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I. INTRODUCTION

T TS the purpose of this paper to describe the method by which viable
I tissues, homozygous deficient for a known region of a chromosome,
may be produced in maize. The chromosomal region involved includes
the locus of the gene Bm I in chromosome V (allele of bm 1, brown mid-
rib, producing a brown color in the lignified cell walls). The lignified cell
walls of the homozygous deficient tissue exhibit the features characteristic
of the known recessive gene bm I although the locus of this gene is absent.

The method of obtaining the homozygous deficient tissue is related to
the unique behavior of ring-shaped chromosomes during somatic mitosis.
This behavior has been briefly mentioned in previous publications (Mc-
CLINTOCK 1932; RHOADES and McCLINTOCK 1033). Ring-shaped chromo-
somes do not always maintain themselves unaltered through successive
nuclear cycles in the maize plant. They may (1) increase in size through
duplication and reduplication of segments of the original ring, (2) decrease
in size by deletions of segments from the ring, (3) be totally lost from the
nuclei or (4) be present in increased numbers in the different nuclei. What-
cver the method by which a change in size occurs, only ring chromosomes
are produced from ring chromosqmesl.

In maize it has been found that deficiencies in certain regions of the
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chromosomes may be transmitted successfully through the egg but not
through the pollen (BURNHAM 1932; STADLER 1935). Pollen possessing a
deficient chromosome plus a ring-shaped fragment chromosome should he
functional if the ring-shaped fragment completely compensates for the
deficiency. By utilizing a deficiency transmissible through the eggs and
rendered non-lethal in the pollen by the inclusion of a ring fragment
covering the deficiency, a zygote with two deficient chromosomes plus a
ring chromosome can be produced. This zygote is heterozygous for the

FIGURE 1.—Two sides of a stalk of a variegated plant. The leaves at the two nodes
have been removed. The dark bands are bm I, the light bands, Bm 1.

deficiency. This heterozygosity in the resulting individual would be main-
tained as long as an unaltered ring chromosome was present. Should the
ring chromosome be lost in subsequent nuclear divisions, or should it
change in size through loss of a segment within it, the tissues arising after
such loss or alteration would be homozygous deficient for the entire de-
ficiency in the first case or for regions within the limits of the deficiency
in the second case. _

Two cases of deficient rod chromosomes with complementary ring
chromosomes were available for this study. The two cases arose in the



RING CHROMOSOMES IN MAIZE 317

progeny of X-rayed pollen containing a normal haploid complement with
the dominant gene Bm 1. This pollen, when placed upon silks of bm 1
plants with a normal chromosome complement, gave rise, among a progeny
of 466, to two individuals which were variegated for Bm I and bm I
(figure 1). Aberrant behavior of a ring chromosome produced by the X-ray

treatment and carrying the gene Bm I was suspected to be the cause of
the variegation.
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FIGURE 2.—a. Diagram of a normal chromosome V. The slightly bulging section represents
the spindle fiber attachment region. The sets of arrows, I and II, point to the positions of breaks
which gave rise to the two deficient rod chromosomes and their compensating ring chromosomes
illustrated in I and II of b. The deficient rod and compensating ring chromosomes of I are referred
toin the text as Def1 and R1 respectively, those of IT as Def2 and R2 respectively

Examination of synaptic configurations in sporocytes revealed not only
the presence of a small ring-shaped chromosome in each plant but also a
deficiency in one chromosome V. In each case, the size of the ring-shaped
chromosome and the extent of the deficiency in the rod-chromosome were
comparable. The deficiency in both cases involved a section of the short
arm immediately adjacent to the spindle fiber attachment region. Since
the ring fragment in both cases possessed a small but definite spindle fiber
attachment region, these regions being clearly visible in meiotic prophases,
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it was assumed that in each case the deficient rod and its compensating
ring chromosome arose as the result of two breaks in the normal chromo.-
some V, one break passing through the spindle fiber attachment region,
the other breaking the chromosome at a distance from the spindle fiber
attachment region equal to approximately 1/20 (Case I) and 1/7 (Case
IT) of the total length of chromosome V (figure 2). Fusions two by two
of the broken ends resulted in a deficient rod and a compensating ring
chromosome each with a section of the original spindle fiber attachment
region. Since both the deficient rod and the ring chromosome possessed a
section of the spindle fiber attachment region, both could be maintained
through nuclear cycles.

