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During the past six years, a study of the be-
havior of a number of newly arisen mutable loci
in maize has been undertaken. This study has
provided a unique opportunity to examine the mu-
tation process at a number of different loci in
the chromosomes. For some of these loci, sev-
eral independent inceptions of instability have
occurred during the progress of this study. The
types of mutation that appear, and the types of
instability expression, need not be the same at
any one locus. In fact, comparisons of the be-
havior of these different mutable conditions at a
particular locus have shown. striking 'diversity,
not only with regard to the changes in phenotypic
expression that result from mutations at the locus,
but also with regard to the manner in which muta-
bility is controlled. Knowledge of the genetic
constitutions, with respect to mutable loci al-
ready present in the plants in which new mutable
loci have arisen, and the subsequent behavior
of the newly arisen mutable loci, have provided
evidence that allows an interpretation of their
mode of origin and also their mode of operation.
As a consequence of this study, some rather un-
orthodox conclusions have been drawn regarding
the mechanisms responsible for mutations arising
at these loci. The same mechanisms may well
be responsible for the origins of many of the ob-
served mutations in plants and animals.

Instability of various loci—whether referred to
by the terms mutable loci, mutable genes, or
variegation, position effect, etc.—has been known
for many years, and many such cases have re-
ceived considerable study. The conditions as-
sociated with the more obvious position-effect
phenomena in Drosophila are well known. Those
associated with instability of phenotypic ex-
pressions in other organisms have been less well
understood. It is because of the distinctive ad-
vantages that the maize plant offers for such a
study that it has been possible to obtain precise
evidence concerning some of the events associated
with the origin and behavior of mutable loci. The
first of these advantages relates to the ease of
observing the chromosomes, and thus determining
the nature of some of the changes that occur in
them. The presence of a triploid endosperm in

the kernel provides a second advantage. This
endosperm, with its outer aleurone layer that can
develop pigments, and the underlying tissues that
may develop starches of several types, or sugars,
or carotenoid pigments, permits the detection of
differences in phenotypic expression of various
types. Some of these may be quantitatively meas-
ured. Thirdly, there are a number of different loci
known in which heritable alterations have given
rise to changes in the expression of these several
endosperm components. The mutations at some of
these loci affect characters of both the endosperm
and the plant tissues. This applies particularly
to those mutations that affect the development
of the anthocyanin pigments. In the studies to
be described, the presence in the short arm of
chromosome 9 of four marked loci that affect
endosperm characters has been of particular im-
portance for analyzing the events occurring at
mutable loci. The necessity of having such mark-
ers will become evident in the discussion. For
this study, the accumulated knowledge of the be-
havior of newly broken ends of chromosomes in
maize has been of particular importance. Its
significance for interpreting the origin of mutable
loci will be indicated in the sections that follow.

THE CHROMATID AND CHROMOSOME TYPES OF
BREAKAGE-FUSION-BRIDGE CYCLE

The diagrams of Figure 1 illustrate the mode
of origin of newly broken ends of chromosomes
at a meiotic mitosis and the subsequent behavior
of these ends in successive mitotic cycles. A
chromosome with a newly broken end entering a
telophase nucleus in the gametophytic or endo-
sperm tissues will give rise in the next anaphase
to a chromatid bridge configuration (McClintock,
1941). The bridge is produced because fusion
occurs between sister chromatids at the position
of previous anaphase breakage. This sequence
of anaphase breaks and sister-chromatid fusions
will continue in successive mitoses. It has
therefore been designated the chromatid type of
breakage-fusion-bridge cycle. This cycle is il-
lustrated in A of Figure 1. In the sporophytic
tissues, however, this cycle usually does not
occur. The broken end entering a telophase
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FIG. 1. Diagrams illustrating the origin of a newly
broken end of a chromosome at the meiotic anaphase
and its subsequent behavior. A, The chromatid type
of breakage-fusion-bridge cycle. 1. One type of syn-
aptic configuration at the first meiotic prophase be-
tween homologous arms of a pair of chromosomes, one
member of which carries a duplication of this arm in
the inverted order. 2. The production of a dicentric
chromatid as the consequence of a crossover. It is
composed of two complete chromatids of this chromo-
some. 3. Anaphase . Bridge configuration produced
by separation of centromeres of the dicentric chromatid,
A break in the bridge occurs at some position between
the two centromeres. 4. Fusion of sister chromatids
at the position of the previous anaphase break is ex-
hibited in prophase of the microspore or megaspore
nucleus. 5. Separation of sister centromeres at ana-
phase in the microspore or megaspore produces a
bridge configuration. This bridge is broken at some
position between the two centromeres. 6. Fusion of
sister chromatids occurs at the position of the pre-
ceding anaphase break. Separation of sister centro-
meres at the next anaphase again produces a bridge
which is broken at some position between the two
centromeres. This cycle continues in successive
mitoses during the development of the gametophyte
and the endosperm.

