Variegated kernels

C-c shwyx 16 38

C-¢c Sh-sh wx 17 22

C-c Sh-sh Wax-wx 4 6
Totals 4,570 4,190
Percentage variegated kernels 0.8 1.6

parent was heterozygous. This cross was designed to test the maximum
number of surviving broken chromosomes. Because some of the double
crossover chromatids in the C non-variegated class could not be detected,
classification of kernel types in the non-varicgated classes have not been
included in the table. Kernels with the constitution ¢ should arise only
following mutation of C to ¢, which is very rare, or following deletion of the
C gene from the broken chromosome before its deliverance to the endo-
sperm as a consequence of the breakage-fusion-bridge cycle. The one
¢ shwx kernel in the first column was diseased. It is possible that color did
not develop because of this disease. In the second column, six of the eight
¢ sh wx kernels appeared on two of the 11 ears examined. This strongly sug-
gests that they arose following contamination. Plants have not been
grown from these kernels to check the chromosome constitution.

The results of a similar cross which included yg are given in table 3. This
cross was designed to test for the presence of yg in the plants derived from
the various types of kernels. If the variegated kernels are the only ones
which have a broken chromosome, no yg should appear in plants arising
from the non-variegated kernels, either in the non-crossover classes or the
crossover classes. However, yg could appear in the plants derived from the
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variegated kernels. No yg plants appeared in more than oo plants derived
from each of the two non-variegated, non-crossover classes. The three
plants derived from the non-variegated crossover kernels were likewise ¥'g.
Their chromosome g constitution showed that a double crossover chroma-
tid with a normal end had entered the endosperm and zygote nuclei. Nine

TABLE 3
Tvpes of kernels arising from the cross.

Vg C Sh Wx rearranged chromosome g

- Q Xwg ¢ sh wx normal chromosome 9d"
Yg C sh wx normal chromosome 9

Non-variegated,

non-crossover kernels Number of kernels
CShWx 2,001
C sh wx 2,016

Non-variegated,
crossover kernels

C Shwx 2

CshWx 1
Variegated kernels

C-c shwx 3

C-¢ Sh-sh wx 8

C-¢ Sh-sh Wx-wyx 1

plants were obtained from the variegated kernels. Five of these were ¥'g
and four were yg. All nine plants carried a broken chromosome g. The five
Yg plants possessed at least a complete chromosome 9. Each of the four
yg plants possessed a chromosome 9 deficient for a terminal segment of the
short arm which included the ¥g locus.

(d) The chromosome 9 constitution of plants arising from
the variegated kernels

In the previous scction, genetic evidence has been given which indicates
that variegation in the endosperm tissue is due to the presence in these
tissues of a chromosome ¢ with a broken end. The varicgation appears as
the consequence of the breakage-fusion-bridge cycle in successive nuclear
divisions. In contrast, the plants arising from the variegated kernels, al-
though possessing a chromosome with a broken end, do not show variega-
tion. The broken end of the chromosome heals in the embryo nuclei and re-
mains permanently healed regardless of the tissue in which it may later he
present.

In this section it is desired to describe the types of broken chromosomes
which are present in the plants arising from the variegated kernels. In a
previous publication (McCLINTOCK 1938b) it was shown that a chromo-
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some broken at a meiotic anaphase gave rise to a bridge configuration in
the following microgametophyte division as the result of the fusion at the
position of breakage of the two sister halves of the broken chromatid. If
this occurred in both the male and the female gametophytes, the broken
chromosomes delivered to the zygotes should include various types of de-
ficiencies and duplications (see fig. 1), depending upon where the breaks
occurred in the anaphase bridge configurations in the successive gameto-
phyte divisions. If the broken end, produced as the result of a bridge con-
figuration in the last gametophyte division, healed in the zygote nucleus,
all the cells of the plant would show the same type of modified chromosome
9. The meioti¢ prophases in these plants would then reveal the constitution
of the broken chromosome ¢ which each plant had received.