Proof that the ring chromosome represented the region for which the
rod chromosome was deficient was furnished by the synaptic configura-
tions produced by homologous associations of the three chromosomes: the
normal chromosome V contributed by the female parent, the deficient rod
chromosome V and the small ring chromosome contributed by the male
parent (figures 25 and 26 and photographs of the same, 17 and 18, Platc
IT). Cytological examination of different portions of the tassel disclosecd
the loss of the ring chromosome in several branches. Similarly, within a
single anther, groups of cells were found lacking the ring chromosome. It
was suspected, therefore, that the ring chromosome carried the locus of
Bm 1, its loss during somatic mitoses being responsible for the presence
of the bm I (brown) streaks in these plants. Conclusive proof for this was
derived from the progeny of these two plants when crossed to normal
bm I plants. The progeny included variegated (Bm I and bm 1) and
bm I plants. Of the variegated plants, microsporocytes of 148 individuals
were examined for the presence of the ring chromosome. The ring frag-
ment was found in 146 of these individuals although in many plants
several branches of the tassel lacked the ring fragment. In two plants
no ring chromosome was found in the several branches of the tassel
which were collected. Of the totally bm I plants, 47 were examined. In
no case was a ring chromosome found. In a bm 1 tiller of a variegated
plant, a considerably reduced ring chromosome was found. It is probable
in this case that the Bm I locus had been deleted from the ring chromo-
some through somatic alterations to be described in the next section. In-
dividual collections were made on the two sides of plants which were
approximately half bm I and half variegated. In these cases, the presence
of the ring chromosome could be established only on the variegated side.

II. THE MITOTIC BEHAVIOR OF RING-SHAPED CHROMOSOMES

The interpretation of the variegation and of the production of homozy-
gous deficient tissues has been based on a knowledge of the behavior of



RING CHROMOSOMES IN MAIZE . 319

ring-shaped chromosomes in somatic nuclear cycles. A description of what
has been observed regarding the appearance and behavior of the ring
chromosomes in meristematic regions is therefore necessary before the
individual cases can be considered. Although the primary cause of irregu-
larities in the nuclear cycles is undoubtedly the same for large and small
ring-shaped chromosomes, the subsequent behavior and the genetical con-
sequences vary in these two extremes. The behavior of large ring-shaped
chromosomes will be considered first; this will.be followed by an account
of the small ring-shaped chromosomes; finally, correlations and conclusions
will be drawn regarding ring-shaped chromosomes in general.

Mitotic behavior of large ring-shaped chromosomes

Since the two ring-shaped chromosomes of cases I and II, figure 2, are
both small, a large ring-shaped chromosome originally representing most
of chromosome II has been examined (McCrLiNTOCK 1932). The observa-
tions were made on longitudinal sections of actively growing root tips.
Observations at meiotic prophase in this plant had clearly indicated that
changes in size and hence chromatin content of the ring chromosome were
occurring in the premeiotic nuclei. Groups of related cells usually had
similar ring chromosomes but the differences in unrelated cells were very
great. In a few cells the altered ring chromosome was larger than the
normal chromosome II. In some cells it had been reduced to only a few
chromomeres. All gradations between these two extremes were found in
different sporocytes of this same plant. The smallest ring chromosome has
obviously undergone a great loss of chromatin. The original ring chromo-
some possessed a single knob. Evidence for duplication of segments other
than the obvious increase in size of the ring chromosome was clearly
registered in some cells by the increase in the number of knobs. Rings
with two, three and four knobs were found.

It was suspected that the alteration in chromatin content of the ring
was related to the division cycle of the chromosome. Observations of
mitoses in root tip meristems suggested the manner in which the altera-
tions occur without, however, revealing the primary cause. If one assumes
that during the splitting process or after the split has occurred, a cross-
over took place between the two sister chromatids, a double-sized, con-
tinuous ring with two spindle fiber attachment regions would be produced.
A second crossover between the two sister chromatids could result in an
interlocking of the sister ring chromosomes provided the second crossover
did not counteract the first. The presence of double-sized rings with two
spindle fiber attachment regions at late anaphase and early telophase was
clearly evident in a number of cells (figures s, 7, 15, 16; photographs 4,
5, 8, Plate I). Unfortunately the presence of interlocking rings could not
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be determined directly since the chromosomes of maize in somatic cells
are relatively small. Many anaphase figures were su ggestive but none could
be definitely distinguished from double-sized rings with a twist at the
mid-region. From the point of view of the origin of such configurations it
would be important to know the relative percentage of each type. From
actual counts it is certain that the double-sized rings are present in at
least one-third of the aberrant figures. The actual number of late anaphase
and early telophase figures with chromatin bridges produced by double-
sized or interlocked rings amounted to approximately 8 percent of a total
of 1145 figures recorded in roots whose ring chromosome had not materially
reduced in size in most of the cells (D, table 1). )

TABLE 1

The frequency of normal and aberrant somatic anaphase and early telophase configurations
in plants with different ring chromosomes.

RING CHROMOSOME NORMAL ABERRANT 9, ABERRANXT
A R1 R 603 1 0.16

B R2 1195 14 1.1

C R 2 plus enlarged R2 1169 76 6.1

D Large ring chromosome 1I 1053 92 8.1

Since the fate of the double-sized or interlocked rings is not the same in
all late anaphase and telophase figures, a number of types of behavior
from anaphase to late telophase have been diagrammed in figure 3. Repre-
sentative drawings from different cells are given in figures 5 to 24 and
photographs of Plate I. In the diagrams, the behavior of double-sized
rings has been emphasized since this type could be clearly recognized in
many cells. They are either clearly open or show a twist at the mid-region.
Some of the interlocked rings should produce figures resembling those
shown in the diagram and would not be easily distinguished from them.