B. The chromosome type of breakage-fusion-bridge
cycle. It may be initiated in the sporophyte if each
gamete contributes a chromosome which has been
broken in the anaphase of the division preceding gamete
formation. The zygote nucleus will then contain two
such chromosomes. In the prophase of the first division
of the zygote, 7, each of these is composed of two
sister chromatids fused at the position of the previous
anaphase break. In the first anaphase of the zygotic
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nucleus heals, and its subsequent behavior re-
sembles that of a normal, nonbroken end of a
chromosome.  (Note: The chromatid type of
breakage-fusion-bridge cycle can continue through-
out the development of the sporophytic tissues
under certain conditions. These conditions are
usually not present in the genetic stocks of
maize.) If, however, a chromosome with a newly
broken end is introduced into the zygote by each
gamete nucleus, the broken ends of the two chro-
mosomes are capable of fusion (McClintock, 1942).
This establishes a dicentric cliromosome. A dif-
ferent type of breakage-fusion-bridge cycle is
thereby initiated. In the telophase nuclei, the
fusions now occur between the broken ends of
chromosomes rather than between the broken ends
of sister chromatids, as described above. This
sequence of events has been called the chromo-
some type of breakage-fusion-bridge cycle, and
is illustrated in B of Figure 1. A study of the
consequences of these cycles has revealed that
they may initiate breakage events in chromosomes
of the complement other than those undergoing
the cycle. This complication has been of signif-
icance, for it appears that these unanticipated
alterations of the chromosomes may be respon-
sible primarily for the origin of mutable loci and
of other types of heritable change.

UNEXPECTED CHROMOSOMAL ABERRATIONS
INDUCED BY THE BREAKAGE-FUSsION-
Bripce CYCLES

In the course of an experiment designed to in-
duce small internal deficiencies within the short
arm of chromosome 9, a number of plants were
obtained that had undergone the chromosome type
of breakage-fusion-bridge cycle in their early
developmental period. The short arm of each
chromosome 9 was involved in this cycle. It is

division, 8, these two chromosomes give rise to bridge
configurations as the centromeres of the sister chro-
matids pass to opposite poles.  Breaks occur in each
bridge at some position between the centromeres. In
the telophase nuclei, two chromosomes, each with a
newly broken end, are present as diagrammed in 9.
The crosses mark the broken ends of each chromo-
some. Fusion of broken ends of chromosomes occurs
in each telophase nucleus, 10, establishing a dicen-
tric chromosome. In the next prophase, 11, each
sister chromatid is dicentric. At the subsequent ana-
phase, several types of configurations may result
from separation of the sister centromeres, two of
which are shown in 12. Separations as shown in b
of 12 give rise to anaphase bridge configurations.
Breaks occur in each bridge at some position between
the centromeres. The subsequent behavior of the
broken ends, from telophase to telophase, is the same
as that given in diagrams 9 to 12.
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known that the cycle will often cease suddenly
in certain cells and that these cells are then
capable of developing sexually functional branches
of the plant. In order to determine the nature of
the chromosome changes produced by this cycle,
the sporocytes of many of these plants were ex-
amined at the pachytene of meiosis. - The expected
types of altered constitution of the short arm of
chromosomes 9 were found. In addition, other
quite unexpected types of chromosome aberration
appeared in a number of the plants. These al-
terations had been produced in the early develop-
mental periods when the breakage-fusion-bridge
cycles were occurring. With a few exceptions,
the chromosome. parts in which alterations had
been initiated were the knobs and the centromeres,
or the nucleolus organizer of chromosome 6. In
the majority of cases, either the knob or the centro-
mere of one of the chromosomes 9 that had been
undergoing the breakage-fusion-bridge cycle was
involved in the structural rearrangement. Non-
randomness was apparent with regard to the other
chromosome involved in the aberration.
ample, four cases were found in which the centro-
mere of chromosome 9 had fused with the centro-
mere of another chromosome—chromosome 2 in
three of the four cases. Chromosome 8 was also
very frequently involved in these structural
changes.

The breakage-fusion-bridge cycle was obviously
responsible for the induction of these alterations

in the knobs, centromeres and the nucleolus or-

ganizer. That alterations in such elements were
occurring without obvious direct participation
of the knob or the centromere of the chromosome
9 undergoing the breakage-fusion-bridge cycle
has also been indicated. This was made evident
by the presence in one plant of an inversion in-
volving the nucleolus organizer and the centro-
mere region in chromosome 6, by an inversion in
chromosome 5 in another plant involving the
centromere and the knob regions, and by an in-
version in chromosome 7 in a third plant involv-
ing the centromere region and the knob region in
the long arm of this chromosome. In addition,
some of the plants examined showed the presence
of a ring chromosome that was not composed of
segments of chromosome 9, so far as could be
determined. It now must be emphasized that it
was in the self-pollinated progeny of plants that
had undergone the chromosome type of breakage-
fusion-bridge cycle in their early developmental
period that the initial burst of newly arisen mu-
lal‘lle loci appeared. It might be suspected that
this burst was a reflection of the mechanism that

For ex-

had produced the alterations mentioned above.
If so, the origin of mutable loci would be asso-
ciated with change in these particular elements
of the chromosome complement. It was some time,
however, before sufficient evidence had accu-
mulated to allow deductions to be drawn regarding
this presumptive relationship. A description of
the origin and behavior of some of the representa-

_tive types of mutable loci should be given before

this topic is again considered.

