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SUMMARY 

Extensive reorganization of components of the genome is 
initiated in maize by the breakage-fusion-bridge (BFB) cycle. 
Displacements include chromosomes other than those undergoing 
the cycle. Restructuring ranges from those rearrangements that 
are readily viewed with the light microscope, such as reciprocal 
translocations, inversions, duplications, etc., to apparently 
short DNA segments that include components of transposable gene
control systems. Much of the restructuring appears to be non
random. Some examples of this are conspicuous, such as centromere 
to centromere, knob to knob, or centromere to knob attachments. 
Others are exhibited by attachment of a segment of some chromo
some to a newly broken end of a chromosome, or the placement of 
a piece of one chromosome onto the end of another chromosome 
that had not undergone the BFB cycle. These modifications 
suggest participation of "restriction enzyme" systems in their 
formation. 

One system responsible for special types of chromosomal 
modifications was extensively examined. The chromosome location 
of its principal genetic element was determined. This genetic 
element has never given evidence of serving as a component in a 
gene-control system. Instead, it serves to cut chromosomes. 
The locations of these cuts do not appear to be random. 

The BFB cycles exposed the presence in the maize genome of 
transposable elements that can serve to control the type and 
time of gene action. Previous to undergoing the cycle, these 
elements were quiescent in the genome. One component of a gene 
control system produces a product that is responsible for trans
position of the elements of a system. In this regard, each 
system operates quite independently of the other. The product 
can induce modifications in chromosome organizations that are 
by-products of the transposition mechanism. It also can cause 
receptive elements located in different regions of the genome to 



26 McCLINTOCK 

respond by inducing DNA modifications in situ and without altering 
thei r subsequent r eceptivity to the product . Or, the product 
may cause an elemen t to modify the organization of chromatin to 
one or the o t her side of it . Some responses of a receptive 
element t hat is located within a gene locus r esult in removal of 
sensiti v ity t o t he inducing pr oduct. Stable, new alleles are so 
produced . In such i nstance s, the gene product may be altered 
and the pattern of i t s e x pre ssion may also be altered during 
development of plant and kernel . 

It is sus pected that the BFB cycle initia t es str ess within 
the genome and that t he s t r ess calls up reserves to counteract 
it . In s ome ins tances , c oping with stress may involve a simple 
solution, s uch as gene amplification . Coping with drastic types 
of stre s s may i ni t iate s eemingly diso r derly types of response . 
I t is conceivable tha t, in some ins tances , s tab i lization may 
follow s uch diso r de r. This could provide newly or ganized genomes 
with orde r ly operating ge n e - control systems while still retaining 
those components that again c an respond to stress . 

INTRODUCTION 

Recent technical advances that allow determinations of 
molecular composition, organization, and function of celTuiar 
components are initiating a veritable revolution in concepts of 
organization and action of the eukaryotic genome. Startling 
new findings responsible for this revolution are accumulating at 
a rapid rate . These include recognition that DNA components may 
undergo specific types of modification or reorganization, either 
during development or in response to stress. It is suspected, 
also, that some types of stress may initiate rapid displacements 
of components of the genome . Such stress conditions could be 
responsible for multiple displacements of some DNA sequences. 
Earlier, the concept of "stability of the genome" hindered an 
appreciation of the potential significance of well documented 
instances of genome manipulation. At the time of discovery of 
many such instances, DNA was not yet known to be the primary 
component of the genome. The evidence was registered at the 
level of the chromosome and with the light microscope. It is 
now quite clear that in such instances genomes were being mani
pulated . It is my impression that many geneticists were either 
unaware of or unimpressed by the varied types of manipulation 
that were being recorded. 

Many years ago it was learned that X-radiation could alter 
chromosomes by producing translocations, deficiencies, inversions, 
and ring chromosomes. It was known, also, that ultra-violet 
light could induce chromosome modifications as well as mutations. 
It was not considered, however, that organisms might carry 
within their genomes genetic systems that have the potential to 
restructure the genome and to do so rapidly and effectively. It 
will be my purpos e today -to -presen t - evide nce of - several innate 
systems in maize that, when triggered, initiate chromosomal 
rearrangements as well as alterations affecting the structure of 
a gene locus, the nature of its product, and the mode of control 
of time and place of its action. Statements about all but one 
of the inducing mechanisms appear in previous reports. Except 
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for the Ds-Aa (Dissociation-Activator) transposable gene-control 
system (McCLINTOCK, 1951) and for rearrangements instigated by 
the B-type chromosome (RHOADES and DEMPSEY, 1973, 1975, 1977), 
supporting evidence based on illustrative examples of chromosome 
modifications induced by innate systems was not given. I am 
pleased to have this opportunity to provide a few illustrative 
examples in support of these statements. 