In most of the mitotic cycles the ring chromosome splits along a single
plane, separation of the two halves proceeding normally at anaphase,
figure 4. In the late anaphase figures the double-sized rings produce 2
double bridge the chromatin of which is pulled taut (figure 3, photograph
1, Plate I). Tt is suspected that breakage of the chromatin bridges some-
times occurs during this period (photograph 1o, Plate I). Since such
figures were not included in the counts mentioned above, the 8 percent
of anaphase and telophase figures with bridges represent the minimum
number of cells in which double-sized or interlocked rings occurred. Some
of the telophase figures suggest an early breakage of one or both strands
of the double bridge (figures 8 and 9 and photographs 5 and 6, Plate .
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F1urE 3.—Diagrams illustrating the behavior in somatic mitosis of double-sized ring chromo-
somes with two spindle fiber attachment regions produced from the two split halves of a single
ring chromosome.

a. Successive stages from mid-anaphase to mid-telophase of a medianly placed double-sized
ring chromosome. The cell plate determines the positions at which breaks will occur in the two
chromatin bridges.

b. Similar to a except that a twist is present in the bridge strands of the double-sized ring
chromosome.
¢. Appearance in early and mid-telophase of a double-sized ring which was non-medianly

placed in the spindle figure. The components entering each daughter nucleus vary in chromosome
length and constitution.

d. Similar to ¢ except that the upper portion of the double-sized ring chromosome is not in-
cluded in the reorganizing telophase nucleus. Such behavior results in the loss of 2 component of
the rmg chromosome from one of the daughter nuclei.

€. Appearance at mid-telophase of a double-sized ring chromosome with one broken bridge
strand.
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f. Appearance at mid-telophase of a double-sized ring chromosome with both strands broken.

g. Appearance at very early telophase suggesting an early breakage of bridge strands of a
double-sized ring chromosome (or two interlocked sister ring chromatids).

h. Comparable situation as illustrated in d except that the strands of the bridges are twisted
at the cell-plate region.

i. Fine bridge of chromatin between two resting nuclei suggesting that a breaking of the
strands had not occurred at telophase. -
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In many cases, breakage of the strands composing the bridge does not
occur at anaphase; compare photographs ¢ and 10, Plate I. The moving
apart of the spindle fiber attachment regions in the double-sized rings is
retarded by the tension of the chromatin bridges. The subsequent behavior
is conditioned by the position in the spindle figure of this retarded ring
or of two retarded interlocked rings. As the telophase sets in there is an
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F16URE 4.—Normal separation of a ring chromosome in somatic anaphase.
F16ure 5.—A double-sized ring chromosome in early telophase.
Fi1Gure 6.—A double-sized ring chromosome at a slightly later stage than
that shown in figure s.

Ficure 7.—Double-sized ring chromosome at mid-telophase. The bridge strands close to the
cell-plate have become very thin. The shape of the chromosome within the nuclei has become
discernible.

FicurE 8.—Mid-telophase, Early breakage at the cell-plate region of two bridge strands of the
double-sized ring. See comparable figure, photograph 6, Plate 1.
FIcURE g.—Mid-telophase. Early breakage at the cell-plate region of one bridge
strand of a double-sized ring. See photograph 5, Plate 1.
FIGURE 10.—Late telophase. Breakage of bridge strands of a double-sized ring chromosomc

at the cell-plate region and withdrawal of the chromatin into the nucleus at the lower part of the
figure.

immediate release of tension on the chromatin bridges produced through
the swelling of the forming nuclei (photograph 2, Plate I). As the nuclel
continue to swell and approach the cell-plate, the chromatin of the ring
within the nuclei is relaxed, allowing the form of the ring chromosome t0
be clearly defined (figures 8, 9, 11, 16; photographs 3, 4, 5 and 8, Plate I).
At this stage the tension on the chromatin threads from the nuclear mem-
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Ficure 11.—Double-sized ring at mid-telophase. See photograph 3, Plate I.

FIGURE 12.—Similar stage to that shown in figure 10 resulting from a previous double-sized ring
with a twist at the mid-region or from two sister ring chromatids which were interlocked.
FIGURE 13.—Sister nuclei at late telophase. The positions of the ring chromosomes suggest a
previous bridge formation which has broken.

FicurE 14.—Resting stage. Sister nuclei with a fine connecting chromatin bridge.
F1cuRE 15.—Non-median position of a double-sized ring chromsome at late anaphase. See
photograph 7, Plate I. In the photograph there is a twist in the ring chromosome.
FIGURE 16.—Mid-telophase. The result of 2 non-median placement of a double-sized
ring chromosome at anaphase. See photograph of the same, 8, Plate I.