RECOGNITION OF THE RELATION OF MUTATION
i TO THE MrtoTic CYCLE '

Interest in these mutable loci,, appearing un-

. expectedly and in large numbers in the self-

pollinated progeny of plants that had undergone
the chromosome type of breakage-fusion-bridge
cycle in their early developmental periods, was
aroused when it was realized that in each case
some factor was present which controlled the
time or the frequency of mutations. This factor
could be altered as a consequence of some event
associated with the mitotic process. This was
made evident by the appearance of sectors of
tissue, derived from sister cells, that exhibited
obvious differences in time of mutations, mutation
frequency, or both. In many cases, it was also

. apparent that the mutations themselves arose as

a consequence of some event associated with the
mitotic cycle., This basic behavior pattern was
exhibited by all the various newly arisen mutable
loci. It directed attention to the mitotic mecha=-
nism as the responsible agent. It was concluded,
therefore, that further investigation of these mu-
table loci might produce some evidence leading
to an appreciation of the nature of the responsible
mitotic events.

During six years of study of a number of newly
arisen mutable loci, some well-established facts
have accumulated concerning the processes asso-
ciated with the origin of mutable loci and their
subsequent behavior. Observation of consistent
behavior in many mutable loci, where the cyto-
logical events associated with a change in pheno-
type could be determined, and comparison of the
behavior of these loci with others in which cyto-
logical determinations could not readily be made,
have provided an assemblage of interrelated facts
upon which the conclusions to be stated later
are based.

THE ORIGIN OF Ds AND ITS BEHAVIOR

The first evidence of the type of chromosomal
event that is associated with the expression of
mutability came with the discovery of a locus in
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the short arm of chromosome 9 at which chromo-
some breaks were occurring. This was observed
in the self-pollinated progeny of one of the plants
that had undergone the chromosome type of
breakage-fusion-bridge cycle in early development.
When first seen, the “‘mutability”’ was expressed
by the time and frequency of the breaks that oc-
curred at this locus in some cells during the
development of a tissue. Also, some change
could occur in somatic cells that affected the
time and frequency; and this latter event like-
wise was associated with the mitotic process.
The behavior pattern resembled in considerable
detail the patterns exhibited by the mutable loci.
In this case, however, a mechanism associated
with chromosome fusion and subsequent breakage
was responsible for the behavior observed. The
mutations from recessive to dominant exhibited
by the mutable loci would not alone have sug-
gested a chromosome-breakage mechanism as
being responsible. Because of this similarity
of the patterns of behavior, it was suspected that
the basic mechanism responsible for mutations
at mutable loci could be one associated with some
form of structural alteration at the locus showing
the mutation phenomenon. This conclusion was
consistent with the very first observations of the
behavior of mutable loci. These observations
had indicated that the events at mutable loci
leading to mutations and also other events con-
" trolling their time and frequency of occurrence
were associated with alterations that were in
some manner produced during the course of a
mitotic cycle.

Intensive study of this locus in chromosome
9 at which structural alterations occur at regulated
rates and at regulated times in development has
been rewarding. A “break’’ in the chromosome
at this locus was the event first recognized. The
factor responsible was therefore given the symbol
Ds, for ““Dissociation.”” The nature of the break-
age event was later determined. It arises from
dicentric and acentric chromatid formations. The
acentric fragment is composed of the two sister
chromatids, from the Ds locus to the end of the
short arm.. The complementary dicentric com-
ponent includes the sister segments from the
locus to the centromere plus the long arms of
the two sister chromatids. This is the type of rec-
ognizable event found to occur most frequently at
Ds. Other recognizable aberrations, however,
may sometimes arise. One of them is the forma-
tion of an internal deficiency in the short arm
of chromosome 9. Such deficiencies include the

regions adjacent to Ds, and vary in extent from
minute to quite large. Translocations between
this chromosome and another chromosome of the
complement may arise, with one of the points of
breakage at the Ds locus. Duplications, or in-
versions, of segments within chromosome 9 may
also be produced, one of the breakage points
being at Ds.

It was realized early in this study of Ds that
changes could occwr at the locus leading to
marked alterations in frequency of the detectable
breakage events. The original isolate was show-
ing high frequencies of formation of dicentric
chromatids and the associated acentric fragments.
Changes arose at the locus, however, as a con-
sequence of some event occurring in a somatic
cell. These changes resulted in the appearance,
in subsequent cell and plant generations, of
lowered frequencies of these events. Such changes
in the behavior pattern of Ds were called *“changes
in state’’; and the Ds with the altered state be-
haved in inheritance as an allele of the original
isolate of Ds. A subsequent change could occur,
which again was recognized by an altered fre-
quency of detectable breakage events, and which
behaved in inheritance as an allele of the initial
state, of the derived state, or of other unrelated
derived states. By selecting altered states of
Ds, a series of alleles of the original Ds has
been isolated. The changes in state of Ds, and
those occurring at other mutable loci, are of con-
siderable significance in understanding the nature
of the events responsible for the patterns of be-
havior of all mutable loci. A discussion of this
significance will be postponed until the behavior
of some other mutable loci have been considered.

The meaning of the term will then be readily
apparent.

