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Figure 1. Structures Associated with Chromosome-Breaking Ac/Ds
Alleles.

Arrows indicate element orientation, with the single BamHI site nearer
the tail of the arrow. Elements and genes are not drawn to scale.
(A) The sh-6233 allele contains a double Ds element (Weck et al., 1984)
as does the sh-5933 allele (Courage-Tebbe et al., 1983).

(B) The bz-s:2094 allele contains a terminally deleted, or “fractured,”
Ac inserted at the bz locus and an intact Ac inserted 0.05 cM away
(Ralston et al., 1989).

breakage and transposition. Transposition of Ac/Ds elements
is characterized by the formation of transposon footprints at
the excision site (reviewed in Wessler, 1988), and an example
of this can be seen in Figure 2. These footprints are composed
of all or part of an 8-bp duplication of target site sequences
generated when the element inserts that subsequently flanks
the element (Figures 2A and 2B). The footprint is usually not
a perfect 8-bp duplication as internal bases can be deleted
or changed (Figure 2C). If aberrant transposition events are
responsible for Ds-mediated chromosome breakage and sis-
ter chromatid fusion, then transposon footprints may be evident
at the site where the sister chromatids are fused.

In this report, we describe two examples of a new Ds struc-
ture that causes high-frequency chromosome breakage at the
maize Waxy (Wx) locus. This structure contains two Ds ele-
ments that are inserted in the Wx gene in opposite relative
orientations but are not in a double Ds configuration. The rel-

- ative proximity of the two elements has allowed us to examine
the sequences of intermediates in the breakage process. Detec-
tion of transposon footprints in these intermediates provides
molecular evidence for a direct relationship between Ds-
mediated chromosome breakage and transposition in maize.

RESULTS

Characterization of Chromosome-Breaking Derivatives
of Wx-m5

In an earlier study, we reported that pairs of closely linked Ds
elements can be readily isolated as unstable wx derivatives

of the Wx-m5 allele (Weil et al., 1992). Wx-m5 contains a 2-kb
Ds at position —470 bp relative to the start of Wx transcription
(“—470") (Figure 2A). Frequent intragenic transpositions of this
Ds into the Wi coding region produce unstable wx derivatives
(Weil et al., 1992). Although most of these so-called “wx-m”
derivatives arise from excision of the Ds at —470 and transpo-
sition into the Wx coding region, ~10% retain Ds at —470 and
have a second, identical Ds element inserted in the Wx coding
region. Such two-element alleles are believed to arise follow-
ing Ds transposition from one chromatid to a nearby site on the
sister chromatid (Greenblatt and Brink, 1962; Greenblatt, 1984).

Two derivatives of Wx-m5, each containing two Ds elements
in opposite relative orientations, are the subject of this report.
One of these alleles, wx-m5:8313 (“8313"), has a Ds insertion
at —470 and a second Ds inserted in the opposite orientation
at +980 (Figure 2B) (Weil et al., 1992). A second allele, wx-m5:
8313214 (“914"), was isolated as a stable null derivative of 8373

B wx-m5:8313

[GGGAGACG GGTACGAG-- Ds --GGTACGAG ACGGT)

C wx-m5:8313314

[GGGAGACG GGTACGACCGTACGAG ACGGT]

Figure 2. The Structure of Wx-m5 and Two Derivatives.

Wx exons are shown as small boxes and introns as the i'ntervening
lines. Black boxes represent a functional Wx gene; white boxes indi-
cate a null allele. The positions of the start and stop of translation are
noted. Arrows indicate element orientation as in Figure 1.

(A) The Wx-m5 allele (Weil et al., 1992) with the wild-type sequence
at position +980 noted in the inset. The 8-bp target site prior to ele-
ment insertion is in bold, and flanking sequences are italicized.
(B) The wx-m5:8313 allele (Weil et al., 1992) with the 8-bp duplication
of target sequences flanking the element shown in the inset.