FIGURE 17.—Mid-telophase. The result of a non-median placement of a double-sized ring
chromosome with a twist, or of two interlocked sister ring chromatids.

brane to the cell-plate again increases. The threads become thin and taut
as if being pulled into the nuclei (figures 7, 16, 17; photograph 8, Plate I).
In a few cases, these fine chromatin threads are seen in relatively late telo-
phase nuclei (figure 14). Since they usually do not persist into late stages,
breakage must usually occur during the earlier telophase period. There
were many sister telophase nuclei observed in which the ring chromosome
in each nucleus was close to the region of the nuclear membrane lying
nearest the cell-plate (figures 12 and 13). Such figures probably represent
the last stage in the progress of the previously double-sized or interlocked
rings. It should be emphasized that fusions of broken ends must occur
after such breakage, since only ring chromosomes have been found to
arise from ring chromosomes although rod chromosomes might be ex-
pected.

It sometimes happens that the passage of one spindle fiber attachment
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region of a double-sized ring proceeds toward its pole in advance of the
opposing spindle fiber region. Consequently, the double-sized ring is not
medially placed in the spindle figure. The cell-plate then intercepts the
chromatin bridges in a non-median position (figure 15, photograph 7,
Plate I). As a result, the components of the double-sized ring entering
sister telophase nuclei will be unequal in size and chromatin constitution.
One segment of the double-sized ring is sometimes not included in the
telophase nucleus on its side of the cell-plate (figures 16 and 17, photo-
graph 8, Plate I).

If the chromosome is not split at anaphase, fusions of broken ends could
give rise in the next division to normally disjoining sister ring chromo-
somes, or if twists are present in the chromonema before fusion, to a con-
tinuous double-sized ring or interlocked sister ring chromosomes when

EXPLANATION OF PLATE I
All magnifications are approximately Xr11oo.

Plate I.—Individual cells from longitudinal sections of the growing points of roots. Photo-
graphs 1 to 10 are of the large chromosome 1T ring. Photographs 11 to 14 show an enlarged R2
chromosome. Photographs 15 and 16 are of the normal R2 chromosome.

Photograph 1. Late anaphase. Bridge produced by separation of the split halves of a ring-
shaped chromosome which is in the form of a double-sized continuous ring. There is a twist of
the strands at the mid-region.

Photograph 2. Early telophase. Beginning of relaxation of tension on the strands of the double
bridge.

Photograph 3. Mid-telophase. Complete relaxation of tension on strands of bridge.

Photograph 4. Mid-telophase. Double-sized ring chromosome.

Photograph 5. Mid-telophase. A double-sized ring chromosome. The strand to the right ap-
pears to be broken.

Photograph 6. Mid-telophase. A double-sized ring chromsome. Both strands appear to be
broken at the cell-plate region.

Photograph 7. Late anaphase. Non-median placement in the spindle figure of a double-sized
ring chromosome. '

Photograph 8. Mid-telophase. The result of a non-median placement in the spindle figure of 2
double-sized ring chromosome. The strands adjacent to the cell-plate have become attenuated.
The lower segment of the ring chromosome was excluded from the forming nucleus.

Photograph ¢. Very early telophase. Chromatin bridge produced by a double-sized ring chro-
mosome with twisted strands, or possibly two interlocked sister ring chromatids.

Photograph 10. Very early telophase. Figures such as this suggest an early breakage of the
strands of a double-sized ring chromosome or of interlocked sister ring chromatids.

Photograph 11. Typical late anaphase position of a small ring-shaped chromosome which will
be excluded from the reforming telophase nuclei.

Photograph 12. Early telophase. Excluded ring chromosome which was previously non-
medianly placed in the spindle figure. The cell-plate has passed below it.

Photograph 13. Late anaphase. Stage in the process of exclusion of two closely associated
ring chromosomes.

Photograph 14. Similar to photograph 13.

Photograph 13. Typical late anaphase position of a small ring-shaped chromosome which will
be excluded from the telophase nuclei.

Photograph 16. Mid-telophzfse. The result of a previously excluded ring-shaped chromosom¢.
The cell-plate has passed below the ring.
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simple assumptions are made regarding the method of splitting or re-
duplication of a chromonema along a single plane. If the chromosomes are
split at anaphase, two by two fusions of the two adjacent broken ends of
sister chromatids could result immediately in a continuous double-sized
ring. If fusions two by two took place between the non-adjacent broken
ends, continuous double-sized rings or interlocked sister ring chromatids
could result. If the single (no anaphase split) threads were very much
twisted or the double (split present at anaphase) threads coiled about one
another, complex configurations would appear in the next anaphase. Only
rarely was a figure found suggesting any complexity. If such behavior
were the secondary cause of double-sized or interlocked ring chromatids
(it cannot be the primary cause, see discussion), adjacent cells in the
longitudinal rows could be expected to show chromatin bridges in an
appreciable percent of the cases. They were present in a number of longi-
tudinally adjacent cells. However, a very large number of such figures
would be necessary to allow a satisfactory statistical study to be made.
Although a large number of anaphase and telophase figures with aberrant

configurations have been observed, the numbers of these in adjacent cells
were insufficient for such a study.