UNORTHODOX TYPES OF CHROMOSOMAL REARRANGEMENTS INDUCED 
BY THE BREAKAGE-FUSION-BRIDGE CYCLE 

In maize both the chromatid and chromosome types of breakage
fusion-bridge cycle (BFB) (McCLINTOCK 1938, 1941, 1942, DOERSCHUG 
1973) have exposed innate mechanisms that initiate various 
grades of genome reorganization. The full extent of their 
effects was not appreciated until the summer of 1944 and there
after. For purposes not related to the subject of this report, 
677 maize kernels were placed in germinating chambers during the 
spring of 1944. Each kernel had received a newly broken end of 
the short arm of chromosome 9 from both the pollen and egg 
parent. (See Figure 1 for the relative size of the 10 chromo
somes of the maize set as well as the potential locations of 
knobs in each chromosome.) The break was induced by mechanical 
rupture of a chromatid bridge in the anaphase preceding gamete 
formation. Following zygote formation, the broken ends fused 
with each other to form a dicentric chromosome (McCLINTOCK 1942, 
1944, 1951). The chromosome type of BFB cycle was then initiated. 
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FIGURE 1. Diagram illustrating the relative size of the ten 
chromosomes of the maize complement. Open circles locate 
the centromeres. The large hatched circle in chromosome 6 
represents the nucleolus organizer. Arrowheads point to 
locations within each chromosome where knobs may be formed. 
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Because a break in an anaphase bridge may occur anywhere between 
the two separating centromeres of a chromatid, a series of 
duplications, reduplications in direct or reverse order, and of 
the reciprocal deficiencies of component parts of the short arm 
of chromosome 9 was anticipated to have occurred during early 
plant development. Many such modifications were encountered 
upon examination of the chromosomes at the meiotic stage in 
plants derived from kernels whose embryos started development 
with their cells undergoing these cycles. 

Among the 677 kernels initially placed in germination 
chambers, 590 germinated and 87 did not. A high rate of non
germination was anticipated. Of the very young seedlings, 121 
were so defective in morphology and growth rate that they did 
not survive. In addition, 6 kernels produced only roots. The 
shoot was missing. The seedlings from 7 other kernels did not 
survive. Two of them were totally devoid of chlorophyll, 
two were very pale yellow, and three were accidentally injured. 
This left 456 plants that were transferred to the field. 
Sporocyte samples were taken from many of these plants to 
determine what may have happened to their chromosomes 9 during 
the BFB cycles before "healing" of the broken ends had occurred. 
The ears of each plant were self-pollinated, and all ears pro
duced75y ap lant were so treated ~ he purpose of~ the test had 
been to produce minute internal deficiencies of the short arm of 
chromosome 9 that would give rise to mutant phenotypes when 
homozygous. Selfed progeny were required for detection of such 
mutants. 

The 590 seedlings that developed from the 677 original 
kernels could be classified into two main groups. 48 died 
before a classification of them could be made. In addition, the 
13 above-mentioned seedlings that did not survive for the reasons 
given, were excluded. 245 seedlings appeared to be normal in 
morphology and chlorophyll content and distribution. It was 
obvious that the BFB cycles had ceased in them. 284 others were 
obviously defective. In them the BFB cycles were continuing. 
These cycles were producing cells whose nuclei were homozygous 
deficient for parts of the short arm of chromosome 9, and 
undoubtedly in some cases, for parts of other chromosomes as 
well. The defective tissues were recognized as sectors having 
no chlorophyll. Often these defective tissues implied a slowed 
growth rate. Such sectors exhibited various grades of distortion 
of leaf shape. Many of these seedlings formed side shoots in 
addition to the main shoot which often died. From 1 to 14 side 
shoots were produced by a single seedling. In many instances 
one side shoot was normal in chlorophyll content and morphology. 
The BFB cycles had ceased in the cell or cells that initiated 
this shoot. It was this shoot that finally formed the plant. 
The defective side shoots finally died. 73 of the seedlings 
whose cells were still undergoing the BFB cycles did not produce 
a viable side shoot, and thus these seedlings finally died. 

In previous years a number of plants derived from kernels 
that had undergone BFB cycles in early development were examined 
at the meiotic stages to determine the nature of change that 
these cycles had induced in their chromosomes 9. The above 
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detailed description of seedling types produced in one test is 
included here to place in perspective the origin of plants 
derived from those that initially underwent the chromosome type 
of BFB cycle. Observations of chromosomes of some of these 
plants as well as those of plants grown in earlier years, re
vealed quite clearly the significance of the varied types of 
genome modification this cycle could induce. 

Besides the expected types of chromosomal modification of 
the short arm of chromosomes 9, many unexpected chromosome 
alterations were noted. A careful scanning of each chromosome 
of the complement was not undertaken because, at the time, such 
alterations were not anticipated. Other chromosomes of the 
complement received special attention only if some alterations 
of one or another of them had been noted. There were such 
alterations and it is suspected that many more were present than 
were recorded. Because focus had been centered on chromosome 9, 
many recorded instances of reorganization of other chromosomes 
of the complement relate to their association with a chromosome 
9. 

