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ABSTRACT We have determined the structure of five
spontaneous deletions within the maize waxy (Wx) gene. Of
these, four were found in spontaneous wx mutants (wx-B,
wx-B1, wx-B6, wx-C4) and include exon sequences; the fifth is
restricted to an intron and represents a restriction fragment
length polymorphism of a nonmutant allele (Wx-W23). The
deletions, which range in size from 60 to 980 base pairs (bp),
cluster in a G+C-rich region of ~1000 bp that is capable of
forming stable secondary structures. Most striking is our
finding that all of the alleles have DNA insertions (filler DNA)
of 1-131 bp between the deletion endpoints. For three of the five
deletions, the filler DNA and sequences at the deletion termini
appear to be derived from sequences near one deletion end-
point. A previously reported spontaneous deletion of the maize
bronze gene (bz-R) also contains filler DNA. The association of
filler DNA with maize deletion endpoints contrasts dramati-
cally with the rarity of similar events in animal germ-line and
bacterial mutations.

Analysis of deletion endpoint sequences has provided insight
into the diversity of mechanisms underlying illegitimate re-
combination in prokaryotic and eukaryotic cells. In Esche-
richia coli, short direct repeats of between 5 and 10 base pairs
(bp) are found in progenitor alleles flanking the sites where
the majority of spontaneous deletions occur (1, 2). Pairing of
one direct repeat copy with its complement at the second
repeat is hypothesized to initiate deletion formation. Repli-
cation or repair of these ‘‘slipped mispaired’’ structures may
result in deletion of the intervening DN A and one copy of the
repeat (2). The direct correlation of the length of a repeat with
the frequency of deletion formation underscores the role of
homologous pairing between these repeats in deletion for-
mation (1).

Deletion endpoints, derived from both somatic and germ-
line cells, have been sequenced in mammals. Like E. coli
deletions, somatic cell deletions appear to be flanked by
direct repeats, although the repeat length is apparently
shorter than in E. coli (3). For example, direct repeats of 2-5
bp flanked seven deletions of the aprt gene isolated from
cultured (somatic) hamster cells (4). In comparison with
somatic cell and prokaryotic deletions, a smaller fraction of
germ-line deletions appear to be associated with direct re-
peats (3). Rather, a member of the highly repetitive Alu
sequence family is frequently found near the endpoints of
deletions within the a- and B-globin genes (5, 6) and the low
density lipoprotein receptor of mammalian germ lines (7, 8).
In addition, the finding that 16 independent deletions of the
unc-54 gene of Caenorhabditis elegans do not occur near
obvious direct repeats or repetitive DNA elements (9) serves
to underscore the diversity of illegitimate recombination
mechanisms in eukaryotic germ-line cells.

The characterization of illegitimate recombination mech-
anisms in higher plants is of particular interest in light of
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apparent differences detected in mammalian somatic and
germ-line deletions. In contrast with the situation in animals
where the germ-line is segregated early in development, plant
germ cells differentiate from apical meristems after prolonged
vegetative growth. Thus, spontaneous deletions in plants
might be expected to share features with mammalian somatic
deletions. Unfortunately, molecular analysis of deletions in
higher plants has, for the most part, been restricted to the
characterization of transposable element-mediated events in
Zea mays and Antirrhinum majus. Several deletions within
the autonomous elements Ac and Spm have been sequenced
(10-12) and aberrant excisions of the element that ‘delete
flanking host sequences have also been determined (13-15).
It is unclear whether these studies are relevant to an under-
standing of the mechanisms underlying spontaneous dele-
tions in plant cells because deletions within and flanking
transposable elements are probably mediated by the ele-
ments’ transposase (11).

The mutant alleles of the maize waxy (Wx) gene provide a
unique opportunity to investigate the molecular basis of
spontaneous mutation in a higher plant. The Wx gene encodes
an enzyme that is responsible for the synthesis of amylose in
the endosperm, pollen, and embryo sac tissues (16). The
viable and easily scored phenotypic expression of wx mutants
has facilitated the isolation of many mutant alleles. In a
previous study, we determined that 6 of 17 spontaneous
mutations had sustained a deletion of part or all of the wx gene
(17). For four of the six deletions (wx-B, wx-Bl, wx-B6,
wx-C4), we were able to define both deletion endpoints within
or flanking the gene. We determined that these deletion
termini were clustered within a 1000-bp region, suggesting
that this might be a hot spot for deletion formation. The same
study also revealed that one nonmutant Wx allele (Wx-W23)
had sustained a small deletion within the gene. These find-
ings, coupled with the paucity of sequenced spontaneous
deletion endpoints in higher plants, prompted a detailed
characterization of these mutations.