One hundred twenty-six plants arising from variegated kernels were ex-
amined at meiotic prophase for the constitution of the chromosome ¢ de-
livered by the heterozygous parent. In 120 of these plants, this chromosome
9 terminated in a broken end. In three plants the chromosome ¢ delivered
by the heterozygous parent had undergone a secondary modification; two
involved a translocation between chromosome ¢ and a second chromo-
some, and in the third plant the chromosome g was in the shape of a ring.
In the three remaining plants, heterofertilization had occurred. In each of
these three cases, sperms from two pollen grains had contributed to the de-
velopment of the kernel, a sperm from one pollen grain fusing with the po-
lar nuclei and a sperm from a second pollen grain fusing with the egg nu-
cleus. A normal, unbroken chromosome g carrying genes not corresponding
with those in the endosperm tissues was present in these plants. In maize,
hetero-fertilization may be expected in a low percentage of the cases
(SPRAGUE 1932). For comparison, 49 plants arising from the C S Wx non-
variegated kernels of table 1 were examined. All 49 plants had received the
rearranged chromosome ¢ with an unbroken end (b, fig. 3) from the hetero-
zygous parent.

In 109 of the 120 plants possessing a chromosome g with a broken end no
duplications were present of the type which could arise as a consequence of
the breakage-fusion-bridge cycle in the preceding gametophytic divisions.
As illustrated in figure 1, a chromosome with a broken end but possessing a
duplication or repeat duplications of terminal segments could be present in
these plants if the breaks in anaphase in the sucessive gametophytic divi-
sions (two in the male gametophyte, three in the female gametophyte) did
not occur at position of previous fusions—that is were non-median. To re-
cover such a duplication, it is likewise necessary that following such a non-
median break the longer segment be included in the telophase nucleus
which will give rise to a gamete (first telophase to left in fig. 1 instead of
first telophase to right). For descriptive purposes, therefore, the type of
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recovered broken chromosome may be referred directly to the dicentric
chromatid (a, fig. 5) from which it originally arose. This chromatid is re-
produced in figure 8. In all cases except one (dash-line arrow, fig. 8) the re-
covered broken chromosome had the constitution fo tke right of the position

40 i
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Ficure 8.—Types of broken chromosomes which were recovered in plants arising from varie-
gated kernels. In each plant, the type of recovered chromosome may be referred to the dicentric
chromatid illustrated here. The arrows and brackets give the positions of the broken ends. The re-
covered broken chromosome had the constitution to the right of the arrow (except for the dash-
line arrow) or to the right of any particular position within the bracket. In the case of the dash-
line arrow, the recovered broken chromosome had the constitution to the left of the arrow. The
numbers associated with the arrows or brackets indicate the number of plants which possessed
this particular broken chromosome constitution.

of breakage as indicated by the arrows or to the right of any particular posi-
tion within the brackets. The numbers placed above or below the arrows
and below the brackets give the number of individuals with the constitu-
tion indicated. In the one exceptional case, the recovered broken chromo-
some had the constitution to the left of the dash-arrow in figure 8. This
case is of particular interest and will be considered separately elsewhere in
this paper.

Thirty-two of these plants showed a broken chromosome g with a section
of the pycnotic region 6 extending beyond the small knob. In 40 plants, the
broken chromosome ended in a small knob, the last break having occurred
immediately to the left of the knob in most cases but through the knob in a
few cases. In 17 plants, the chromosome was complete to the knob, but the
knob itself was missing. In 19 plants, the recovered broken chromosome
was deficient. The deficiencies ranged from loss of a single chromomere to
loss of the entire short arm. In the latter case, the broken end terminated in
the centromere.

Among the remaining 11 plants of the 120, the broken chromosome 9
possessed various types of duplicated segments arising in each case through
secondary fusions and breakages. The broken chromosome g in no two
plants was exactly alike, but for descriptive purposes the 11 plants may
be divided into five classes according to the composition of the broken
chromosome. In four of the five classes, the recovered broken chromo-
some showed evidence of only a single fusion and breakage following the
original break at a mejotic anaphase. In the fifth case, at least two fusions
and breaks followed the original meiotic break (type V, fig. 9). As will be
shown later there appears to be a tendency for successive breaks to occur
at positions of previous fusions, indicating a weak fusion of sister chroma-
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tids following a break. A strong union is produced, however, following
many of the breaks. Therefore, although the breakage-fusion-bridge cycle
may have continued in all gametophyte divisions following the initial