Gross modifications of chromosomes within the unanticipated 
class may be assigned to several distinctive categories. One 
involves "fusion" of centromeres of one chromosome 9 with that 
of another chromosome of the complement. In each such instance, 
the short arm of the chromosome 9 involved in the event was lost 
to the cells as well as loss of either the short or the long arm 
of the other chromosome of the complement involved in this type 
of reorganization. Three such instances are diagrammed in 
Figure 2 and another is shown in a of Figure 3. The homologue 
of each chromosome is included in the diagrams. A second group 
resulted from "fusion" of the knob at the end of the short arm 
of chromosome 9 with a knob in another chromosome of the complement. 
Examples appear inc of Figure 2 and in band c of Figure 3. 
Another category involves fusion of the knob in chromosome 9 
short arm with the centromere, producing a ring chromosome 
similar to that shown in i of Figure 6. Knobs and centromeres 
were involved in inversion formations. A chromosome 5 was found 
that had an inversion extending from the centromere to the knob 
in the long arm. The centromere was now at the former knob 
position and the knob was at the former centromere position. A 
similar type of inversion involved a region just distal to the 
nucleolus organizer in chromosome 6 and the centromere. This 
placed the centromere at the former location of the nucleolus 
organizer and the nucleolus organizer at the former location of 
the centromere. An example of a knob-centromere inversion is 
diagrammed in the upper homologue in a of Figure 4. In this 
instance an extension derived from some other chromosome is 
attached to the centromere. 

In another instance the end of the short arm of one chromo
some 9 was joined to a region just distal to the nucleolus 
organizer in chromosome 6. This may have given rise to a 
dicentric chromosome. The break in an anaphase bridge may be 
responsible for the reorganizations diagrammed ind of Figure 4. 
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FIGURE 2. Diagrams illustrating two types of chromosomal re
arrangements induced in plants whose cells underwent the 
BFB cycle. Observations were made at the pachytene stage 
of meiosis. The continuous line refers to chromosome 9 or 
its parts. The broken line represents another chromosome, 
the particular one in each instance being designated by 
number. Superscript S signifies the short arm, superscript 
L the long arm. Open circles represent centromeres. 
Closed circles represent knobs. In (a) and (b), only one 
of the two chromosomes 9 that had undergone the BFB cycle 
was involved in a centromere-to-centromere association. In 
(a), the short arm of this chromosome 9 and the long arm of 
the implicated chromosome 10 were lost to the cell, probably 
at the time the event occurred. In (b), the short arm of 
chromosome 9 and the long arm of the implicated chromosome 
2 were lost to the cell. In (c), both chromosomes 9 that 
underwent the BFB cycle were involved in rearrangements 
with a single chromosome 2. A common centromere unites the 
short arm of chromosome 2 with the long arm of one chromo
some 9, its- s-hort arm having been- lost. A segment from 
the knob to the end of the long arm of this same chromosome 
2 - i-s~ t:1:ached to theendeff theshoft arm~ f tlfe other 
chromosome 9. 
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Knob to knob "fusions" were not uncommon. One is dia
grammed inc of Figure 2. Two others are illustrated in band 
c of Figure 3. 
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A large number of reorganizations of chromosome 9 were 
noted. The expected duplications, reduplications, and defi
ciencies of the short arm were common. A telocentric chromosome 
showing loss of all of the short arm is illustrated by the lower 
homologue in a of Figure 4. In addition, a number of isochromo
somes involving the long arm of chromosome 9 also were noted. 
There were some pseudo-isochromosomes composed of two chromosomes 
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FIGURE 3. Symbolizations are the same as those described for 
Figure 2. (a) shows a similar configuration as that in (b) 
of Figure 2 except that in this instance, it is the long 
arm of one chromosome 2 that shares a centromere with the 
long arm of one chromosome 9. The short arm of these two 
chromosomes was lost to the progeny of the cell that pro
duced this association. (b) and (c) illustrate attachments 
to the end of the short arm of one chromosome 9 of a segment 
from the knob to the end of the long arm of chromosome 3 in 
(b), and to the end of the long arm of chromosome 4 in (c). 
In both instances, the chromosome that contributed the 
attached segment is readily identifiable. It is deficient 
for this segment: 
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9 joined at the ends of their short arms but having only one 
centromere. The other centromere sometimes appeared within a 
very tiny ring chromosome. Some pseudo-isochromosomes of the 
long arm of chromosome 9 had a small extension of the short arm 
adjacent to the single centromere. Thus, one arm of this pseudo
isochromosome was longer than the other. 

There were a number of instances in which a piece of the 
long arm of chromosome 9 was attached in an inverted order to 
the knob at the end of the short arm. The lower homologue in b 
of Figure 4 illustrates one such instance. Figure 4c diagrams 
another such instance. In this instance, the piece of the long 
arm attached to the knob in the short arm was derived from the 
homologue. The remnant of this homologue produced a ring chromo
some by fusion of its knob to chromatin at the position of cut 
in its long arm. 
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FIGURE 4. (a), (b), and (c) of this Figure illustrate modifications 
affecting only chromosomes 9. In (a), one chromosome 9 has 
lost all of its short arm. The homologue has an inversion 
that reverses the positions of the knob and centromere. A 
piece of chromatin of unknown origin is attached to the 
reoriented centromere. In (b), a segment of the long arm of 
one chromosome 9 was cut and the piece from the cut to the 
end of the arm was attached at its cut end to the knob 
terminating the short arm of the same chromosome 9. In 
(c), both chromosomes 9 were involved in reorganizations. 