MATERIALS AND METHODS

DNA Cloning and Sequencing. The strains used in this study
have been described (17). Isolation of genomic DNA from
plantlets (18) and Southern blot analysis and phage screening
(19) were as cited. The deletions of wx-C4, wx-B, wx-Bl,
wx-B6, and Wx-W23 were previously localized by Southern
blot analysis of genomic DNA (17). These genes were cloned
and sequenced as follows (see Fig. 1). For wx-B6, the entire
gene was cloned on an 11-kilobase (kb) EcoRI fragment after
ligation of EcoRI-digested genomic DNA into the y vector
EMBLA4 (20). The library was packaged, plated on E. coli
strain LE392, and screened as described (19). The lesion was
localized to a 0.7-kb Sal 1/Pst I fragment, which was sub-
cloned into M13mp18 (21) and sequenced by the dideoxynu-
cleotide chain termination method (22).
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For wx-C4, the 1.9-kb Sal I fragment containing the dele-
tion (17) was purified from low melting point agarose and
ligated to Lambda ZAP arms (Stratagene) that had been
digested with Xho I and dephosphorylated. The insert was
subcloned into pUC119 (23) on a 1.9-kb Sal I/Kpn I fragment
(the Kpn 1 site is in the y vector) and sequenced. The wx-B
lesion was cloned on a 5.2-kb Sal I fragment (17) after gel
purification of the fragment and ligation into Xho I-digested
arms of Lambda ZAP. The lesion was subcloned on a 2.0-kb
Sst I fragment in pUC118 and unidirectional deletion clones
were generated (24) and sequenced. The wx-BI deletion was
cloned on a 2.8-kb Sst I fragment (17), subcloned into
pUC118, and sequenced. The DNA containing the Wx-W23
restriction fragment length polymorphism was isolated after
polymerase chain reaction amplification as described (25).
Genomic DNA (150 ng) and primers (700 ng) were cycled 45
times for 30 sec at 94°C and for 6 min at 72°C followed by a
final incubation of 5 min at 72°C. Primers for amplification,
5'-CGCGTGTTCGTTGACCACCC-3' (positions 1023-1042)
and 3'-AGGCGCTGAACAAGGAGGCG-5' (positions 2025—
2044), were derived from the Wx sequence (26). Amplified
DNA was digested with Ssz I and Pst I and subcloned into
pUC119 and sequenced.

Secondary Structure Analysis of DNA. Analysis of the Wx
and Bz genes and flanking sequences utilized Zuker’s folding
program (27) incorporated in the Wisconsin Genetics Com-
puter Group sequence analysis package. DNA stacking en-
ergies were obtained from Breslauer ez al. (28). Loop energies
were taken from Freier et al. (29). The program was imple-
mented on the VAX/VMS 6210 system of the University of
Georgia Biological Structure and Computational Facility.

RESULTS

DNA Sequencing of Deletion Endpoints. Fragments con-
taining the deletion endpoints from wx-BI, wx-B6, wx-C4, and
Wx-W23 were cloned and sequenced (see Materials and
Methods). The size and position of the five deletions relative
to the wx introns and exons are shown in Fig. 1. Only 7 of the
14 Wx exons are depicted. The DNA sequences of the
deletion endpoints are shown in Fig. 2 and the results are
summarized in Table 1. The molecular basis of the mutant
phenotypes for wx-Bl, wx-B6, wx-B, and wx-C4 is evident
from their respective deletions. wx-Bl is missing 655 bp
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Fic. 1. Positions of deletions relative to the Wx gene. The
positions of exons 1-7 (of the 14 Wx exons) and the translational start
are noted (26). Shaded boxes indicate the extent and position of each
deletion. Only those restriction sites mentioned in the text are
depicted. The Sst I* site is deleted in Wx-W23 and its derivative
wx-Bl.

Proc. Natl. Acad. Sci. USA 87 (1990)

upstream of the transcription start, all of exon 1, and part of
intron 1. wx-B is also missing sequences upstream of the
transcription start site in addition to exon 1, intron 1, and the
AUG start in exon 2. wx-B and wx-C4 are missing the amino
terminus, which encodes the transit peptide (18, 26) that is
required for transport of the protein into amyloplasts, the site
of starch biosynthesis.