TRANSPOSITION OF Ds

An important aspect of this study, with regard
to the origin of mutable loci and nature of their
mutation process, is related to transposition of
Ds from one location in the chromosome comple-
ment to another. The discovery of such trans-
positions occurred in the course of studies aimed
at determining the exact location of Ds in chro-
mosome 9. These tests involved linkage relation-
ships. A sequence of six marked loci along the
chromosome arm were used, and the linkage
studies clearly established the location of Ds
as shown in Figure 2. This genetically deter-
mined location fitted the position of breaks in
the chromosome observed in some of the sporo-
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cvtes of plants having Ds in either one or both
chromosomes 9. Such chromosome  breaks are
‘llustrated in the photographs of microsporocytes
at pachytene given in Figures 4 to 8. This was
the location of Ds when it was first discovered,
and has been called the standard location.

In the course of studies of the inheritance be-
havior of Ds, an occasional kernel appeared
which showed that Ds-type activity—that is,
chromosome breakage—was occurring at a new
position in the short arm of chromosome 9. At-
tempts were made to germinate such kernels when
they were found. If a plant arose from one, a
study was then commenced to determine the new
location of the Ds-type activity. Over 20 cases
of the sudden appearance of Ds-type activity in
new locations in the short arm of chromosome 9,
and several cases of its sudden appearance in
other chromosomes of the complement, have been
investigated. Within the short arm of chromosome
9, such activity has appeared at various positions.
All the isolates studied have shown sharply de-
fined locations of the Ds-type activity. In these
cases, the cytological determination of breakage
position and the genetic determination of location
were in agreement. New positions of Ds-type
activity have appeared between all of the marked
loci shown in Figure 2. For example, in four in-
dependently arisen cases, the new position of
Ds has been located between [/ and Sh. In two of
these, it is to the right of /, at or close to the
same position in each case—approximately one-
fifth the crossover distance between I and Sh.
In the other two it is to the left of Sh, with a
very low percentage of crossing over between Ds
and Sk in each case.

The mode of detecting new locations of Ds-
type activity has been selective, in that those
arising in the short arm of chromosome 9 are im-
mediately revealed on many of the ears coming
from test crosses. Ds-type activity has suddenly
appeared, however, in other chromosomes of the
complement.  Only when appropriate genetic
marke_:rs are present can it be detected readily;
and in most tests, such markers have not been
present.

Several questions must now be asked, How do
new positions of Ds activity arise? And what
conditions are responsible for their occurrence?
The rfxethods used in seeking answers to these
questions may be described. In some cases, it
Zg‘:il\(,i'tbe established thfat the appearance of Ds
i dlisy at a new location was associated V{vith
It e t;aepe;::aarance at the known formex: location,

emphasized that the mechanism under-
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FIG. 2. Diagram showing the approximate locations
of the genetic markers in the short arm of chromosome
9 that have been used in this study. In symbolization,
dominance is indicated by a capital letter or capital-
ization of the first letter, Recessiveness is indicated
by lower-case letters. The symbols refer to the fol-
lowing plant or endosperm characters: Yg, normal
chlorophyll; yg, yellow-green chlorophyll eolor in
early period of development of the plant. Sh, normal
endosperm; sh, shrunken endosperm. I, C, and ¢ form
an allelic series associated with pigment development
in the aleurone layer of the endosperm. I, inhibitor of
aleurone color formation, dominant to C. C, aleurone
color, dominant to ¢, colorless aleurone. The Bz
factor is associated with development of aleurone and
plant color. When homozygous, the recessive, bz,
(bronze), gives rise to an altered anthocyanin color in
the aleurone and plant tissues, from a dark red or
purple to a bronze shade. When Wx is present, the
starch in the pollen and endosperm stains blue with
ijodine solutions, due to the presence of amylose
starch; when only the recessive wx (waxy) is present,
no amylose starch is formed and with iodine solutions,
the starch stains a reddish-brown color. The position
of Ds, indicated in the diagram, is the standard loca-
tion (see text).

“lying Ds events is one that can give rise totrans-

locations, deficiencies, inversions, ring-chromo-
somes, etc., as well as the more frequently oc-
curring dicentric chromatid formations with
reciprocal formation of acentric fragments. It
has also been stated that in each such case one
breakage point is at the known location of Ds.
The appearance of Ds at new locations is prob-
ably associated with such a break-inducing mech-
anism. This was indicated by extensive analysis
of the constitutions of two independent duplica-
tions of segments of the short arm of chromosome
9 when a new location of Ds activity was also
present in this arm. In both cases, only one of
the many tested gametes of one of the parent
plants carried the particular chromosome aber-
ration with the new location of Ds. It was de-
tected in two single aberrant kernels on separate
ears coming from similar types of crosses made
in two different years. The female parent carried
two morphologically normal chromosomes 9, each
with the markers C, sh, bz, and wx. No Ds (or
Ac, see below) was present in these plants. The
male parent (one Ac present) carried two morpho-
logically normal chromosomes 9. The markers
1, Sh, Bz, Wx, and Ds (at its standard location)
were present in one chromosome 9. The homol-
ogous chromosome carried C, sh, bz, wx, but no
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FIG. 3. Photograph of a normal bivalent chromosome 9 at pachytene of meiosis.
diagram, 3a, the knob terminating the short arm is indicated by the arrow, a. The centromere is indicated
by the arrow b, Mag. approximately 1800x. Fusion of homologous centromeres appears to occur at pachy-
tene. Consequently, in the diagrams accompanying Figures 3 to 8, this region is indicated as single rather
than double. .