The mitotic behavior of small ring-shaped chromosomes

The mitotic behavior of small ring-shaped chromosomes differs from
that of large ring-shaped chromosomes in (1) the reduced frequency with

ExprANATION OF PratE I

Prate I1.—All photographs are of pachytene configurations in microsporocytes. X1100.

Photograph 17. Synaptic association of a normal chromosome V, a Def 2 chromosome V and
an R2 chromosome. See text figure 25.

Photograph 18. Similar to photograph 17. See text figure 26.

Photograph 19. For description, see text figure 27.

Photograph 20. Synaptic association of a normal chromosome V and a Def2 chromosome V.
See text figure 28. ’

Photograph 21. From a sporocyte of a plant with a normal chromosome V, a Def2 chromo-
some V and two R2 chromosomes. The two rod-chromosomes have associated with one another
(note buckle at spindle fiber attachment region). The two ring chromosomes have associated with
one another.

Photograph 22. Synaptic association of two R 2 chromosomes.

Photograph 23. Late pachytene. The arrow points to the tiny R1 chromosome.

Photograph 24. Collapsed R1 (upper) and R2 (lower) chromosomes associated at their
spindle fiber attachment regions.

Photograph 25. Collapsed R1 (left) and R2 (right) chromosomes associated at their spindle
fiber attachment regions.

Photograph 26. R1 chromosome (arrow). Its spindle fiber attachment region is stuck to that
of bivalent chromosome VIIIL.

Photograph 27. Collapsed R1 chromosome (arrow) whose spindle fiber attachment region is
associated with that of a normal chromosome V bivalent.

Photograph 28. Synaptic association of a normal chromosome V and a Defl chromosome V.
See text figure 3o.
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which double-sized or interlocked rings arise; (2) the more frequent loss
of the ring chromosomes from the nuclei; (3) the considerably less frequent
occurrence of changes in size of the ring chromosomes and (4) the occa-
sional increase in the number of rings in a nucleus.

The two small rings in cases I and II, figure 1, have been used to study
the behavior of small ring-shaped chromosomes in mitosis. In the sub-
sequent discussions these two ring chromosomes will be referred to as
R 1 and R 2 respectively. Cytological examination of the sporocytes in
different branches of the tassel in plants with either of these rings had
indicated that loss of the ring chromosome was occurring far more fre-
quently than changes in size of the ring. This is in direct contrast to the
behavior of large ring chromosomes, where changes in size are more fre-
quent than loss. To obtain evidence on the method of loss, examinations
of the meristematic regions of the roots of such plants were made. The
tiny R 1 ring chromosome is clearly visible in the prophase nuclei of these
cells. However, the description will confine itself to the behavior of the
larger of these two rings, R 2, and one of its enlarged derivatives, since
anaphases showing aberrant configurations of the R 1 chromosome are
found only very rarely.

The aberrant anaphase and telophase configurations are characterized
by the median or nearly median position of the double-sized (or inter-
locked) ring chromosome in the spindle figure (photograph 15 for the
normal R 2 and photograph 11 for the enlarged R 2, Plate I). However,
they occasionally lie some distance from this position (figure 22 and photo-
graph 12, Plate I). The ring chromosome in these configurations, as with
the large ring chromosomes, frequently appears to be double-sized. In roots
in which most of the nuclei contained the normal R 2 chromosome, 14 of
the 1209 anaphase and telophase figures counted, or 1.1 percent showed
these aberrant configurations (B, table 1). They were observed many times
in roots where counts were not made.

The fate of the delayed double-sized ring depends upon its position in
the spindle figure as the cell-plate appears. If it is in the middle, the cell
plate passes through it, dividing it into relatively equal or decidedly un-
equal segments (figures 19 and 20). If it is not medially placed, the cell-
plate passes to one side and the double-sized ring remains in the cytoplasm
of one of the daughter cells (figures 21 and 22, and photographs of same,
12 and 16, Plate I). If it lies rather far away from the mid-region, it may
be included in one of the nuclei. If this occurs and if normal splitting of
this double-sized ring with two spindle fiber attachment regions follows
in the next division, two double-sized rings, each with two spindle fiber
regions should then be found lying close together in the spindle figure
when the two spindle fiber regions on the same chromatid pass to opposite
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poles. Several configurations have been observed in which two rings were
lying very close together (figures 23 and 24, and photographs of the same,
13 and 14, Plate I). The exact contours of the individual rings could not
be accurately followed and therefore have not been shown in the drawings.

Since the contours of the two ring chromosomes could not be accurately
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FIGURE 18.—Simultaneous loss at late anaphase of two enlarged R2 chromosomes.
F1URE 19.—Late telophase appearance after loss of an R2 chromosome. The double-sized
ring chromosome has been intercepted by the cell-plate.

FicURE 20.—Similar to figure 19 but a later stage.

Fioure 21.—Telophase. The excluded R2 chromosome has not been intercepted by
the cell-plate. See photograph 16, Plate I.

FicurE 22.—Telophase. The excluded enlarged R2 chromosome was not medianly placed in the
spindle figure. See photograph of the same, 12, Plate 1.