Unlike the mutant alleles, the deletion in Wx-W23 is
restricted to intron sequences. Although the deletion begins
11 bp from the 5’ end of the intron, RN A splicing is apparently
normal; no quantitative or qualitative difference in Wx
mRNA was detected when Wx-W23 was compared to other
nonmutant Wx alleles (M. Varagona, R.O., G. Baran, and
S.W., unpublished observation).

One striking feature of all the lesions is the presence of
from 1 to 131 bp between the deletion endpoints (Fig. 2, F',
lowercase letters). Extra DNA between the endpoints of
DNA rearrangements, translocations, and deletions has been
observed in other eukaryotes and has been referred to as
either filler DNA or insertion junctions (30). For wx-Bl,
wx-C4, and Wx-W23, the filler DNAs are derived from
sequences within 50 bp of one deletion endpoint (Fig. 2, F,
underlined boldface letters). Interestingly, this nearby se-
quence also contains both the 5’ and 3’ deletion endpoints
(Fig.2, A, A’, B, and B’; underlined with the filler DNA). The
extent of sequence identity between the adjacent sequence
and the endpoint region is dramatic: 18/18 bp for wx-C4 and
Wx-W23 and 17/17 bp for wx-B1. In contrast, the origin of the
filler DNA of wx-B6 is not as obvious because it is only 1 bp.
Although the sequence that bridges the deletion, TGATG
(Fig. 2, underlined), is found within 43 bp (Fig. 2, underlined
boldface letters), the 5/5-bp match is not extensive and may
simply reflect a random occurrence. The filler DNA in wx-B
is large (131 bp) and complex. This DNA also appears to be
derived from sequences near the deletion endpoints and from
reiterations of these sequences. Unlike the other deletions,
there is no simple way to bridge the deletion endpoints with
flanking sequences.

There is only one other spontaneous deletion mutant in
maize for which the sequence of endpoints is available. The
bz-R allele has sustained a 340-bp deletion that includes part
of exons 1 and 2 of the bronze gene (31). In describing this
mutation, Ralston et al. (31) noted that there were 5 bp
between the deletion endpoints (Fig. 2, X’'). Interestingly,
this filler DNA, together with the adjacent 4 bp (Y') share 8/9
bp identity with an upstream sequence (Fig. 2, XY, under-
lined boldface letters).

Secondary Structure Analysis of Wx DNA. The endpoints of
the large wx deletions (wx-B, wx-Bl, wx-C4, and wx-B6) fall
in a region of =1 kb including =600 bp of 5’ flanking
sequences and Wx exons 1 and 2 (Fig. 1). To understand why
the deletions were clustering within the Wx gene, the se-
quence of the entire gene was analyzed for the potential of
forming stabilizing secondary structures that might serve to
bring the deletion endpoints together. Examination of the wx
deletions revealed that the deleted sequences were rich in G
and C residues when compared to the rest of the gene;
66—71% (Table 1) for the deleted DNA versus 56% for the rest
of the gene. In addition, we determined that stable secondary
structure is possible in sequences spanning most of the
deleted region. We found stabilization free energies ranging
from —45.8 to —353.7 kcal/mol (1 cal = 4.184 J). These
values are significantly less than the —15 kcal/mol that is
reported as the cut-off for stable secondary structure forma-
tion under physiological conditions (32). Finally, our calcu-
lations show that stem and loop structures can sequester at
least 94% of the bases that comprise each deletion. This
would bring the deletion endpoints in spatial proximity to one
another.
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F1G. 2. DNA sequence of the deletion endpoints. The numerical positions of the endpoints relative to the start of Wx transcription (+1) are
shown. Filler DNAs are in lowercase letters and are underlined along with sequences at the deletion endpoints that are similar to nearby
sequences that are boldface and underlined. Asterisks denote sequence mismatches with homologous DNA near the deletion endpoints. The
letters are referred to in the text and in Fig. 4. For wx-B, the solid lines represent a homologous sequence and the dotted and dashed arrows

indicate direct repeats.

To determine whether potential secondary structures are
common throughout the Wx gene or are restricted to the 1-kb
region described above, we constructed a profile of the gene
by folding a 500-nucleotide sequence window, beginning with
position —900, and recording its stability. This window was
then moved 250 bp downstream and the process was repeated
until the end of the Wx gene. This analysis indicated that all
of the large deletions occurred in a region capable of forming
particularly stable secondary structures (Fig. 3). The mean
free energies in this region are 150% that of the mean for the
rest of the gene.

