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ABSTRACT
The maize p1 gene regulates the production of a red pigment in the kernel pericarp, cob, and other

maize floral tissues. Insertions of the transposable element Ac can induce recombination between two
highly homologous 5.2-kb direct repeat sequences that flank the p1 gene-coding region. Here, we tested
the effects of the Ac insertion site and orientation on the induction of recombination at the p1 locus. A
collection of unique p1 gene alleles was used, which carry Ac insertions at different sites in and near the
p1 locus, outside of the direct repeats, within the direct repeat sequences, and between the direct repeats,
in both orientations. Recombination was scored by the numbers of colorless pericarp sectors (somatic
frequency) and heritable mutations (germinal frequency). In both the somatic and germinal tests, the
frequency of homologous recombination is significantly higher when Ac is inserted between the direct
repeats than when Ac is inserted either within or outside the repeats. In contrast, Ac orientation had no
significant effect on recombination frequency. We discuss these results in terms of the possible mechanisms
of transposon-induced recombination.

IT has been widely reported that transposable ele- Brink 1956) on meiotic recombination in the region
flanking the element. At the maize bz1 locus, the inser-ments can induce genome rearrangements, such as
tion of a Ds element reduced the intragenic recombina-deletions, duplications, and inversions, in both eukary-
tion frequency about fourfold (Dooner and Kermicleotes and prokaryotes (reviewed in Saedler and Gierl
1986). Also, a Mu1 insertion in bz1 did not stimulate1996). In Escherichia coli, transposons Tn3 and Tn7 can
intragenic meiotic recombination (Dooner and Rals-increase the frequency of homologous recombination
ton 1990). In a study of meiotic recombination at thein nearby regions (Kondo et al. 1989; Hagemann and
maize a1 locus, insertion of an inactive Mu1 elementCraig 1993). Also, IS10 intermolecular transposition
reduced recombination rates in a nearby 377-bp intervalstimulates homologous recombination between the do-
by z50% (Xu et al. 1995). In this latter case, the Mu1nor and acceptor molecules at the transposition site
insertion was inactive and, in the hemizygous condi-(Eichenbaum and Livneh 1995). In Saccharomyces cere-
tion, may have interrupted pairing or branch migrationvisiae, homologous recombination between Ty elements
of the Holliday junction (Biswas et al. 1998). Moreproduces deletions, inversions, and translocations (re-
recently, Dooner and Martinez-Ferez (1997) reportedviewed in Boeke 1989). In Drosophila, transposition of
that an Ac insertion could destabilize a tandem dupli-the P element leads to increased recombination fre-
cation in the maize bz locus, but the same insertionquencies in both the male germline (Hiraizumi 1971;
did not stimulate meiotic recombination or homology-Kidwell and Kidwell 1976) and somatic cells (Sved
dependent repair.et al. 1990) and to the generation of a variety of chromo-

In contrast, several reports have demonstrated a markedsome rearrangements (Svoboda et al. 1995; Preston
ability of transposons to stimulate premeiotic homolo-et al. 1996). Additionally, P-element excision promotes
gous recombination. Transposon-induced recombina-efficient gene conversion and enables efficient site-spe-
tion has been associated with insertion of transposablecific gene replacement (Engels et al. 1990; Gloor et
elements at the maize p1 and knotted loci (Athma andal. 1991; Lankenau et al. 1996; Preston and Engels
Peterson 1991; Lowe et al. 1992). The p1 gene encodes1996).
a Myb-homologous transcriptional regulator of flavo-In plants, initial reports indicated that maize Ac or
noid pigmentation in kernel pericarp and cob (StylesDs transposable element insertions either decreased
and Ceska 1977, 1989; Grotewold et al. 1994). The(McClintock 1953) or had no effect (Fradkin and
p1 coding region is flanked by two 5.2-kb direct repeat
sequences (Lechelt et al. 1989), and recombination
between the two repeats can be easily detected as a loss
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mutant screens were performed as described previouslyous study, it was shown that insertion of the maize trans-
(Athma and Peterson 1991).posable element Ac in the p1 gene increases the fre-