(C) The wx-m5:8313 14 ailele was derived from wx-m5:8313 follow-
ing intragenic transposition of the Ds at +980 (see text). The 16 bp
in bold type at the site of Ds excision represent an 8-bp insertion (trans-
poson footprint) relative to the wild-type sequence in (A).



Table 1. Analysis of Chromosome Breakage by Ds Alleles of Wx

Proportion (p) of Ac-Containing
Kernels Showing Chromosome

Allele Breakage® n

Wx-m5 0.110 + 0.012° 474
wx-m5:8313 0.973 + 0.004 1437
wx-m5:8313814  0.997 = 0.002 547

a Progeny kernels were examined individually at 40 x magnification.
Chromosome breakage was assayed by loss of the dominant C7 allele
producing colorless sectors of aleurone on the otherwise purple
background (see Methods). Kernels with >five colorless sectors
were scored as showing chromosome breakage (after Dooner and
Belachew, 1991). Standard error was calculated as V p(7T - p)/n.
b Chromosome breakage by Wx-m5 is probably overestimated be-
cause somatic transposition of Ds into Wx may create element pairs
that cause chromosome breakage.

(B. Burr, unpublished data). Two lines of evidence suggest that
914 was derived from 8313 in a single step when the Ds at
position +980 transposed to position —12 (Figure 2C). First,
914 contains a footprint of 8 bp at +980, indicative of Ds trans-
position (Figure 2C). The footprint has created a frameshift
in the Wx coding region and explains the null phenotype of
this allele. Second, 374 contains two insertions of 2 kb each
at the Wi locus. As 374 arose from 8373 in a single genera-
tion, the second Ds at —12 almost certainly reflects reinsertion
of the Ds that excised from +980.

Even though 2 74 does not contain a double Ds, preliminary
genetic analysis indicated that this allele caused frequent, Ac-
dependent chromosome breakage (B. Burr, unpublished data).
The presence of two Ds elements in opposite orientations in
both 274 and 8373 led us to ask whether 8313 could also break
chromosomes. The frequencies of chromosome breakage in
914, 8313, and the progenitor Wx-m5 were quantified. As shown
in Table 1, 8313 breaks chromosomes with a frequency nearly
equal to that of 274.

A Model for Chromosome Breakage at 274 and 8313

The unusual structures of 8373 and 374 prompted us to con-
sider how these alleles can break the chromosome, form
dicentric chromosomes, and initiate the breakage-fusion-bridge
cycle. A review of certain features of Ac/Ds transposition is
useful in examining this question. Transposition of these ele-
ments has been associated with DNA replication (Greenblatt
and Brink, 1962; Greenblatt, 1984; Chen et al., 1987). Further-
more, genetic experiments suggest that only one of the two
replicated daughter elements transposes (Greenblatt and
Brink, 1962; Greenblatt, 1984). Because only one daughter
element is successfully recognized as a transposition substrate
(“transposition competent”), it has been proposed that the
daughter elements are differentially “marked” in some man-
ner (Fedoroff, 1989). The mechanism by which Ac/Ds elements
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acquire transposition competence is currently under investi-
gation but has not yet been determined (Coupland et al., 1988;
Ott et al., 1992).

Segregation of competent and incompetent daughter ele-
ments following replication of two closely linked Ds elements,
such as in 8373 and 914, could lead to chromosome break-
age and initiate the breakage-fusion-bridge cycle. A model for
how this might occur is diagrammed in Figure 3 using 8373
as an example. If, following replication, the competent daugh-
ters of each element in the pair are on different sister
chromatids (Figure 3B), then transposase could act on these
elements in either of two ways. Each competent daughter ele-
ment could be transposed individually, leaving a footprint
behind where the element excised. Examples of individual
transposition by the Ds elements in 8373 have been described
previously (Weil et al., 1992) and also include the formation
of the 374 allele. Alternatively, if two elements were close
enough to one another, transposase might occasionally recog-
nize both competent daughter elements simultaneously (Figure
3B). “Excision” in these aberrant transpositions would involve
both elements and therefore both sister chromatids, produc-
ing an acentric fragment containing multiple copies of the 2-kb
Ds as well as the entire chromosome arm distal to Wx (Figure
3C). The transposon footprint created following such an “exci-
sion” would join one sister chromatid to the other (Figure 3D).
Just as described cytologically and genetically by McClintock
(1946, 1948), the chromosome would be broken at the site
containing the pair of Ds elements, sister chromatids fused,
a dicentric chromosome formed, and the first round of a
breakage-fusion-bridge cycle initiated.