A large terminal segment of the long arm of one chromosome 
9 was attached in inverted order to the knob terminating 
th~ short arm of i ts _homologue. The dona±ing chromosome 
then formed a ring chromosome by joining the cut end of its 
long arm to the knob terminating its short arm. The diagram 
in (d) is complex but self-explanatory . Its nature is 
considered in the text. 
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The described or diagrammed examples represent only a small 
sample of observed types of unanticipated chromosomal modifica
tions. Many were quite common. One common type was attachment 
of a piece of the short arm of chromosome 9 to the end of the 
short arm of chromosome 8. Also, quite often, a piece from 
another chromosome became attached to the short arm of chromo
some 9. The origin of the piece often could be identified. 
Instances of this are illustrated inc of Figure 2 and in band 
c of Figure 3. In other instances, however, identity of the 
attached piece was not determined. A number of complex rearrange
ments also were noted. Some resulted in a trisomic constitution 
of part of one chromosome of the complement. Nevertheless, the 
chromosome of which it was a part was present in duplicate, and 
formed a normal bivalent at the meiotic stages. Again, some of 
the modifications involved three or more chromosomes in complex 
reorganizations that sometimes were too difficult to resolve. 

It must be concluded that the BFB cycle can initiate many 
distinctive types of genome reorganization. The problem now is 
to identify, at the molecular level, the components within the 
genome that this cycle triggers, and the modes of their action. 

IDENTIFICATION OF ONE COMPONENT THAT MAY BE RESPONSIBLE FOR 
SOME OF THE DESCRIBED CHROMOSOMAL REARRANGEMENTS 

During the summer of 1953 tests were being conducted with 
plants having a chromosome 9 that was deficient for all of the 
short arm distal to the S h locus. The extent of this deficiency 
is shown in Figure 5. (The location of gene markers in this 
short arm of chromosome 9 may be judged from the symbols shown 
in Figure 11). Yg refers to green seedlings whereas the re
cessive, y g , when homozygous or hemizygous gives rise to yellow
green seedlings. C is required for pigment development in the 
aleurone layer, which is the outer layer of the endosperm of the 
kernel. Sh action is required for a fully developed endosperm. 
A kernel lacking S h action is shrunken and the recessive mutant 
allele is designated s h. Bz is required for purple or red 
anthocyanin pigment production. The recessive, bz , when homo
zygous or hemizygous results in production of a bronze color 
both in the plant tissues and in the aleurone layer of the 
kernel. For illustrations of the action of Sh and Bz and the 
phenotype of their recessive alleles, see Figures 12 and 13. Wx 
is responsible for production of some amylose starch in cells of 
the gametophytes and the endosperm. The full recessive, called 
waxy and symbolized wx, allows only amylopectin starch to be 
formed in these tissues. The deficient chromosome 9, illustrated 
in Figure 5, is transmissible only through the egg parent. In 
the instance to be described, the pollen parent in the cross 
that gave rise to plants having a deficient chromosome 9 had two 
normal chromosomes 9, each carrying the gene markers Yg , C, s h, 
bz, and wx. The deficient chromosome carried the markers Sh , 
Bz, and Wx . 

In test crosses of the progeny of the described cross, one 
plant produced progeny kernels exhibiting an unexpected phenotype. 
The plant was used as a pollen parent in crosses to plants 
carrying normal chromosomes 9 and homozygous for the gene markers 
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FIGURE 5. Camera lucida sketch of the composition of the short 
arms of chromosome 9 at the pachytene stage of meiosis. 
The short arm of one completely normal chromosome 9 termi
nates in a small knob. Its homologue is deficient for a 
terminal segment of the short arm that starts from a 
pos i t i,on- tha-t - i.s--3-us t - d-i -s-ta-1- t o- the- S-h- Loc.us-.- Tl1.e- f-r agme n t 
chromosome is composed of a terminal segment of the short 
arm that extends just beyond the locus of the Bz gene. It 
is synapsed with its homologous segment in the normal 
chromosome 9 almost to the location of the fragment's 
centromere. The short arm of the fragment is composed of 
thick, deep-staining chromatin. 