Ficure 23.—Late anaphase. Two enlarged R2 chromosomes lying close together at the cell-
plate region. For description, see text. See photograph of the same, 13, Plate I.

FIGURE 24.—Similar to figure 23. See photograph of the same, 14, Plate I.

followed, such figures could represent two interlocked ring chromosomes
from a similar condition to that described above, if instead of a double-
sized ring, two interlocked sistér ring chromosomes had been included in
the preceding telophase nucleus.

Since anaphases and telophases with the ring chromosome lying in the
middle of the spindle figure are the most frequent types of aberrant con-
figurations, and since these rings are subsequently excluded from the
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telophase nuclei, the frequently observed absence of the ring chromosome
from branches of the tassel or from groups of cells in an anther can be ex-
plained.

In connection with the problem of the mechanism of movement of
chromosomes in the spindle it would be of interest to explain why these
small double-sized rings do not appear to be under greater tension as their
spindle fiber regions pass toward opposite poles. It is possible that move-
ment toward opposite poles is initiated at the spindle fiber region of the
chromosome at early anaphase but that continued movement is made
possible by other forces exerted on the chromosomes when they have
reached a region in the spindle which is some distance away from the
equatorial plate. These double-sized ring chromosomes may be too small
to reach this region by the pull exerted at the spindle fiber region. The
behavior of intermediate sized rings lends support to this assumption since
these sometimes remain in the equatorial plate either with or without
evidence of tension.

From cytological examination of sporocytes it was known that changes
in size of the small ring chromosomes do occur though with relatively low
frequency. The R 2 chromosome has been observed to decrease to several
chromomeres and also to increase to seven or eight times its original size.
Photograph 15, Plate I, represents a normal R 2 chromosome, photographs
11 and 12, an enlarged R 2 chromosome. It has also been seen that an
increase in the number of these rings in a nucleus, usually with alterations
in size, sometimes occurs. As many as six ring chromosomes in the nuclei
of a sector of a plant which very probably possessed but one ring in the
zygote have been observed in a single instance.

If a double-sized ring is included in one of the daughter nuclei, as
described above, a start in the direction of increase in number of rings
has been made. The chance of loss of this ring chromosome in subsequent
divisions is great. However, as already shown, the ring chromosome may
be directly broken in two by opposed poleward forces at anaphase, or the
poles of the spindle may lie so close together that the spindle fiber regions
of the ring are readily included in the two nuclei, after which the resulting
chromatin bridges are cut through by the cell-plate and drawn into the
nuclei. When two double-sized sister ring chromosomes each with two
spindle fiber regions are present in an anaphase figure, and when each of
these is subsequently broken and the broken ends drawn into the telophase
nuclei, the initial event in the production of a sector of tissue with two
altered ring chromosomes has occurred. It is apparent, on this basis, why
increase in number of these small ring chromosomes is relatively rare: one
infrequent event must be followed by another.
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Conclusions regarding ring chromosome behavior

The foregoing account has indicated the probable method by which
rings are altered in size and genic constitution or are lost from the nuclei
altogether. From both cytological and genetical observations it has been
concluded that the rate at which this occurs is dependent upon the length
of the chromonema composing the ring: the longer the chromonema, the
more frequent the occurrence of aberrant mitoses involving the ring.
Counts of the aberrant ring chromosome configurations in late anaphase
and very early telophase are given in table 1. The counts are from roots
in which the ring chromosome was present in most of the cells. In A, the
R 1 chromosome of case I, figure 1,is represented. One aberrant configura-
tion of the ring chromosome was observed in these roots which were
counted. Judging from the relatively small amount of bm 1 tissue shown
by plants with this R 1 chromosome, loss of the ring chromosome must be
relatively infrequent. In B, the small R2 chromosome of case II is repre-
sented. The observed aberrant configurations of the ring chromosome in
these roots amounted to 1.1 percent of all the figures recorded. As stated
above, these aberrant configurations result mainly in loss of the ring
chromosome from both nuclei. Variegation, expressed by the bm I tissue
in these plants, is considerably greater than in the plants from which the
counts of table 1, A, were obtained. Table 1, C, represents the counts
from a plant which possessed two ring chromosomes, a normal R 2 and an
R 2 enlarged approximately three times. In the roots from which the
counts were made, both rings were present in many of the nuclei. Aberrant
configurations involving the enlarged R2 chromosome were more frequent
than those involving the normal R2 chromosome. The size of the enlarged
R 2 chromosome lies at the border line between those rings whose aberrant
configurations lead mainly to exclusion from the telophase nuclei (small
rings) and those whose aberrant configurations lead mainly to changes in
size of the ring chromosomes (large ring chromosomes). For the enlarged
R 2, both types of configurations were frequently encountered. In table 1,
D, from a plant with a ring chromosome approximately twice the size of
the enlarged R 2 chromosome, the aberrant configurations amounted to
8 percent of the total number recorded. In this case, as described above,
the figure is possibly too low. The telophase figures here were characterized
mainly by changes in size of the ring chromosome rather than loss from
the nuclei.