Frequency of colorless sectors: Colorless sectors were scored
quency of homologous recombination z100-fold (Athma on ears from plants in which the P1::Ac insertion allele was
and Peterson 1991). Similarly, the Mu1 transposon is heterozygous with a P1-wr allele. The colorless sector fre-

quency was calculated from the percentage of kernels withreported to increase recombination z100–2000- fold at
visible colorless sectors, regardless of the size of the sector.the Kn1-O tandem direct duplication locus in maize
Sector size reflects the developmental stage at which a loss-of-(Lowe et al. 1992). In the absence of a transposon inser-
function mutation occurs; the later in development a mutation

tion, the homologous recombination rates are very low occurs, the smaller the resulting sector. The average colorless
at both the p1 and knotted loci. Further studies indicated sector frequency of each allele was determined by counting

the number of kernels with colorless sectors divided by thethat a Mu element insertion in the Kn1-O locus stimu-
estimated total number of kernels. For each allele, sectorslates meiotic recombination and gene conversion fre-
were scored on 32 randomly picked ears, except for the P1-quencies (Mathern and Hake 1997). In transgenic to- ovov-12:1-1 allele for which 16 ears were used. The number

bacco, the Ac element was reported to induce somatic of kernels per ear was estimated as the product of the number
recombination between homologous ectopic sequences of kernel rows times the mean number of kernels per row. P

values of the t -tests were generated by Microsoft Excel 97.(Shalev and Levy 1997). Moreover, in a transgenic
DNA isolation, Southern blot hybridizations, and PCR: TheArabidopsis system, an active Ds transposon can enhance

approximate site of Ac insertion in each allele was determinedintramolecular homologous recombination .1000-fold by genomic Southern hybridization. Genomic leaf DNA was
over the spontaneous recombination frequency (Xiao isolated from seedling leaves of individual plants as previously
and Peterson 2000). Transposon excision is thought described (Cocciolone and Cone 1993), digested with re-

striction enzymes SalI or EcoRI, electrophoresed throughto generate transient DNA double-strand breaks (DSBs)
0.75% agarose gels, and transferred to nylon membranes (Mi-that may initiate recombination (Szostak et al. 1983).
cron Separations, Westborough, MA; Sambrook et al. 1989).

Indirect evidence in plants suggests that a DSB is most Blots were hybridized with random-prime-labeled (Pharmacia,
often repaired by nonhomologous end-joining (NHEJ, Piscataway, NJ) p1 locus DNA fragments 15 and 8B (Figure

2). Together, these probes detect a 26-kb contiguous regionalso termed illegitimate recombination; Coen et al.
encompassing the p1 gene and its flanking sequences. The1989; Morton and Hooykaas 1995; Scott et al. 1996;
exact Ac insertion sites were then determined by PCR amplifi-Rinehart et al. 1997). However, our previous results
cation, using primers in the Ac sequence and a second primer

(Athma and Peterson 1991; Xiao and Peterson 2000) homologous to p1 gene sequences. Genomic DNA templates
show that homologous recombination can occur as an were amplified by PCR for 35 cycles as follows: denaturation

at 948 for 30 sec; annealing at 598 for 30 sec; and elonga-alternative to the NHEJ pathway when homologous re-
tion for 1 min at 728. PCR products were cloned into pT7Bluepeat sequences flank the transposon. To study the mech-
T-vector (Novagen) and sequenced at the Iowa State Universityanism of transposon-induced recombination in plants, DNA sequencing and synthesis facility.

we tested the effects of transposon position and orienta-
tion on the frequency of recombination observed at the
maize p1 locus. The results indicate that position of the RESULTS
transposon within the p1 locus, but not its orientation,

Ac insertion sites of different p1 alleles: To assessstrongly affects the recombination frequency.
the effect of the Ac insertion site on the frequency of
homologous recombination, we used a collection of six
p1 alleles that carry Ac elements inserted at various sitesMATERIALS AND METHODS
in and near the p1 gene. The position of Ac insertion