FIGS. 4 to 7 and accompanying diagrams, 4a to 7a. Illustrations of the position of breaks at the Ds locus
as seen at pachytene of meiosis in plants having Ds at its standard location in one chromosome 9 and no
Ds in the homologue. The two homologues are distinguishable. At the end of the short arm of the chromo-
some 9 having no Ds, a segment of deep-staining chromatin extends beyond the knob. The short arm of the
chromosome 9 carrying Ds terminates in a knob. Magnifications approximately 1800x. In Figure 4, a break
at Ds occurred in a premeiotic mitosis. The acentric fragment, from Ds to the end of the arm, was lost to
the nucleus. Consequently, this segment is missing in the bivalent, The homologous segment in the
chromosome 9 having no Ds is therefore univalent. In making the preparation, this segment was considerably
stretched. In the accompanying diagram, arrow a points to the knob and the small deep staining segment
extending beyond the knob. ~Arrow & points to the centromere region, not clearly shown in the photograph.
Arrow ¢ points to the position of the break in the chromosome 9 that carried Ds. Figures 5 and 6 show the
appearance of the bivalent chromosome 9 when a break in the Ds carrying chromosome occurred at the
meijotic prophase and when the free segment, from Ds to the end of the arm, paired with its homologous
segment in the chromosome 9 having no Ds. In the accompanying diagrams, arrow a points to the knobs,
arrow b points to the centromeres and arrow ¢ to the position of the Ds break in one of the homologues.
Figure 7 is similar to Figures 5 and 6 except that the free fragment, from the position of Ds to the end of
the arm, did not pair with its homologous segment in the chromosome 9 having no Ds. In the accompanying
diagram, arrow @' points to the knob and the deep-staining chromatin extending beyond the knob in the chro-
mosome having ne Ds. Arrow a? points to the knob of the unpaired acentric fragment. Arrow b points to
the position of the centromeres, not observable in the photograph. Arrow ¢! points to the broken end of the
centric segment, and arrow ¢? points to the broken end of the acentric segment. (For Fig. 7, see next page.)

In the accompanying
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FIG. 8, The chromosome 9 bivalent at pachytene in a plant having Ds at its standard location
in each chromosome 9. A Ds break occurred at the meiotic prophase in each chromosome. Con-
sequently, the bivalent is composed of two free segments: one short acentric segment, from Ds
to the end of the arm, and a long centric segment, from the position of Ds to the end of the long
arm., In the accompanying diagram, arrow a points to the large knob terminating the short arm of
each member of the acentric bivalent segment, and arrow b points to the centromeres of the
centric bivalent segment. Arrow c¢* points to the broken ends of the centric bivalent segment
and arrow ¢? points to the broken ends of the acentric bivalent segment.

Ds. The constitutions of the aberrant chromosomes
9, which were present in an individual pollen
grain in each case, are shown in Figure 9. Each
has a duplication of a segment of the short arm
of chromosome 9. A study of these constitutions
reveals that, in each case, the new position of
Ds activity coincided with the position of one
of the breaks that produced the duplication. Also,
the position of the second break coincided with
the previously known location of Ds in the mor-
phologically normal Ds-carrying chromosome 9
of the male parent plant. It seems clear from the
analysis of both these cases that the breaks

were Ds initiated, and also that both breaks in-
volved sister chromatids at the same location.
Two other cases of newly arisen duplications
associated with new positions of Ds activity
have received study. These have proved to be
similar in their modes of origin to the two cases
diagrammed. Although these cases suggest that
the new positions of Ds activity may arise from
contacts with the Ds that is present in the chro-
mosome complement, they do not constitute evi-
dence that Ds is composed of a material sub-
stance and that the new positions arise from in-
sertion of this material into new locations.
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FIG. 9. Diagrams illuswating the constitution of
two chromosomes 9, each of which carries a duplicated
segment (heavy line). A transposition of Ds accom-
panied the formation of the duplication in each case,
For details, see text.

Ac BEHAVIOR AND INHERITANCE: GENERAL
CONSIDERATIONS

Before continuing discussion of the sudden ap-
pearance of Ds at new locations, it is necessary
to consider another heritable factor called Acti-
vator (A¢). Ac is a dominant factor that must be
present if any breakage events are to occur at
Ds. If Ac is absent from the nucleus, no detect~
able events whatsoever occur at Ds, wherever it
may be located; and no new positions of Ds ac-
tivity appear. Because of this, and because new
positions of Ds arise only in a few cells, during
the period of development of a tissue when
breakage events are occurring at Ds, it may be
concluded that these new positions are one of the
consequences of the mechanism that produces
chromosome breakage events at Ds.