If a ring chromosome in a given individual carried a dominant gene and
the two normal rod chromosomes carried a recessive gene, the expression
of variegation produced by losses or changes in constitution of the ring
chromosome would depend upon (1) the size of the ring chromosome and
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(2) the position of the gene with respect to the spindle fiber attachment
region. In relatively small ring chromosomes, which are mainly lost from
the nuclei, the expression of variegation is directly dependent upon the
actual size of the ring chromosome: the larger the ring chromosome the
greater the amount of variegation exhibited. This is strikingly illustrated
by the two ring chromosomes, R 1 and R 2. The variegation produced by
R1 is very much less than that produced by R 2. To check this conclusion
without prejudice, cultures were obtained in which either R1 or R2 or both
R1 and R 2 chromosomes were expected to be present in individual plants

TABLE 2

Comparisons of the predicted and observed ring chromosome constitutions in cultures segregating
plants with one, two and three ring chromosomes.

PREDICTION PRED.CTION PREDICTION: PREDICTION:
iR1 1R2 2 rings 3 rings
Correct Deviation Correct Deviation  Correct Deviation Correct Deviation

5 (1 ring)*
14 1(R1+R2) 15 3(R1) 24 1(3 rings) t 3 o

* Three showed one R1; one showed one R2 in an estimated two R 2 plant; one showed one
R2in an estimated R 1 plus R2 plant. Complete agreement in all cases could not be expected in
two- and three-ring plants from sporocyte examinations since loss of one of the ring chromosomes
in the developmental stages of the tassel is expected in some cases. This particularly applies to
the R2 chromosome.

T The estimate for this plant was two R1. Some of the two R1 plants have practically no
bm I tissue. A two R1 plant could be difficult to distinguish from a three R2 plant.

of the culture. In some of these cultures plants with three ring chromo-
somes were expected. From the expression of the variegation exhibited
by each plant a prediction was made as to the ring chromosome constitu-
tion of the plant. Cytological observations were subsequently made to
determine the correctness of these predictions. Table 2 shows the correla-
tion of these observations with the predictions. Cultures of plants with
the R1 chromosome can readily be separated from cultures whose individ-
uals possess the R 2 chromosome through observations of the variegation
alone (see following section for more complete discussion).

With relatively large ring chromosomes, which are characterized mainly
by changes in size of the ring chromosomes, the expression of variegation
would depend upon the nearness of the locus of the gene to the spindle
fiber region. The farther away the locus, the greater is the amount of varie-
gation that should be expressed. .

The method of alteration of the ring chromosomes as suggested by the
somatic anaphase and telophase configurations should produce rod-shaped
chromosomes. Although thousands of microsporocytes have been exam-
ined in many of which an alteration of the ring chromosome has been ob-
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served, no rod-fragments have been recognized. It can not be stated that
they do not occasionally occur, but certainly their frequency must be
exceedingly low. If the method by which ring chromosomes change in size
has been correctly interpreted from the study of somatic anaphase and
telophase figures, one is forced to conclude that the broken ends of the
chromosomes unite, thus reéstablishing a ring.

It might be stated here that when two ring chromosomes are present in
the nuclei of a plant, it is rare that both rings show aberrant configurations
in the same cell (figure 18). Each ring chromosome apparently acts inde-
pendently with regard to the formation of double-sized or interlocked
rings.

That the behavior of ring chromosomes in maize is a consequence of
their form and not of their genic constitution can be definitely stated,
since a number of different ring chromosomes, each involving segments of
chromosomes not strictly comparable, have been found so far. These in-
clude segments from chromosomes II, V, VI, VIII and IX. Most of them
were detected by the variegation which they produced but three were
isolated independently of any visible effect.

III. THE NATURE OF THE Bm I-bm I VARIEGATION

The gene bm 1 when homo- or hemizygous produces a brown color of
the cell walls. The color appears in the walls as soon as lignification sets in.
It is not present before this period. The depth of color, on external exam-
ination of bm I plants, is greatest in those tissues which are composed
largely of thickened cell walls, such as the midrib of the leaf, the veins in
the leaf sheath and the stalk tissue. The brown color is not easily detected
in the leaf tissues other than the midrib since the cell walls are thin and
the color is masked by the chlorophyll.

As the plant matures in the field, the brown color has been noted to
fade considerably in exposed regions of the plant but remains deep in
those regions which are well protected from light. It was suspected that
direct sunlight was causing a change in the structure of the brown pigment
which resulted in loss of color. To determine if this was correct, black paper
was placed about exposed parts of several bm I plants when the brown
color was intense. The bands of black paper remained about these parts
for a period of three weeks. When the paper was removed, the tissues
protected from light had retained their original deep brown; the brown
color in the tissues above and below the protected region had faded con-
siderably.