Polymerase Chain Reaction Analysis of
Breakage Intermediates

Our model of chromosome breakage by aberrant transposi-
tion could be tested directly because the Ds pairs in 83713 and
914 are each separated by well-characterized Wx sequences
(Figure 2). This feature allowed us to monitor individual Ds
insertion sites before and after transposition. A polymerase
chain reaction (PCR) assay was devised to detect, isolate, and
characterize transposition products that fuse sister chromatids.
Two primers in the same orientation along the Wx sequence
cannot successfully prime a PCR reaction (Figure 3A). For this
same primer pair to form PCR products, the template would
have to undergo an inversion that changes the orientation of
one primer with respect to the other (Figures 3C and 3D). The
sister chromatid fusion predicted by our model should create
just such an inversion and, furthermore, this inversion should
only occur in the presence of Ac. Finally, the DNA sequence
of the PCR product is predicted to have the following 5' to 3’
order (Figure 3D): (1} PCR primer 1, (2) the sequence between
primer 1 and the most &' Ds, (3) an excision footprint formed
from a copy of the insertion site of the most 5’ Ds and an in-
verted copy of the insertion site of the most 3' Ds, (4) an inverted
copy of the sequence between the most 3’ Ds and PCR primer
2, and (5) an inverted copy of primer 2.
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Figure 3. Model of Sister Chromatid Fusion by Aberrant Transposition in the 8373 Allele.

The 8-bp target site duplication for each element is shown in the boxes flanking the insertion. Open arrows indicate PCR primers. The centromere
is represented by the oval at the left.

(A) Two Ds elements prior to replication.

(B) The same elements following DNA replication. The transposition-competent elemants (solid triangles) occur on different sister chromatids
for each insertion site. Cleavage by transposase occurs at the vertical arrows.

(C) Aberrant transposition event involves cleavage at the right end of one competent element and the left end of the other competent element.
Cleavage results in the loss of the entire chromosome arm distal to the centromere from the excision points on each sister chromatid. Following
this “excision,’ sequences immediately adjacent to the cleavage sites are brought together and religated in a transposase-mediated event.
(D) Structure of the dicentric chromosome following ligation and centromere division. Primers 1 and 2 are now positioned to amplify the interven-
ing DNA.
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Figure 5. Intrachromosomal Recombination between Ds Elements.

Arrows signifying primers are as in Figure 3. Different Ds elements
are indicated by shading, and left (L) and right (R) element ends are
shown for each element. The centromere is indicated by the oval at
the left. .

(A) Two elements in opposite orientations.

(B) Recombination between elements produces an inversion.

(C) Excision of the recombinant Ds resulting in a transpoéon footprint
similar to those shown in Figure 4B.

in a single generation from 8313 following intragenic transpo-
sition of the Ds at position +980 (Figures 2B and 2C). Thus,
it appears that chromosome breakage and dicentric chromo-
some formation result from unusual events that are made
possible when two otherwise unremarkable Ds elements are
-brought close, to one another.
= Interestingly, the Ds elements inserted at Wx in Wx-m5 and
+its derivatives are nearly identical in sequence to the elements
-in the double Ds structures at the sh locus (Déring et al., 1984).
A 28-bp deletion in the elements of the wx alleles includes
the site where one Ds has inserted into the other in the sh
double Ds structure. These sequence similarities may reflect
arelationship between the double Ds and the wx Ds elements.