break at meiotic anaphase, the recovery of many complicated duplications
I

Type v

Ficure 9.—The types of recovered broken chromosomes in plants arising from variegated
kernels which demonstrate the breakage-fusion-bridge cycle. The dicentric chromatid from which
each recovered broken chromosome originated is given above. Although the position of the initial
break in this dicentric chromatid is not definitely known for each recovered broken chromosome,
for purposes of illustrating the chromatin constitution of the broken chromosome, the break which
preceded the final break in types I to IV and in a of type V may be referred to the dicentric chro-
matid (section of dicentric chromatid to right of arrows and bracket). This broken chromosome,
with its two halves fused at the position of previous breakage, is reproduced below for each type.
For types I to IV, the position of the final break is indicated by the arrows, one for each plant with-
in a type, the broken chromatid with the upper centromere being recovered in the zygote. In type
V, the recovered broken chromatid indicated that three successive breaks had occurred. The posi-
tion of the first break is indicated in the dicentric chromatid. The position of the second break is
indicated by the arrow in a, the chromatid with the upper centromere being in the line of descent.
The position of the third break is indicated by the arrow in b, the recovered chromosome having
the constitution of the broken chromatid with the upper centromere.

resulting from this process need not be anticipated. For illustrative pur-
poses, the origin of the various classes of broken chromosomes with du-
plicated segments may be referred to the original dicentric chromatid with
only one fusion and consequent break following the original meiotic break
in types I to IV, and two successive fusions and breaks in type V. In figure
9, the dicentric meiotic chromatid in which the first break occurred is dia-
grammed above, the region of the first break being indicated by the arrows
and the bracket for each of the five types. In all five types, the chromatid in
the line of descent is that to the right of the break. This chromatid with its
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two split halves fused at the position of breakage is diagrammed below for
each type. The position of the second break is indicated by arrows, one for
cach plant in a type class except for types I and II, where the second break
occurred close to the centromere in two cases in each of these two classes.
The chromatid with the upper centromere was recovered in each case and
represents the observed broken chromosome. Four plants were included in
type I, three in type II, and two in type ITI. There was only one plant in

TABLE 4

The broken chromosome ¢ constitution of plants derived from variegated kernels. The symbol
(9) or (") placed beside the kernel type indicates which parent was heterozygous for the rearranged
chromosome o.

CHROMO- PYCNOTIC
DUPLICA- XNO KNOB, TERMINAL
KERNEL SOME EXTENSION
TION OF NO DEFI- DEFI- OTHERS
CHARACTER ENDS BEYOND

SHORT ARM CIENCY CIENCY
IN KNOB KNOB

C-c Sh-sh Wx-wx (9) 7 6 o 1 o 1
C¢c Sh-sh Wxwx () 3 2 o 1 o 1
C-¢ Sh-sh wx (Q) 15 17 5 7 12 1
C-¢ Sh-sh wx () 11 5 4 6 3 1
C-cshux(9) 2 1 o I o o
C-c shwx (&) 2 2 1 1 o o
¢ Sh-sh Wx-wx () o o o o 2 o
Totals 40 33 10 17 19 4*

* For description of these 1ypes, sce text.

type 1V. The recovered broken chromosome in this plant possessed a de-
ficiency of approximately one-filth of the distal segment of the short arm
but possessed a duplication of nearly all of the remaining proximal four-
fifths of the short arm. As stated above, in type V the breakage-fusion-
bridge process is detected through one more cycle. The upper chromatid
was in the line of descent following each of the two successive breaks.
Although the breaks in the dicentric chromatids may occur at any posi-
tion between the two centromeres the evidence from all 120 cases suggests
that there is a tendency for the breaks to occur at either side of the small
inner knob. In approximately half of the cases, the composition of the re-
covered broken chromosome indicated that a break had occurred to either
side of this knob (fig. 8). Similarly, in six of the 11 plants with duplicated
segments (fig. 9) one or more of the breaks must have occurred to one side
of the knob. In the chromosome represented in type V (fig. ¢) both the sec-
ond and the third breaks must have occurred adjacent to the knob. The
results of these studies on the chromosome ¢ constitution of plants arising
from variegated kernels are given in table 4 and are summarized in table s.
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The tendency for successive breaks to occur at the positions of previous
fusions probably accounts for the relatively few cases of complicated dupli-
cations which otherwise would be expected to be present following repeated
fusions and breaks in the gametophyte divisions. Likewise, this tendency
should work toward increasing the correspondence in the genic constitution
of the broken chromosome in the endosperm and the plant tissues. The two
sperms (one for the endosperm tissues and one for the plant tissues) need