DISCUSSION

We have reported the first detailed molecular characteriza-
tion of spontaneous deletions in a plant. Two aspects of our
findings are of particular interest. First, we have shown that
four of the deletions cluster in a G+C-rich region that is
capable of forming stable secondary structures when single
stranded. Similar clusters have been noted in other studies of
spontaneous deletions in eukaryotes. For example, deletion
endpoints in the hamster aprt locus have been shown to
correlate with regions containing dyad symmetry and stabi-
lizing stem and loop structures (4). It has been hypothesized
that the presence of features such as dyad symmetries (4) and

short direct repeats (1, 2, 4) or repetitive DNA (5-8) may
increase the probability of recombinational events.
Whereas the clustering of deletions in both plant and
animal genes may indicate similarities in certain aspects of
deletion formation, the association of filler DNA with all of
the wx deletions analyzed in this study may signify an
important difference. Due to the paucity of spontaneous
mutations characterized at the molecular level in higher
plants, there are very few deletion endpoint sequences avail-
able for comparison with the wx deletions. However, another
spontaneous mutation in maize, the bz-R allele, also contains
a deletion with filler DNA that appears to be derived from
sequences near one of the deletion endpoints (Fig. 2) (31).
The existence of filler DNA among the mutations of two
different maize genes argues that these types of deletions are

Table 1. Summary of maize waxy deletions

G+C content, AG°,

Allele Location, bp Size, bp % kcal/mol

wx-B —458 to +521 980 69.4 —350
wx-BI —654to +298 953 67.2 -305
wx-B6 +220 to +667 448 71.5 -178
wx-C4 +258 to  +423 166 66.1 —40
wx-W23  +1390 to +1450 59 44.0 0

AG®, stabilization free energy.
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FiG. 3. Secondary structure stability across the Wx gene. The
stabilization free energies (AG®) of predicted secondary structures
for 500-nucleotide sequence windows are shown across the gene. Bar
delimits the region where the large deletions occur.
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common in maize rather than reflecting some peculiarity of
the Wx gene.

Filler DNA, though uncommon, has been associated with
a few natural mutations in eukaryotes. Deletions of the C.
elegans unc-54 gene (9), mouse B-globin gene (33), and

humana-globin gene (5) also contain insertions of 18, 66, and
131 bp, respectively, and, in each case, the insertion is
derived from sequences that are at least 600 bp from the
deletion endpoints. A human B-globin deletion has more
features in common with the maize deletions (34); it has a
heptanucleotide insertion between the deletion endpoints
that is identical to a sequence located 4 bp from one deletion
terminus.

Filler DNA has also been encountered in mammalian
somatic cells at the junctions of DN A rearrangements in both
lymphoid (35, 36) and nonlymphoid (30, 37) cells, and at the
site of integration of DNA transformed into mouse cells (38,
39). Immune system rearrangements contain filler DNA
called N regions, which are generated by the untemplated
addition of nucleotides to free DNA ends by terminal deox-
ynucleotidyltransferase (40). In contrast, the origin of filler
DNA in cells without detectable terminal deoxynucleotidyl-
transferase, such as nonlymphoid cells, is unknown. For the
larger insertions, it has been suggested that a pool of pre-
formed oligonucleotides serves as a source of molecules that
can be added to free DNA ends (30). In a study designed to
understand DNA end joining and the origin of filler DNA in
nonlymphoid cells, Roth ez al. (37) transfected linear simian
virus 40 genomes into cultured monkey cells and analyzed the
DNA sequence at the recircularization joint. Of 200 junctions
examined, 18 contained deletions of the terminal sequences
and extra nucleotides a"t the site of recircularization. Whereas
most additions involved a single base pair, 4 of the 18
contained filler DNA of 3-13 bp that was, in each case,
derived from a sequence within S bp from the deletion
endpoint (analogous to F and F’ in Fig. 2). More significantly,
this nearby sequence was also homologous with the se-
quences at the 5’ and 3’ endpoints (analogous to A, B, A’, and
B’ in Fig. 2). Roth ez al. (37) called these insertions dupli-
cation junctions and proposed that slipped mispairing and
DNA repair were involved in their formation.