The location of Ds in chromosome 9 was
first suggested by the altered phenotype of
sectors of tissue derived from cells in which a
break had occurred at Ds. Such sectors will ap-
pear if the factorial constitutions of the homo-
logues differ. The chromosome arm carrying Ds
must also carry dominant markers, and the homo-

logue must carry the recessive alleles. If one
chromosome 9, delivered by the male parent, car-
ries I, Sk, Bz, Wx, and Ds at its standard loca-
tion, and if the Lhomologue delivered by the fe-
male parent carries the recessive alleles C, sh,
bz, and wx, and has no Ds, the events at Ds that
form a dicentric chromatid and an acentric frag-
ment will lead to elimination of the acentric frag-
ment during a mitotic division. This fragment
will form a pycnotic body in the cytoplasm, which
subsequently disappears. All the dominant mark-
ers carried in this acentric fragment will be re-
moved from the nuclei after such an event has
occurred. The sector of tissue derived from these
cells will exhibit the collective phenotype of
the recessive alleles carried by the homologous
chromosome 9 having no Ds.

If pollen of plants having one Ac factor and
carrying I, Sh, Bz, Wx, and Ds (standard location)
is placed upon silks of plants carrying C, sh, bz,
and wx in their chromosomes 9, but having no Ds
or Ac, two types of kemels will appear, those
that received an Ac factor and those without Ac.
The latter kernels will be colorless and non-
shrunken, and will show the Wx phenotype. No
variegation for the characters exhibited by the
recessive alleles will appear, as shown in Figure
10, If Ac is present in the endosperm, however,
the described Ds events will occur in some cells
during the development of the kernel. This will
result in elimination of the segment in the short
arm of chromosome 9 carrying the dominant
factors. All the cells arising from one in which
such an event has occurred will exhibit the C,
sh, bz, and wx phenotypes. Consequently, these
kernels will be variegated. The photographs of
kernels in Figures 11 to 13 will illustrate the
nature of this variegation. '

FIGS. 10 to 15. Photographs of kemels illustrating the effects produced by breaks at Ds, and the relation
of the presence or absence of Ac and the doses of Ac on the time of occurrence of Ds breaks. The kemnels
arose from the cross of a plant (R) carrying C and bz and having no Ds in each chromosome 9, by plants (§)

having I, Bz, and Ds at its standard location in chromosome 9.

In Figure 10, no 4c is present; the kemel is

completely colorless due to the inhibition of aleurone color when / is present. In Figures 11 to 13, one Ac is

present.

Breaks at Ds occur early in development with consequent loss of I and Bz to the nuclei. The cells
without / and Bz give rise to sectors showing the C bz phenotype.

It should be noted that Bz substance dif-

fuses through several cell layers, from the / Bz areas into the C bz areas, producing a C Bz phenotypic ex-
pression in these genotypically C bz cells. Thus, all large areas of the C bz genotype are rimmed with the
dark aleurone color of the C Bz phenotype. Small C bz areas may be mostly C Bz in phenotype because of this
diffusion, and very small C bz areas are totally C Bz in phenotype. These relationships are clearly expressed
in the photographs. In Figures 11 to 13, both large and small C bz sectors are present as well as areas in
which no C bz sectors appear. This irregularity arises from alterations that occur to Ac during the development
of the kernels. These give rise to sectors with no Ac or with altered doses of Ac {see text). Figure 14 shows

the pattern that may be produced by Ds breaks when tw

o Ac factors are introduced into the primary endosperm

nucleus, There are many small sectors of the C bz genotype, all produced by relatively late occurring Ds lreaks.
This results in a heavily speckled variegation pattern. Figure 15 shows the pattern that may appear when
three Ac factors are present, Only relatively few C bz specks, produced by late occurring Ds breaks, are pres-

ent in this kernel.



23

CHROMOSOME ORGANIZATION AND GENIC EXPRESSION




24 BARBARA McCLINTOCK

In the early studies, it soon became apparent
that the time of occurrence of Ds breakage events
in the development of a tissue depends upon the
dose of Ac present. The higher the dose of 4c,
the later in development will such events at Ds
occur. Because the endosperm is triploid—the
female parent contributing two haploid nuclei
derived from the female gametophyte, and the
male contributing one haploid nucleus—single
to triple doses of Ac may readily be obtained
after appropriate crosses. The time of response
of Ds to double and triple doses of Ac is shown
in Figures 14 and 15.

Initial studies of the inheritance behavior of
Ac showed that it follows the mendelian laws
known to apply to single genetic units. An illus-
tration of this inheritance behavior is given in
Figure 16. The ear in this figure was derived
from a cross in which the female parent carried
the recessive factor ¢ in each chromosome 9, but
had no Ds or Ac factors, and the male parent
carried in each chromosome 9 the factors C and
Ds (standard location). It also carried a single
Ac factor. The expected l-to-1 ratio of colored,
nonvariegated kernels (no Ac present) to kernels
showing sectors of the ¢ phenotype (Ac present)
was apparent on this ear. Efforts to determine
the location of Ac in the chromosome complement
were commenced, but were soon abandoned when
it was realized that Ac need not remain at any
one location in the complement. It can appear
at new locations and in different chromosomes.
Because of this highly unexpected behavior of a
genetic factor, extensive studies were made to
determine the mode of inheritance of Ac and to
learn how these new positions arise. Much has
been learned from them about Ac behavior and
inheritance. The modes of investigating altera-
tions of Ac will be considered later. Some of
the facts concerning its behavior, however, may
be stated here in summary form, by describing
the results obtained from several types of
experiments.