c , sh , Bz , and wx . All kerne ls on the ears so produced showed 
losses of the C gene during endosperm development. Unexpectedly, 
all kernels were Sh and Wx in phenotype, and these latte r two 
markers showed no evidence of somatic losses. Cytologic al 
examinations and genetic tests of plants derived from kernels 
produced by the indicated cross showed the presence in them of a 
fragment chromosome composed of a part of the short arm of 
chromosome 9 . The gene markers Yg , C, sh, and bz were carried 
by this fragment. The modification that had occurred in the 
parent plant contributing the fragment had inserted a centromere 
at a location just proximal to the bz locus in its C sh bz wx 
carrying chromosome. The remainde r of this chromosome was lost. 
The fragment chromosome had a short arm compos e d of several 
wide , deep-staining chromomere s. A camera lucida ske tch of the 
short arms of this chromosome 9 complex is shown in Figure 5. 
In this Figure, the short arm of one chromosome 9--that con
tributed by the egg parent--is normal in all respects and 
terminates in a knob. The deficient chromosome has the Sh 
marker very close to the end of its short arm. The fragment 
chromosome has a knob terminatinr its long arm, the abbreviated 
thick arm forming its short arm. The fragme nt chromosome carries 
the gene markers Yg , C, sh , and bz , and in this orde r starting 
a-t---the k-nebbed- end-.--I-n- aad i--t--i en i--t---ha-s- a- new- ma-1'."-ker- ,- s.yml:>o 1 i zed 
as X. It is located just proximal to the bz locus and adjacent 
to or at the centromere of the fragment. It is this X component 
that is responsible for many change s in chromosome organization 
that were observed over a period of years in plants carrying 
this X component. 
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Many X-induced modifications restructured the fragment 
chromosome itself. A sample of these are diagrammed in Figure 
6. The diagram in a of this Figure represents the fragment 
morphology before changes in it had occurred. 
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FIGURE 6. The diagrams in (b) to (k) represent types of change 
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in organization and content of the fragment chromosome 9 
that its X component induces. The diagram in (a) refers to 
the configuration of this fragment that was noted originally 
and is illustrated in Figure 5. 

The X component is responsible for many chromosome re
organizations that involve other chromosomes of the complement. 
One type places the fragment at its centromere location adjacent 
to the centromere of another chromosome of the complement. 
Examples of this are diagrammed in a, b, c, and e of Figure 7. 
Only in e of this Figure was the reciprocal component recovered . 
It is the telocentric short arm of chromosome 10. Observations 
of the initiation of such events occurring in a cell just before 
meiosis have indicated that this part of a chromosome is most 
often lost to the nucleus. It appears as a pycnotic body in the 
cytoplasm. 

In other instances, the fragment may become attached to the 
end of an arm of a chromosome. Two instances of this are 
diagrammed ind and f of Figure 7. In none of the instances 
shown in Figure 7 was evidence given of action of the X com
ponent in plants carrying one or another of these rearrange
ments. There was one possible exception. Several plant genera-
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tions after annexation of the fragment chromosome to the centro
mere of chromosome 10 (e Figure 7) a plant appeared that exhibited 
somatic losses of the gene markers carried by the chromosome 9 
segment of this chromosome. It is suspected that these losses 
could have been produced by reactivation of the X component or, 
more likely, by insertion of another component resembling X in 
its action. An answer could be obtained but study of this case, 
as well as all others, had to be terminated. Nevertheless, this 
case deserves analysis. 
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FIGURE 7. Examples of annexation of the fragment chromosome 9 to 
other chromosomes. In (a), (b), {c), and (e), its attach
ment is to the centromere of the designated chromosome 
whose short arm, however, was included in progeny cells 
only in the case of (e). In (d), the fragment is attached 
to the end of the short arm of chromosome 7. In all five 
instances, the position of attachment of the fragment was 
at or close to its X component although no evidence of X 
action was noted subsequently. In (f), the fragment is 
attached by its knob to the end of the short arm of the 
deficient chromosome 9 shown in Figure 5. The gene markers 
carried by the fragment after each attachment are indicated 
in each instance as well as those carried by the deficient 
chromosome in (f). 
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In plants carrying the X component, many other types of 
chromosomal modifications were noted. These were associated 
with deficiencies, duplications, translocations, and alterations 
affecting two or more chromosomes. Figures Ba, b, and d illustrate 
three relatively simple examples of these types, whereas c 
illustrates one of the more complex examples of reorganization. 
Two additional modifications are shown in Figure 9. A segment 
of the end of the long arm of one homologue of each chromosome 
is depicted as a duplication in inverted order. This Figure, 
however, is stylized as studies of the modified chromosome 10 
showed that it sustained frequent modifications of its long arm, 
some of which probably were induced by BFB cycles initiated at a 
meiotic prophase. 
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FIGURE 8. Examples of chromosomal rearrangements observed in cells 
of plants carrying the fragment chromosome 9. It is not 
known whether these changes were induced by the X component 
of the fragment or by a similar acting component located 
elsewhere in the chromosome complement. 

0 

FIGURE 9. The duplications as 
diagrammed are deceptively 
stylized as progeny plants 
showed various other types 
of modification within the 
long arm. 
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One of the modifications that proved to be most effective 
in illuminating the action of the X component is diagrammed in 
Figure 10. This Figure illustrates only a sample of the types 
of change in organization of chromosome 9 that were produced 
following attachment of the fragment chromosome to the end of 
the short arm of the deficient chromosome 9. In this instance, 
the X component was present and active. Initially, this recon
structed chromosome 9 carried the gene markers shown in a of 
Figure 10 and also Yg . The diagrams given in band f of this 
Figure are reproduced here to illustrate only some of the 
changes in organization of this chromosome 9 that were observed 
among sporocytes of several anthers of a single plant. In each 
instance the normal homologue is placed adjacent to the modified 

C sh bz X Sh Bz Wx 
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FIGURE 10. Examples of change in organization of a chromosome 
9 formed by attachment of the fragment chromosome to the 
end of the short arm of the deficient chromosome shown in 
Figure 5 . The diagram in (a) illustrates the organization 
of this chromosome and the markers it carries. The diagrams 
in (b) to (f) show types of change in this chromosome that 
were induced by the X component it carries. The normal 
homologue is included in each diagram. All five examples 
were observed- at the pachytene stage of meiosis among cells 
of a single plant . Many other types of modification also 
were observed in this and in other plants. Some are com
plex and involve chromosomes in addition to chromosome 9. 
One such example is illustrated in (b). 
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chromosome 9. Other plants also were examined, and they pro
vided many similar as well as other types of modification of 
this chromosome 9. 