The model of Roth et al. (37) explains the origins of
duplication junctions that arise in simian virus 40 genomes
transfected into mouse cells. The similarities between the
filler DNA in wx-Bl, wx-C4, and Wx-W23 and duplication
junctions led us to modify their model to explain our muta-
tions. We propose that the maize deletions probably occurred
during lagging strand DNA replication when discontinupus
DNA synthesis provides free ends and long stretches of
single-stranded DNA. For wx-BI, wx-C4, and Wx-W23, mis-
alignment of newly replicated B’ with B (Fig. 4; see Fig. 2 for
the identity of A, B, F, etc.) may be facilitated by higher-
order structures that would serve to bring the direct repeats
into spatial proximity (6, 41). For the wx deletions, the DNA
between A’ and B’ is capable of assuming stable secondary
structure when single stranded (Table 1 and Fig. 3). If this
mispaired structure is resolved by DNA replication, as is
shown in Fig. 4 (Left), the newly synthesized strand will be
deleted for the DNA between the direct repeat B and B’ and
for one copy of the repeat. This class of deletion is very
common in both prokaryotes (1, 2) and-eukaryotes (4, 42). To
explain the origin of the filler DNA (F’), a second slip
mispairing is postulated to occur (Fig. 4 Right); continued
replication would result in the deletion of all DNA between
A’ and B’ and the addition of F’. Although this model can
account for the origin of the insertion junctions, it does not
address the more important question of why a second slip
mispairing is favored over the resolution of a single mispaired
structure.

Proc. Natl. Acad. Sci. USA 87 (1990)
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Fi1G. 4. Model to explain the origin of filler DNA during DNA
replication. The DNA sequences are represented by the letters
defined in Fig. 2. Dotted lines represent newly replicated DNA
strands.

The wx-B6 deletion is a poorer fit with the model proposed
in Fig. 4 because F and A, as drawn, are only 1 bp each (Fig.
3). After slip mispairing of B’ with B, replication would be
more likely to continue than to form a second slip mispaired
structure. Similarly, for bz-R, slip mispairing of Y’ with Y can
be envisioned; however, a second slip mispairing is unlikely
because there is no homology at the other deletion endpoint.
The filler DNA of wx-B6 and bz-R may not be derived from
these flanking sequences and may arise by the untemplated
addition of a nucleotide (wx-B6) or a short oligonucleotide
(bz-R) to a free DNA end.

The origin of the 131-bp insertion in the wx-B allele is much
more complex than the other filler DNAs and cannot be
explained by the model in Fig. 4 or by the untemplated
addition of oligonucleotides. The termini of the insertion are
composed of an imperfect 22-bp direct repeat (Fig. 2, dashed
arrow). In addition, there is a second direct repeat of 15 bp;
one copy is in the insert and the other is in flanking sequences
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(dotted arrow). Finally, the sequence AGC is reiterated 21
times; this sequence is found at the 3’ endpoint and 1 bp away
from the 5’ endpoint. There is no simple way to account for
this complex structure. Perhaps this sequence is derived from
an unstable intermediate structure. Alternatively, the pres-
ence of long stretches of G and C residues at the termini of
the deleted DNA (data not shown) may have facilitated
intrastrand base pairing and led to strand switching and
polymerase stuttering during DNA replication.

In summary, we find that filler DNA is associated with five
deletlons in the maize wx gene. Although filler DNA is a
common feature of all of these deletions, examination of the
DNA sequence has led us to suggest that more than one
mechanism is responsible for its insertion. In contrast with
our findings in maize, filler DNA is rarely associated with
germ-line mutations in animals. This apparent discrepancy
may result from a fundamental difference in the nature of
germ cells in plants and animals. Roth et al. (30) noted that
filler DNA are frequently associated with mammalian so-
matic cell DNA rearrangements but are rare in bacteria and
yeast. To explain this apparent discrepancy, they suggest that
a certain degree of sloppiness may be acceptable in somatic
cells because the evolutionary cost to the organism is rela-
tively minor. Thus; DNA repair and replication processes
that generate filler DNA miay be unacceptable in germ cells
or in organisms that are their own germ cells, such as bacteria
and yeast. Plant germ cells differentiate from apical mer-
istems from prolonged vegetative growth, unlike animal germ
cells, which are set aside early in development and protected.
Given this situation, it may not be possible to shield plant
germ cells from the harmful effects that may accompany
division and growth prior to their differentiation. Our results
suggest that one by-product of a plant’s life style may be a
higher frequency of mutational events that are more remi-
niscent of somatic than germ cell rearrangements in animals.
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