Alternative Models Do Not Explain Both the Observed
Rearrangements and Ds-Mediated Chromosome *
Breakage ’

Other models, besides that of aberrant transposition (Figure
3), can be put forth to explain the joining of the —470 insertion
site to the inverted +980 site and the generation of a transpo-
son footprint. However, any successful model must account
for four features of the data: (1) the excision footprints in the
. 8313 PCR products indicating Ds transposition, (2) the inversion

of sequences between the Ds elements that precedes or is
coincident with transposition and juxtaposes the —470 and
inverted +980 sites, (3) McClintock's (1946) observation of
Ds-mediated sister chromatid fusion and the formation of a
dicentric chromosome that subsequently breaks, and (4) fre-
quent chromosome breakage is Ac dependent.
Intrachromosomal pairing and recombination between the
two Ds elements would invert the sequences between them,
as shown in Figure 5. Subsequent excision of either Ds would
leave a footprint that joined the +980 and —470 sites (Figure
5B) to give products like those in Figure 4B. However, this sce-
nario of recombination followed by excision would not produce
a dicentric chromosome. Alternatively, dicentric chromosomes
could result from unequal crossing over between mispaired
Ds elements on sister chromatids, as shown in Figure 6. Sub-
sequent excision of the recombined Ds element would fuse
the —470 insertion site to an inverted copy of the +980 inser-
tion site in a transposon footprint like those in Figure 4B. This

Figure 6. Sister Chromatid Exchange between Mispaired Ds Elements.

The centromere is indicated by the oval at the left.

(A) Element pairs following replication.

(B) Mispairing and recombination of elements in opposite orientations
from different sister chromatids to create a dicentric chromosome.
(C) Excision of the recombinant Ds resulting in a transposon footprint
similar to those shown in Figure 4B.



model accounts for both the formation of a dicentric chro-
mosome and the observed PCR products. However, it is
inconsistent with the observation that breakage is Ac depen-
dent because sister chromatid exchange between mispaired
elements should cause frequent chromosome breakage even
in the absence of Ac.

In contrast, the aberrant transposition model (Figure 3) is
consistent with all four features of the data. It can account for
the creation of transposon footprints involving both Ds ele-
ments, as observed for 8373. In addition, the model explains
the inversion of sequences between the Ds elements observed
inboth 8373 and & 74, as well as the joining of sister chromatids
to form a dicentric chromosome observed cytologically by
McClintock (1946). Finally, because this mechanism is initi-
ated by Ds transposition, it is dependent on the presence of
Ac, also as observed (Figure 4A).

Our model suggests that the actual Ds-mediated chromo-
some breakage occurs when transposase cleaves both sister
chromatids during an aberrant transposition event. This same
mechanism also accounts for chromosome breakage by other
structures in which two transposition-competent Ds elements
are near one another but on opposite sister chromatids. For
example, if following replication the competent daughter of each
component element in a double Ds (Figure 1A) segregates onto
different sister chromatids, similar aberrant transposition events
as those described here could occur. Interestingly, double Ds
elements and the 8373 and 2 74 alleles all have pairs of closely
linked, 2-kb Ds elements in opposite orientations. This corre-
lation may indicate that Ds elements in opposite orientations
preferentially segregate competent daughter elements onto op-
posite sister chromatids. Further study of interacting elements
may be useful in understanding how Ac/Ds elements acquire
transposition competence.

Our data support McClintock’s (1946) original assertion that
Ds-mediated transposition and chromosome breakage occur
by similar mechanisms. Both events require Ac-dependent
breakage at element ends followed by element excision and
ligation of the “empty site” Although chromosome breakage
at Ds initiates the breakage-fusion-bridge cycle, it is certainly
not responsible for the additional rounds of breakage and fusion

that characterize the cycle. Rather, the dicentric chromosomes

formed by aberrant transposition of complex Ds structures do
not break at Ds but at random sites between the centromeres
during anaphase. Due to the randomness of these secondary
breakage and fusion sites, it will be challenging to design ex-
periments that permit the isolation and characterization of the
intermediates from subsequent rounds of the breakage-fusion-
bridge cycle.