In order to expand and clarify the operation of the X 
component, allelic markers were introduced into the fragment 
chromosome by crossing over, and the action of the X component 
on distributions of these markers was observed in both plant and 
kernel. In general, its action followed the same rules as those 
expressed by this component when first identified. 

Earlier it was stated that the X component was located 
close to or at the centromere of the initially isolated fragment 
chromosome 9. In tests to verify this position, plants were 
obtained that were homozygous for the deficient chromosome 9, 
each of which carried the markers Sh , Bz , and Wx , and that had 
one fragme nt chromosome 9 with the markers Yg , C, s h , bz , and 
also X. Crossovers that may have occurred between homologous 
r e gions of the fragment and the deficient chromosome could be 
identified on ears produced by crosses to plants that were 
homozygous for two normal chromosomes 9, each having in its 
short arm the markers yg , C or c , sh , bz , and wx . The region of 
overlap where a crossover could be expected to occur is dia
grammed in Figure 11 . 

.........-0 - o--------

C sh bz XO 

Sh Bz Wx 

FIGURE 11. Illustration of the synaptic association of a 
fragment chromosome 9 that had lost its original deep
staining short arm, with the deficient chromosome shown in 
Figure 5. The upper diagram indicates the relative lengths 
of these two parts of chromosome 9. The lower diagram is 
an enlargement of the critical region of synaptic overlap. 
The genetic markers carried in each segment of chromosome 9 
are indicated. 

On ears produced by the described crosses, a rare kernel 
appe ared that had the C sh bz Wx phenotype. These kernels gave 
rise to plants that were Yg . No yg streaks appeared in them, 
which usually occurs in plants having the original organization 
of the fragment chromosome. These plants had two normal appearing 
chromosomes 9. In tests of them, no evidence was given of the 
presence of the X component in the Yg C sh bz Wx carrying chromo
some . Its genetic behavior was quite normal. Thus, this chromosome 
represented a crossover that had occurred between bz and the X 
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FIGURE 12. Views of two parts of the same ear produced from 
the cross of a plant that was homozygous for C, sh, bz , and 
wx , when pollen from a plant that carried C sh bz Wx in one 
chromosome 9, C s h bz wx in its homologue, and that also 
had the tiny f ,ragment chromosome carrying Sh , Bz , and X. 
The normal chromosome 9 with C sh bz Wx and the fragment 
chromosome with Sh Bz and X, represent reciprocal products 
of a single crossover event . One shrunken (sh ) kernel that 
is variegated for deep-colored (Bz ) and light (bz ) areas is 
present in the segment of the ear shown in (a). Loss of Sh 
relates to an event associated with X action, or from a 
rare crossover. In the ear segment in (b) there are two 
non-shrunken (Sh ) kernels that are variegated for Bz and bz 
a~eas. Expe~ience shows that the tiny~ fragment carrying 
Sh, Bz , and X was present at the start of the kernel develop
ment. The bronze areas relate to losses of the fragment 
induced by events initiated by its X component. Most other 
kernels on this ear are C sh bz in phenotype. 
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component in the fragment, and proximal to Bz in the deficient 
chromosome 9. 

In contrast to the above, an occasional kernel appeared on 
ears produced by the test crosses outlined above, that had a C 

Sh Bz Wx phenotype. Th.ese kernels, however, had some bronze 
(b z) areas in them but there was no evidence of variegation for 
the C or the Wx phenotype. The expression of both of these 
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genes was quite stable. Variegation for the Sh marker would be 
difficult to detect unless loss of Sh had occurred early in 
kernel development. However, cytological examinations and 
genetic tests conducted with plants derived from these kernels, 
and from their progeny, indicated that the kernels had received 
the reciprocal products of the crossover described above. This 
crossover produced a normal chromosome 9 carrying Yg C s h b z Wx 
and a tiny fragment chromosome, composed, of three small chromo
meres, that had within it the markers Sh , Bz , and the X component 
as well as the terminal centromere. The X component was re
sponsible for the observed variegation. It could eliminate Sh 
but not Bz in a single event, followed later by elimination of 
Bz , or it could eliminate both Sh and Bz and very often as a 
consequence of loss of the fragment itself. This latter event 
was readily determined in plants. The fragment was present in 
cells of some parts of the plant but absent in those of other 
parts. 

In the plants, sectors appeared exhibiting distinctive and 
thus readily recognized patterns of loss of Bz gene expression. 
Different patterns often appeared within well-defined sectors of 
a single plant. Some showed many losses of Bz whereas others 
were characterized by few losses. Patterns falling in between 
these two extremes also were noted. And, as mentioned, some 
sectors gave no evidence of the Bz phenotype. In some of 
these, at least, it was known that the fragment had been lost to 
the cell that gave rise to the bronze sector. Kernels likewise 
exhibited distinctive patterns of loss of Bz expression. 
Differences in this regard are evident in the Bz-expressing 
kernels on the segments of ears shown in Figures 12 and 13. 