Ifplants having one Ac factorare self-pollinated,
the expected mendelian ratios may appear in the
F, populations. These are: one with two Ac, to
two with one Ac¢, to one with no Ac. The ratios
obtained in one such test were 61 : 145: 68, which
is close to the statistical expectancy. When,
however, these F, plants having two Ac factors
are crossed by plants having no Ac, the expecta-
tion would be that all the progeny would have
one Ac factor. Usually, most of the plants do
have one Ac factor; but sometimes there are
plants displaying other conditions with respect

FIG. 16. Photograph of an ear produced when pollen
from plants having C and Ds (standard location) in
each chromosome 9 and carrying cne Ac factor is
placed on silks of plants carrying c in each chromo-
some 9 and having no Ds or Ac factors, Approximately
half of the male gametes have no Ac¢ factor. The
kernels arising from the functioning of such gametes
are fully colored; no variegation appears. The other
hal{f of the male gametes carry Ac. The kemnels arising
from the functioning of these gameies are variegated.
They show a number of sectors with the ¢ phenotype.
Note the approximate 1 to 1 ratio of fully colored ker-
nels to variegated kernels.

to Ac. The following unexpected types have ap-
peared: plants having no Ac factor; others having
two nonlinked Ac factors; others having two Ae
factors that appear to be linked; still others
having an Ac factor that acts as a single unit in
inheritance but gives the same dosage action as
would two doses of the Ac factor in the parent
plant that contributed Ac. The dosage action of
Ac may be altered in other ways, moreover, so
that a single Ac factor, as determined genetically,
may exert an action either less than that of the
Ac factor contributed by the Ac-carrying parent
plant or falling between one and two doses of
this. factor. '

In the early studies of Ac inheritance, the 4¢c
factor was found not to be linked with the genetic
markers in the short arm of chromosome 9. In
one series of tests of Ac inheritance, where a
number of Ac-carrying plants were derived from
a cross between a plant having no Ac and a plant
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having one Ac, a single aberrant plant was pres-
ent in the F,. Tests of this plant showed that it
possessed a single Ac factor, which was obviously
linked to the markers in the chromosome 9 de-
livered by the Ac-carrying parent plant. In the
sister plants, and in the parent plant that con-
tributed Ae¢, no such linkage was evident. Studies
were then conducted to examine the linkage re-
lationships of this 4¢ with the marked loci. The
very same types of tests for linkage of Ac with
the genetic markers in chromosome 9 were also
conducted with the sister plants. A summary of

tance to the left of I, Studies were then under-
taken to investigate not only the linkage behavior
of Ac but also the types of events that alter Ac
in these two sharply delimited locations. It was
determined that in the majority of the Ac-carrying
gametes produced by plants having an Ac at
either of these two stated positions, no change
in location or action of Ac occurred. Exchanges
of Ac from one homologue to another took place
as a consequence of crossing over, with consistent
frequencies in each case. In a few of these
gametes, however, the above-described types of

TABLE 1

Comparisons of Ac inheritance: (1} when Ac was not linked to markers in chromosbme 9,
and (II) when A¢ was linked to markers in chromosome 9, in crosses of

I J\ISh Bz Wx Ds 1 A,

fulinbldindnlihniiui nonlinked
C Sh Bz wx Ds
Q C'sh bz wx/C sh bz wx, no Ds, no Ae by (I) and
(n EY Sh Bz Wx Ds Ae
C Sh Bz wx Ds ac
1 I
Chromosome-9 Constitution Variegated* Nonvariegated* Variegated* Nonvariegated*
of & Gamete Ac present No Ac Ac present No Adc
I Wx 268 255 928 246
C wx 248 242 164 893
I wx 88 91 62 387
C Wx 84 83 344 100

*Presence of Ac detected by sectors of the C sh bz wx phenotype in kernels on ears obtained from cross I or
cross II. In the absence of Ac, no Ds events occur; the kernels are therefore nonvariegated.

one set of these comparative tests of Ac inherit-
ance is presented in Table 1. In part I of this
table, no linkage of Ac with 7 or Wx is evident;
in part I, however, linkage is obvious. The data
place Ac to the right of Wx. Approximately 20 per
cent crossing-over appears to have occurred be-
tween Wx and Ac. Actually, this figure is only
approximate, for a few kernels in the Ac-wx class
do not camry Ac in chromosome 9. They do not
belong in the crossover class. The Ac in these
kernels had been transposed from chromosome 9
to another chromosome. Also, a few kernels in
the Wx-no Ac class have not lost Ac because of
crossing over but rather because it was removed
from its location in chromosome 9.