TABLE 5

A summary of the various types of broken chromosomes 9 delivered to the zygote through the female
and male gametophytes.

THROUGH THROUGH
TVPE OF BROKEN FEMALE GAMETOPHYTE MALE GAMETOPHYTE
CHROMOSOME
NUMBER OF NUMBER OF
PLANTS % PLANTS %
Chromosome ends in knob 24 30.7 16 35.5
Pycnotic extension beyond knob 24 30.7 9 20.0
Duplication of short arm 5 6.4 5 I1.1
No knob, no deficiency 9 11.5 8 17.7
Terminal deficiency 14 17.8 5 11.1
Others 2 2.5 2 4.4
Totals 78 45

not possess the same genic constitution with respect to the genes C Sk and
Wx. A decidedly non-median break in a bridge configuration at the division
of the generative nucleus could introduce a duplication of one or more genes
into one sperm nucleus and a deficiency of these genes in the sister sperm
nucleus. Following such a break, the genic constitution of the endosperm
and embryo tissues would not be the same. Similarly, this reasoning may
be applied to the embryo and endosperm tissues when the broken chromo-
some is introduced through the female gametophyte.

Among the examined plants the genic constitution of the broken chro-
mosome ¢ in the plant tissues was determined in all cases and compared
with the genic constitution of the broken chromosome ¢ delivered to the
endosperm of the kernel from which the plant arose. Excluding the three
cases of hetero-fertilization, as previously mentioned, correspondence was
obtained in all but two cases. In these two cases, the male was the hetero-
zygous parent; the endosperm and embryo nuclei differed in genic consti-
tution. In both cases, the chromosome g delivered to the endosperm pos-
sessed the genes C and Sk as shown by C-c and Sh-sk variegation. The
chromosome g in the plant tissues lacked both these genes because the
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broken chromosome g was deficient for all of the short arm, in one case, and
nearly all of it in the second case. .

It will be noted in the summary table (table 5) that the proportion of the
various types of recovered broken chromosomes are similar whether deliv-
ered through the sperm or the egg nucleus. It is known that deficiencies of
the extent observed in these studies are not transmitted through the pollen
when the tube nucleus possesses such a deficient chromosome. A deficient
broken chromosome was observed in five plants when the broken chromo-
some was delivered through the male parent. This deficiency must have
arisen through a non-median break in an anaphase bridge configuration
subsequent to the division which produced the tube nucleus.

A deficient broken chromosome was observed in 14 plants when the
broken chromosome was delivered through the female gametophyte. When
all the nuclei of a female gametophyte possess a short terminal deficiency of
chromosome ¢, a functional embryo sac can develop. It is not certain,
therefore, whether the deficiency in the broken chromosome arose at meio-
sis or in a subsequent division. In two cases, the evidence suggests that the
deficiency may have arisen at the melotic anaphase, for both the endo-
sperm and the plant nuclei were deficient for terminal segments of the short
arm of chromosome ¢ which had deleted the same genes.