Examination of meiotic stages in plants initially receiving 
the tiny fragment indicated that losses of it sometimes occurred 
among progenitors of meiotic cells . When the tiny fragment was 
observed at a meiotic prophase, it often was lost to nuclei 
subsequently, and quite often during one or the other of the 
meiotic divisions. Transmission of this fragment, either through 
the egg cell or sperm cells, was infrequent due both to the 
premeiotic losses of it and losses occurring during and after 
the meiotic period. In those instances where it had entered a 
spore nucleus, its presence could be identified in a kernel 
derived from functioning of this spore, and the pattern produced 
by activity of the X component could be compared among Bz 
expressing kernels on the same ear. The Bz carrying kernels on 
the segments of ears in Figures 12 and 13 are conspicuous 
because of the very dark pigment that is produced by Bz action. 
All kernels on these ears received from each parent a normal 
chromosome 9 carrying the markers C, sh , and bz . All but one of 
the kernels showing Bz gene action is also Sh in overall appear-
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FIGURE 13. The ear, a segment of which appears in (a), arose 
from the same type of cross that gave rise to the ear in 
Figure 12 except that a different pollen parent introduced 
the small fragment carrying Sh, Bz, and X. Five kernels 
are nearly solidly Bz in phenotype. Each has only a few bz 
areas. One Sh kernel, located to the left, has spots of Bz 
in a bronze (bz) background. This pattern resembles one 
that is produced by mutations from bz to Bz -type expressions. 
Experience has shown that this pattern results from losses 
of the tiny fragment or of its Bz component. The ear, a 
segment of which is shown in (b), arose from the same type 
of cross- a-s- tha--t---described in - F-i<;J-U-Fe- 1-2, and- the pe-l-1-eB
parent was the same. This segment shows three closely 
·spaced- s -h- kerrre-J:-s- that-a-re- vatie-gate-d- fur-B-z- and- b-z--are-as-; 
There is little doubt that each of these three kernels 
received the tiny fragment chromosome carrying Sh, Bz , and 
X. Note the similarity in their pattern of variegation. 
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ance. Two segments of a single ear are shown in Figure 12. A 
single kernel on this ear showing Bz . activity is totally sh in 
phenotype. It appears in a of Figure 12. At some stage, early 
or late but before fertilization, the Sh marker had been elimi
nated. In meiotic prophases of plants carrying this small 
fragment, reduction in its size was noted occasionally. This 
suggests that loss of Sh expre ssion may sometimes be due to loss 
of the gene because it had been cut from the fragment by action 
of the X component. 

It should be stated in concluding this section that during 
the many years of study of the fragme nt chromosome 9, no instance 
was found of the X component serving as a gene-control system in 
the manner of the Ac , Spm , and Dt systems. The frequency of 
annexations to centromeres, knobs, and ends of chromosomes, as 
illustrated in the diagrams, suggests some degree of specificity 
of action of the X component. Thus, the action of the X component 
and certainly that of Ac , Spm , and Dt , to be discussed in the 
next section, are difficult to interpret unless the product of 
each resembles in some essentials the performances of known 
restriction enzymes. Clearly, the BFB cycles do expose innate 
systems that are able to restructure the genome and to do so 
rapidly and precisely. 

RESTRUCTURING OF THE GENOME BY TRANSPOSABLE 
CONTROLLING ELEMENTS 

So much has been reported on transposable gene-control 
systems in maize that little would be served by a recounting of 
their modes of operation except to emphasize the relation of the 
so-called regulatory component of a maize control system to 
transposons in prokaryotic organisms. In this regard NEVERS and 
SAEDLER (1977) already have outlined basic similarities between 
them, and have suggested why such systems may be significant in 
restructuring genomes and at all l e vels, from modifications of a 
few base pairs to gross chromosomal rearrangements. 

Both transposons in prokaryotic organisms and the regulatory 
elements in maize that resemble transposons produce s e v e ral 
products . One of these is responsible for their transposition 
from one chromosome location to anothe r, be it within a nucleus 
of a eukaryote or between organisms sharing the same cell in a 
prokaryote. In maize, this product can induce DNA modifications 
that arise b y responses to it of an e lement of a s y stem that had 
been inserted into a gene locus. As a consequence, the cis 
eleme nt may transpose to a new location in the chromosome comple 
ment. Often this leaves behind an altered gene locus. On the 
other hand, the cis element may remain within the gene locus 
after its response has induced some locus modification. Such 
modifications are responsible for the so-called changes in state 
of a gene locus (MCCLINTOCK 1965). 

Recently, DOONER and NELSON (1977) supplie d critical e vide nce 
of changes at a gene locus induced by the Ds - Ac system. They 
showe d that cis e lement-induced alterations of a gene locus can 
modify the enzymatic product of the gene a s well as the time 
during deve lopment whe n the gene product will be made available. 
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Because of the many changes in time and type of gene action that 
these regulatory systems provide, there is now an incentive to 
determine the molecular structure of such gene loci, and the 
types of locus reorganizations that are responsible for modified 
gene products and for altered controls of times of gene action 
during development. 