The described case of sudden appearance of
Ac in chromosome 9 is not the only one that has
been found and similarly studied. Seven independ-
ent cases have so far been identified. In two of
these, Ac appeared in the short arm of this chro-
mosome: in the first case, a short distance to the
left of Wx; and in the second case, a short dis-

aberrant Ac conditions were present, as follows:
(1) Ac was no longer present in chromosome 9,
but was carried instead by another chromosome.
(2) Two Ac factors were present, one at the given
location in chromosome 9, and one carried by
another chromosome of the complement. (3) The
Ac factor was unchanged in its location but showed
an altered action; in a single dose it could be
equivalent to the double dose before the altera-
tion occurred, or could show an increased but
not doubled dosage action, or a decreased dosage
action.

The behavior of Ac was also studied in plants
in which the Ac factor was present at an allelic
position in each chromosome 9. Again, it could
be determined that in a few gametes produced by
such plants the above-described aberrant con-
ditions with respect to Ac position and action
were present., In addition, a few gametes were
formed that had no A¢ factor at all.

From what has been said about both Ds and
Ac, it is apparent that with respect to inheritance
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behavior they are much alike. The same questions
concerning mode of appearance in new locations
in the chromosome complement apply to Ac as to
Ds. With this relationship in mind, we may now
return to further considerations of Ds. It should
be emphasized again, however, that the described
events occurring at Ds, wherever it may be located
in the chromosome complement, depend upon the
presence of an Ac factor in the nucleus, regard-
less of where this latter factor is located in the
chromosome complement. New positions of Ds
activity arise only when' 4c is also present in the
nucleus, and, again, regardless of where Ac may
be located. In addition, any one altered state of
Ac—for example, an altered dosage action—affects
Ds wherever it may be located, and in exactly
the same manner for every Ds, regardiess of its
state. In other words, it is the state and the
dose of Ac that control just when and where Ds
events will occur, and it is the state of a partic-
alar Ds that controls the relative frequency of
any one type of event that occurs at Ds.

Tae ORIGIN AND BEHAVIOR OF cm-1

In the discussion of the appearance of Ds at
new locations, the question was raised whether
or not this involves the transposition of a material
substance from one location to another. The
question applies equally to Ac.
substance is transposed, a serious problem is
presented regarding the basic action of any known
genetic unit or factor that has been assigned to
a particular locus in a particular chromosome.
Ac clearly produces an obvious, measurable,
phenotypic response, wherever it may be located.
It shows dosage action, mendelian inheritance,
and linkage behavior of the expected type, in any
location—with the exception, already mentioned,
of a few transpositions, changes in state, and
losses of Ac. It might be considered that Ds and
Ac represent forms of altered chromosome organ-
ization producing somewhat similar effects in
each case, much like the Minutes in Drosophila.
The evidence now to be presented, however,
makes that assumption unlikely. This evidence
considers the origin and the behavior of many
different mutable loci. To begin this part of the
discussion, we may consider the origin of mutable
cm-1, the first-detected mutable ¢ locus that arose
in a chromosome carrying a normal-behaving C
locus (C, aleurone color; c, recessive allele,
colorless aleurone).

The presence of an alteration at the known
locus of C, which produced ¢m-I, was detected
probably within a few nuclear generations after

If no material

it occurred. It was present only in one kernel
among approximately 4,000 examined that had
come from a cross of a single plant, used as a
male, to 12 genetically similar female plants.
All the other kernels on these ears gave the ex-
pected types of phenotypic expression. The
male parent carried in both chromosomes 9 the
genetic markers Yg, C, Sh, wx, and Ds (standard
location). It also had one Ac factor, not linked
to these markers. The female parents carried
the stable recessive yg, ¢, sh, and wx. No Ds
was present in their chromosomes 9, and also
no Ac factor was present in these plants. The
types of kernels to be expected from such a cross,
and their relative frequencies, are the same as
those shown in Figure 16. Approximately half
the kernels should show the C Sk wx phenotype,
with no variegation for the recessive characters
since no Ac factor is present. The other half
should carry Ac and thus be variegated. Sectors
showing the ¢ sh phenotype should be present.
In these crosses, the expected classes of ker-
nels appeared with the exception of one kernel.
Instead of showing colorless areas in a colored
background (resulting from losses of C following
breakage events at Ds), this exceptional kernel
showed a colorless background in which colored
areas were present. The plant derived from this
kernel was tested in various ways in order to
determine the reason for this unexpected type
of variegation. The early tests indicated, and
subsequent tests proved, that mutations were
occurring from the recessive c, to the dominant
C, and that the mutable condition had arisen in
one of the chromosomes 9 contributed by the Ac-
carrying male parent plant.

Ds-type activity was also present in the chro-
mosome carrying the new mutable ¢ locus. The
location of this activity was no longer to the
right of wx, as would be expected since this was
its location in both chromosomes 9 of the male
parent plant. The new location was inseparable
from that of the mutable c. All the recognizable
breakage events associated with Ds-type activity
now happened at this new location. In addition,
mutations to C occurred. It was soon discovered
that the mutations to C would appear only if Ac
were also present in the nucleus, and that the
time of occurrence of thesé mutations was con-
trolled by the state and dose of Ac in precisely
the same way that the state and dose of Ac con-
trols Ds breakage events wherever Ds may be
located. If Ac were absent, neither mutations to
C nor Ds-type breakage events would occur.
Thus when Ac is absent, the behavior of cm~?


































