METHODS

Maize Stocks and Crosses

Strains carrying the Waxy (Wx)-m5 and wx-m5:8313 alleles (from B.
McCiintock, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY),
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the wx-m5:83132 14 allele (from B. Burr, Brookhaven National Labora-
tory, Upton, NY), and the wx-C34 (from the Maize Genetics Cooperative
Stock Center, Urbana, IL) were obtained as indicated. The wx-m5:CS22
(“CS22") Dissaciation (Ds) allele was isolated as described previously
(Weil et al., 1992).

Alleles to be tested for chromosome breakage were each placed
proximal to a wild-type C7 allele on the short arm of chromosome 9
in the absence of Activator (Ac). These stocks were then crossed onto
homozygous CS22 (Ds), c1 females containing Ac. Chromosome break-
age was assayed by somatic loss of the dominant C7 marker producing
a colorless sector. The presence of Ac in progeny was determined by
filing away the aleurone of each kernel and staining the underlying
endosperm with I,/K| to assay genetic instability of the Wx locus.

DNA Isolation and Cloning

Genomic DNA was isolated from 14- to 21-day-old seedlings, as de-
scribed previously (Shure et al., 1983). The 374 Ds insertions were
cloned as a single 7-kb Sstl fragment by ligating size-selected Ssti
cut 874/wx-C34(-Ac) genomic DNA into Sstl cut AZAPIl phage
(Stratagene). The library was screened using a 1.8-kb Sall-Sstl
subfragment of Wx Sall fragment 1 (Wessler and Varagona, 1985) ra-
dioactively labefed by the random oligonucleotide method (Feinberg
and Vogelstein, 1984). Positively hybridizing plaques were purified to
homogeneity. After restriction mapping, the phage was used as atem-
plate for the polymerase chain reaction (PCR) (see below), the amplified
subfragment cut with EcoRl and cloned into pUC119 (Vieira and
Messing, 1987).

PCR products amplified from 8373- and d74-containing genomic
DNA were gel purified to remove primers. After filling in the ends using
the Klenow fragment of DNA polymerase |, these products were blunt-
end cloned into Smal-digested pUC119.

PCR Amplification and DNA Sequencing

Amplification reactions were performed in 100 pL containing 10 mM
Tris-HCI, pH 8.3, 50 mM KCI, 1.5 mM MgClz, 0.01% (wiv) gelatin, 0.2
mM each dATP, dCT! P, dGTP, and dTTP, and 05 U Taq polymerase
(Perkin-EImef-Cétljs) final concentrations. The Ds insertion sites in
814 were determined after PCR amplification of 10 ng of AZAPIl/3 14

" phage DNA using 70 ng of a single primer with an added EcoRi
* site near the 5’ end of the Ds element (5-GGAAT TCGAAATCGATCG-

GG-3) (Weil et al., 1992). The cloned PCR product, containing the 5
ends of both Ds elements and the Wx DNA between them, was se-
quenced using the dideoxy method (Sanger et al., 1977).

Amplification of genomic DNA utilized 200 ng of template DNA in
each reaction. For 8313/wx-C34(-Ac), 70 ng each of primer 1 (§-GGA-
CACGCAGCAGAGAGCGGAGA-3' corresponding to positions —516
to —494 of the Wx sequence; Klosgen et al., 1986) and primer 2 (5"-
CTGGGACACCAGCGTCGTG-3, positions +841 to +860) were added
(Figure 3). Amplification of @74/ws-C34(—Ac) DNA used 70 ng each
of primer 1 and a different primer 2 (5-~AGGATCCGGTCACGCAA-
CGC-3', an EcoRl site plus positions ~79 to —66) chosen to reflect
the different position of the more 3' Ds in the 274 allele.

PCR was performed using a thermal cycler (model 480; Perkin-Eimer-
Cetus). After a 2-min hold at 95°C, samples were cycled 40 times
through 1 min at 95°C, 2 min at 65°C, and 3 min at 72°C. After a 10-
min final extension at 72°C, samples were held at 4°C until analyzed.
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PCR products were cloned as described above, and double-stranded
DNA from mini-preps (Sambrook et al., 1989) of these clones was
sequenced.
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