By means of transpositions, the same regulatory system can 
operate at a number of gene loci. Because these systems can 
induce change in DNA organizations within a locus, they provide 
opportunities to restructure the genome at a fine level. To be 
effective in evolutionary terms, stabilization of these modi
fications must occur. It is known that stabilizations do occur 
and often by single events, such as removal of the cis element 
from the gene locus, or by loss of its ability to respond to the 
trans-acting product. Because the BrB cycle is able to expose 
the presence of these systems that previously were totally con
cealed, it is more likely that inactivations of the regulatory 
components result from their placement in quiescent parts of the 
genome. In this regard, the history of the original mutant of 
the A locus in chromosome 3, designated a for its null action, 
has significance. It was isolated by EMERSON (1918). Its null 
action remained unchanged over many years, although the mutant 
was used e-xtensively by a number of maize geneticists--;- Years 
later, RHOADES (1936, 1938) discovered in maize imported from 
Mexico a dominant factor that induced this a mutant to produce 
other mutants exhibiting anthocyanin. RHOADES designated this 
factor Dotted (Dt) because of the dotted pattern of anthocyanin 
spots in the aleurone layer of the kernel that the a mutant 
produced in response to Dt. In his stocks, Dt was located in 
chromosome 9. Nevertheless, in genetic stocks that have not 
been exposed to Dt it is possible to release a Dt component from 
its quiescent state by means of BFB cycles. Sometimes the 
release occurs within several nuclear generations following 
initiation of this cycle. When released, it need not appear at 
any one location in the chromosome complement; and it is subject 
thereafter to transpositions to new locations (DOERSCHUG 1973). 

The Ds component of the Ds-Ac gene control system can 
induce gross changes in chromosome organization, two of which 
are illustrated in McCLINTOCK (1951). Both involve production 
of duplications that are associated with transposition of Ds. 
Occasionally, a transposition of Ds will initiate a reciprocal 
translocation. Ds may also produce modifications of DNA that 
extend from one or the other side of it, and that can vary 
greatly in extent. In these instances, Ds does not transpose 
but remains in location (McCLINTOCK 1952, 1953, 1956b). 

From the evidence briefly presented in this section, it is 
possible to conclude that the so-called mutable loci reflect yet 
another mechanism that is capable of rapidly reorganizing the 
genome. 

CONCI.t:JS-IONS 

The BFB cycle, upon which emphasis was placed in this 
report, represents only one mechanism that can trigger innate 
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systems capable of inducing genome reorganizations. The trig
gering results in various degrees of reorganization, ranging 
from complex chromosomal translocations to small segments of 
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DNA, possibly composed of a relatively few base pairs. Enzyme 
systems must be responsible for these modifications. In some 
instances, a high degree of specificity of action ·is required. 
This implies that restriction-type enzymes are included in the 
maize genome. At present we do not know to what extent or 
whether these systems normally perform a function in maize, or 
whether they function only when triggered. It is quite evident, 
nevertheless, that components of transposable gene-control 
systems which are quiescent in most genetic stocks may be readily 
triggered into action by the BFB cycle. This cycle continuously 
imbalances the genome. It is possible that these imbalances 
provide the stress required to initiate mechanisms that could 
reset the genome. 

Environmental stress may also trigger a sequence of genomic 
reorganizations. This is illustrated in animal tissue cultures 
in which stabilizations often require restructuring of the 
genome. So far as I am aware, the mechanisms responsible for 
these restructurings are not known. Species crosses also are 
known to trigger mechanisms that alter the organization of 
parental genomes. In some instances it is possible to predict 
the types of change that will occur, and the chromosomes that 
will be associated with these alterations (GERSTEL and BURNS 
1966, 1967, 1976). 

Challenges to overcome needs or responses to special types 
of stress may trigger gene amplifications. Some of the increased 
copies may remain within the genome, either at the location of 
their template(s) or, if freed, at other locations wherein they 
may enter. There is now a considerable amount of evidence of 
intraspecific variability in rDNA locations among species in 
which amplification of this DNA is known to occur. (See NARDI 
et al. 1977 for recent evidence of this and for a discussion of 
similar cases.) That redistributions of particular classes of 
DNA may arise suddenly is suggested by the spectacular differences 
in distribution of heterochromatic blocks among the chromosomes 
of three species of Cyclops studied by.S. BEERMANN (1977). In 
all three species these blocks are cut-out of the chromosomes 
during early cleavages in those cells destined to form the soma. 
Although the distribution of this DNA among the chromosomes of 
these three species differs greatly, it is suspected that the 
system responsible for excisions of it may be quite the same in 
all three species. 

I believe there is little reason to question the presence 
of innate systems that are able to restructure a genome. It is 
now necessary to learn of these systems and to determine why 
many of them are ' quiescent and remain so over very long periods 
of time only to be triggered into action by forms of stress, the 
consequences of which vary according to the nature of the challenge 
to be met. 
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