Terminology, maize stocks, and analysis of mutants: The in each allele was approximated by Southern blot hy-
maize p1 gene encodes a transcription factor that regulates bridization and then precisely determined by PCR am-
phlobaphene pigmentation of the pericarp, cob, and other plification and sequencing of Ac/p1 junction fragments.floral organs (Styles and Ceska 1972, 1989; Grotewold et

Ac insertion site positions are depicted in Figure 2. Theal. 1994). The pericarp is the outer layer of the mature kernel;
P1-rr-11:666 allele contains Ac inserted outside the p1it is derived from the ovary wall and therefore is of maternal

origin. Maize p1 alleles are conventionally identified by a suffix locus 5.2-kbp direct repeat, at position 6757 bp 59 of
that indicates their expression in pericarp and cob: P1-rr speci- the P1-rr transcription start site. The P1-9D47B allele
fies red pericarp and red cob, P1-wr specifies white (colorless) has Ac inserted within the 5.2-kbp P1-rr direct repeat,
pericarp and red cob, P1-ww specifies white (colorless) peri-

at position 5024 bp 59 of the P1-rr transcription startcarp and cob, P1-vv specifies variegated pericarp and cob,
site. Four of the alleles contain Ac inserted at variousand P1-ovov specifies orange-variegated pericarp and cob. This
sites between the two 5.2-kbp direct repeats: at 49 bpstudy utilized six p1 alleles, each containing Ac insertions at

different sites in or near the p1 locus (Figure 1); all the alleles 59 of the transcription start site (P1-ovov-Val); in intron
were derived directly or indirectly from P1-vv (Emerson 1917) 1 at 473 bp downstream of the transcription start site
via intragenic transposition of Ac. The alleles P1-ovov-Val (F. A. (P1-9D36A); and at two sites within the large second
Valentine, unpublished results), P1-rr-11:666, P1-ovov-1114,

intron (P1-ovov-1114 and P1-ovov-12:1-1), at positionsand P1-ovov-12:1-1 were derived from P1-vv, whereas the P1-
4338 and 4490 bp, respectively, downstream of the tran-9D36A and P1-9D47B alleles were derived from P1-ovov-1114

(Peterson 1990; Athma et al. 1992). Genetic crosses and scription start site (Athma et al. 1992). Ac insertions
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Figure 1.—Ear phenotypes of p1 alleles used in this study. From left to right: P1-rr:11:666; P1-9D47B; P1-ovov-Val; P1-9D36A;
P1-ovov-1114; P1-ovov-12:1-1. Each allele is in heterozygous condition with allele P1-wr, which specifies colorless pericarp and
red cob. Cell clones with losses of p1 function are visible as colorless pericarp sectors; numbers of these sectors are given in
Table 1.

within the p1 gene introns exhibit an orientation-depen- the orientation-dependent phenotypic effect observed
with Ac/Ds insertions in transcribed regions.dent effect on p1 expression; when Ac is inserted in the

same transcriptional orientation as p1, transcripts that Comparison of colorless sector frequency of differ-
ent p1 alleles: Each of the six p1 alleles studied hereinitiate from the p1 gene promoter terminate within

the Ac element. Hence, in the P1-vv allele, p1 gene specifies red or orange-variegated pericarp pigmenta-
tion (Figure 1); when these alleles are heterozygousexpression is blocked by Ac except in the cell clones in

which Ac has excised. The resulting kernel pigmentation with a colorless pericarp allele (either P1-ww or P1-wr),
loss-of-function mutations produce easily visible color-phenotype consists of colorless pericarp with red sectors