The long duplications observed in plants which have received their
broken chromosomes from the male parent have some theoretical interest.
All such duplications must arise in divisions subsequent to that which gave
rise to the initial break—that is, subsequent to the meiotic break. This sub-
sequent break must have occurred at a non-median position in an anaphase
bridge. If the long duplications originated in the first microspore division,
the generative nucleus would receive the duplication and the tube nucleus
would receive a highly deficient chromosome. Such a pollen grain would
not be expected to function unless the tube nucleus had received an acen-
tric fragment with a genic complement covering the deficiency. If the long
duplications originate in the division of the generative nucleus, the two
sperm nuclei would differ in constitution with regard to the genes C Sk and
Wx. In the four cases of recovered long duplications, the detectible genic
constitution of the embryo and the endosperm were similar. This would
suggest that the duplication observed in these plants could have arisen dur-
ing the first division of the zygote as a consequence of an unequal break in
a bridge configuration. Since it is known that acentric fragments occasion-
ally are carried through several nuclear cycles before being lost to the tele-
phase nuclei, it is not possible to determine directly by this analysis
whether a bridge configuration actually occurred at the first zygotic ana-
phase. If a bridge configuration does occur at this division, healing of the
broken end must occur very shortly thereafter.
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Mention should be made of the four plants arising from variegated ker-
nels whose chromosome ¢ constitution was unexpected (see table 4). One of
these cases is of particular interest. As stated above, all but one of the re-
covered broken chromosomes arising from the original dicentric chroma-
tid, possessed the broken segment to the right of the arrow or bracket in
figure 9. However, one broken chromosome possessed the segment of the di-
centric chromatid to the left of the dash-line arrow in figure 8. This broken
chromosome, introduced by the male parent, is deficient for a large section
of chromosome g. It is known that a pollen grain, all of whose nuclei carry
such a deficient chromosome, does not develop normally and does not pro-
duce a functional grain. It is highly probable that the acentric fragment,
produced during the formation of the dicentric chromatid, was included in
the microspore nucleus and again included in the tube nucleus following the
first microspore division (McCrLinTock 1938b). This acentric fragment
could possess the genic material which is absent in the broken chromosome.
A pollen grain with such a tube nucleus, possessing at least a complete com-
plement of genes of chromosome ¢, could develop normally and function in
the delivery of two deficient sperms to the endosperm and zygote nuclei,
respectively.

The genes C Sk and Wx were carried by this broken chromosome g (fig.
10). The normal chromosome ¢ in this plant carried the recessive alleles,
¢ sh and wx. (The observed order of loss of the dominant genes in the vari-
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F1GURE 10.—a. Homologous associations of segments 1 to 4 of a broken chromosome (left of
dash-line arrow, figure 8) and a normal chromosome. The genic constitution of each chromosome
in indicated. A crossover, as indicated, would give rise to the dicentric chromatid shown in b.

egated endosperm of the kernel from which this plant arose was W, fol-
lowed by Sk, followed by C. This is expected on the assumption of the
breakage-fusion-bridge cycle, since the gene nearest the broken end (Wx)
would be lost before the gene nearest the centromere (C).) Functional gam-
etes carrying the dominant genes can be produced by this plant only fol-
lowing crossing over. All single crossovers in regions indicated by homolo-
gous associations in a (fig. 10) will give rise to dicentric chromatids (b, fig.
10) similar in constitution to that of a in figure 5. This dicentric chromatid
is broken at anaphase 1. Consequently, following such a crossover, all chro-
mosomes with dominant genes must possess a broken end. In the cross of
this plant with one homozygous for ¢ sk and wx, these broken chromosomes



256 BARBARA McCLINTOCK

should give rise to kernels with variegated endosperms. Unfortunately, at
the time this plant was ready for pollination, no plants homozygous for
¢ sh and wx were available, Consequently, it was selfed. Pollen from this
plant was also placed on silks of plants of the constitution C ¢. Among the
54 kernels obtained from the self, 12 showed the presence of the dominant
gene C. The endosperms of all 12 kernels were variegated for C and c.
(2 C-c shwx:8 C-c Sh-shwx:2 C-¢ Sh-sh Wx-wx). The remaining 44 ker-
nels were completely recessive for all three endosperm genes.