In plants possessing two normal chromosomes V with bm 1 (or one
normal chromosome V with bm I and one of the deficient chromosomes
V) and a ring chromosome with Bm 1, streaks of bm I tissues are pro-
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duced and can be seen by external examination of the plants (figure 1).
Over 7000 variegated plants have been examined in the progeny of the
two original variegated plants. Cytological observations have indicated
that loss of the ring chromosome carrying Bm I is the primary cause for
the appearance of the &m I tissues. Losses can occur anywhere in the
ontogeny of the plant. The patterns of the bm I tissues should give some
indication of where and when these losses occurred. Although wide or
narrow bands on the stalk (figure 1) indicate an early or late loss of the
ring chromosome, respectively, cross sections of the stem, where most
of the cell walls are heavily lignified, give even a better indication of the
time of loss. If loss occurred early in ontogeny, the whole plant would be
bm 1. If the first loss occurred in one of the cells which is to give rise to
the part of the plant above the ground, a wide sector of bm I would
be produced. Still later losses would produce sectors of various widths in
the stem. Very late losses would produce streaks or patches composed of
a few cells only. All of these types of variegation patterns have been ob-
served.

When a stalk with a relatively wide external band of &m 1 tissue is
cross-sectioned and examined with low magnification, the brown-walled
tissue is seen to be composed of a V-shaped sector with the tip of the V
pointing toward the center of the stalk. Many narrow surface streaks are
produced by similar sectors but the V is smaller and the tip considerably
removed from the center of the stalk. Very narrow streaks may be com-
posed of only a few cells. Such streaks are visible on external examination
of the stalk only if they lie at or close to the surface. Patches of bm I
cells not close to the surface cannot be seen by external examination.

Dilution of color in the brown (bm 1) cell walls on the side of the wall
adjacent to the white (Bm I) cell walls was a striking feature of the
variegation in all plants. That it is a dilution produced by the adjacent
Bm 1 cells and not a spreading of the brown color from the bm I cell
walls is suggested by the considerable reduction in intensity of color in
the brown walls of the very small patches composed of only a few cells,
and by the dilution of color of a row of &m I epidermal cells on the side
adjacent to inner Bm I cells.

The variegation in plants possessing an R 2 chromosome is expressed
by a few totally dm I plants where the ring chromosome has been lost
before the cells which are to produce the stem meristem have been differ-
entiated, to plants which are composed of many bm I streaks of different
widths. Cross sections of the stems of the average variegated plant show
wide V-shaped sectors, smaller V-shaped sectors and many irregular
patches of bm I composed of few to many cells.

The variegation patterns in plants with the R 1 chromosome were similar



RING CHROMOSOMES IN MAIZE ’ 335

to those produced by plants with the R2 chromosome but the total amount
of bm 1 tissue was very much less. There were fewer sectors of all types
in these plants, making cultures of the two types of variegated plants
readily distinguishable. This is expected from the cytological examinations
since the smaller ring chromosome is lost less frequently in somatic divi-
sions than the larger ring chromosome. The extent of variegation is a
direct expression of the rate of loss of the ring chromosome.

Plants with two ring chromosomes show considerably less variegation
than plants with one ring chromosome. Loss of one ring chromosome
followed later by loss of the second ring chromosome or simultaneous
losses of both ring chromosomes must occur before the bm 1 tissue could
be produced. The patterns of the bm I tissues in cross-sections of the
stem clearly show this relationship. These fall into three main types of
sectors: (1) solid V-shaped sectors, (2) spotted V-shaped sectors, and (3)
small patches of bm I tissue.

The solid V-shaped sectors are interpreted as relatively early losses of
one ring followed slightly later by loss of the second ring chromosome or
by occasional simultaneous losses of both rings. The spotied V-shaped
sectors reveal more closely the relationship between loss of one ring fol-
lowed considerably later by losses of the second ring. They are detected
as a cluster of bm I patches in an isolated region of a stem which other-
wise shows very few bm I patches. When each of the brown patches in
such a cluster is traced with a camera lucida and lines drawn joining the
outer boundaries of the outermost patches, the lines converge in the direc-
tion of the center of the stem. They clearly define a V-shaped sector.
Such spotted V-shaped sectors would be expected if loss of one ring carry-
ing Bm 1 is followed later in development by losses in different cells of the
the second ring chromosome carrying Bm 1.

The small patches of brown walled tissue, usually composed of only a
few cells, can be interpreted as relatively late, successive, or occasionally
simultaneous, losses of the two rings.

There are three types of plants with two ring chromosomes: (1) those
with two R1, (2) those with one R1 and one R2 chromosome, and (3)
those with two R 2 chromosomes. Since somatic loss of the R 2 chromosome
is considerably more frequent than the R1 chromosome, the amount of
bm 1 tissue produced in each of these plants is progressively greater.
Plants with two R 2 chromosomes have considerable amounts of bm 1
tissue: those with one R1 plus one R2, very much less, and those with
two R1 chromosomes exceedingly 'little bm I tissue. In this latter type
of plant it is often necessary to examine cross-sections of the stem to
determine if any bm I tissue is present. Such tissue, when not close to
the surface, cannot be detected from field examinations of the plants.






























































































