The cross onto the heterozygous plant (C ¢) gave 1070 C non-variegated
to 859 ¢ to 133 C-¢ variegated kernels. The contribution from the female
parent would lead to a 1:1 ratio of C non-variegated to ¢. Any distortion of
this ratio would depend upon the C contribution of the male parent. Since
variegation for C-¢ produced by the presence of a broken chromosome g
carrying C and introduced by the male parent, can express itself only fol-
lowing union with ¢ carrying nuclei contributed by the female parent, this
class of 133 kernels may be added to the 859 ¢ kernels to obtain the mini-
mum number of ¢ carrying gametophytes produced by the female parent.
The resulting ratio of 1070 to ggz is close to the 1 C: 1 ¢ ratio which the fe-
male parent alone should contribute. The distortion in favor of the C-non-
variegated class could be accounted for by the functioning of C-carrying
gametes whose chromosome ¢ possessed a normal end following a double
crossover. In the material available, this class could not be detected. Nev-
ertheless, the results of these two crosses are of significance in confirming
the relationship between broken chromosomes and variegated endosperms.

The second plant of the four arising from the variegated kernels whose
chromosome ¢ constitution was unpredicted possessed a segment of chro-
mosome ¢ in the shape of a ring. This ring carried the genes C and S% but
not Wx. The variegation for C-¢ and S4-sk in the kernel from which this
plant arose was probably related to the aberrant mitotic behavior of the
ring-shaped chromosome (McCrinToCcK 1938a). The origin of this ring
chromosome was not determined.

The third plant possessed a translocation between the short arm of chro-
mosome ¢ and chromosome 8. The meiotic prophase figures were too poor
to allow an analysis of this translocation.

The fourth plant had a complete chromosome ¢ with the addition of a
segment of chromatin of undetermined origin extending beyond the end of
the short arm. The extra segment did not represent a duplication of part of
the short arm of chromosome 9.

With the exception of the three cases of heterofertilization and the three
cases just mentioned, all the other plants examined (120) showed the pres-
ence of a broken chromosome g in the plants derived from kernels with
variegated endosperms. In 38 cases, the composition of the broken chromo-
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some clearly indicated that it had arisen from the dicentric chromatid
diagrammed in a, of figure 3 (arrows to the left of the small knob, fig. 8;
dashline arrow, fig. 8; types I and V, fig. ). All other cases could readily be
derived from this dicentric chromatid as illustrated in figures 8 and q.

That the variegation is the result of the breakage-fusion-bridge cycle is
strongly supported by the types of recovered chromosomes illustrated in
figure 9. It is not understood why this process is limited to the gametophyte
and endosperm and does not continue in the embyro tissues. In all cases,
the broken end of chromosome g healed in the embryo tissues. This is a per-
manent healing, for when this chromosome is again introduced into endo-
sperm tissues in successive generations, it causes no variegation. When two
such chromosomes are brought together in a single plant after each has
passed through a sporophytic generation, no fusions occur between the
broken ends. If the broken chromosome has a full set of genes or in addition
a pycnotic extension composed of region 6, its behavior and transmissions
through successive generations are comparable in every way to a normal,
unbroken chromosome g (see f of this section).

(e) The chromosome ¢ constitution of plants arising from the
non-variegated crossover kernels

Earlier in this paper the assumption was made that the non-variegated
kernels in a crossover class (tables 1 and 3) had received a non-broken
chromosome g from the heterozygous parent as the consequence of a double
crossover. Because no broken end was present, no variegation should be ex-
pected. In the classes C sk Wx, ¢ Sk Wx, C Sk wx, and ¢ sh Wx, the broken
chromosome g derived from a double crossover chromatid could be either
the normal chromosome g or the rearranged chromosome 9, depending up
on where the two crossovers had occurred. The chromosome 9 constitu-
tion of 50 plants arising from the non-variegated crossover kernels are
summarized in table 6. In 44 individuals, the chromosome g constitution
was as expected—that is, the plant possessed either a normal chromosome
9 or a rearranged chromosome g. Among the six individuals with excep-
tional constitutions, four arose following heterofertilization and conse-
quently must be eliminated from consideration.In one of the two remaining
exceptional individuals, a segment of the end of the long arm of chromo-
some 4 had been translocated to the end of the short arm of chromosome 9.
The origin of this modified chromosome is not understood. The other ex-
ceptional individual showed a chromosome g with the same constitution as
the dicentric chromatid in a, of figure 5, except that the left centromere was
deleted. It is possible that this centromere was torn from the dicentric chro-
matid during anaphase I, the broken ends fusing on cach side of the tear to
give rise to the observed chromosome.














































