(Lechelt et al. 1989). In contrast, when Ac is inserted less pericarp sectors (Figure 1). A colorless pericarp
sector can result from any somatic mutation that elimi-in the opposite transcriptional orientation relative to

the p1 gene, Ac does not markedly interfere with p1 nates p1 gene function. Because Ac frequently trans-
poses to linked sites (Greenblatt 1984; Dowe et al.transcription and the Ac insertion is apparently spliced

out of the p1 transcript (Peterson 1990). This orienta- 1990; Peterson 1990; Grotewold et al. 1991; Athma
et al. 1992; Moreno et al. 1992), some sectors may resulttion-dependent effect has been documented in the case

of Ds insertions in the maize waxy locus (Wessler et from intragenic transpositions to other sites in the p1
locus essential for P function. In a previous study, it wasal. 1987). Whereas the P1-ovov-Val allele gives orange-

variegated pericarp, even though Ac is inserted in the found that the great majority of colorless sectors (49
out of 52 analyzed) arising from the P1-ovov-1114 allelesame transcriptional orientation as the p1 gene, in this

case, Ac is located 49 bp upstream of the p1 transcription were p1 deletions caused by recombination between
the long 5.2-kb direct repeats flanking the P1-rr genestart site and hence would not be expected to exhibit

Figure 2.—(Top) Ac insertion sites in different
maize p1 gene alleles. (Bottom) Schematic dia-
gram showing Ac-induced homologous recombi-
nation. ( ) 5.2-kb direct repeats; (→) p1 gene
transcription start site; (,) Ac insertion; (c) Ac
transcription direction; ( ) fragment 15; ( )
fragment 8B; (j) exons; (h) 59 leader sequence
and 39 untranslated region; I1 and I2, intron 1
and intron 2; S, SalI site; S*, methylated SalI site;
1, P1-rr:11:666; 2, P1-9D47B; 3, P1-ovov-Val; 4, P1-
9D36A; 5, P1-ovov-1114; 6, P1-ovov-12:1-1.
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TABLE 1

Ac insertion position, orientation, and the frequencies of colorless sectors in different alleles

Total no.
Ac of kernels No. of colorless Average colorless

Allele Ac position orientation screened sectors sector (%)

P1-rr-11:666 Outside repeats vv a 21,858 529 2.42 6 0.21c

P1-9D47B Within one repeat ovov b 21,635 357 1.65 6 0.11
P1-ovov-Val Between repeats vv 22,462 813 3.62 6 0.87
P1-9D36A Between repeats ovov 20,572 364 1.77 6 0.15
P1-ovov-1114 Between repeats ovov 19,837 990 4.99 6 0.50
P1-ovov-12:1-1 Between repeats ovov 10,010 377 3.77 6 0.32

a Ac in vv orientation, transcription direction of the Ac element is same as p1 gene.
b Ac in ovov orientation, transcription direction of the Ac element is opposite to p1 gene.
c Standard error.

(Athma and Peterson 1991). Thus, the number of 1.6 and 1.8% colorless sector frequency, respectively.
However, if the alleles are grouped on the basis of theircolorless pericarp sectors provides an indication of the

frequency of homologous recombination between the insertion location, the average colorless sector fre-
quency is higher for Ac elements inserted between thep1 locus flanking repeats. In the absence of Ac at the

p1 locus (P1-rr-4026) the colorless sector frequency is two direct repeats (group A, z3.5%) than for Ac ele-
ments inserted outside and within the repeats (group0.031% (Athma and Peterson 1991). This frequency

is increased from 50- to 150-fold in the Ac insertion B, z2.0%). A t -test analysis shows that the frequencies
of colorless sectors of these two groups are significantlyalleles characterized here (Table 1). Additionally, we

characterized an allele (P1-9D27B) containing a Ds in- different (P value 5 2.48 3 1025). Overall, these results
show that Ac insertions between the two direct repeatssertion generated by an internal deletion in the Ac ele-

ment in the P1-ovov-1114 allele; hence, this Ds element induce a higher frequency of recombination than Ac
insertions outside or within the repeats.is at the same site as the Ac element in the P1-ovov-1114

allele. In the absence of Ac, this allele exhibited two Developmental timing of recombination: While the
numbers of sectors indicate frequency of recombina-colorless sectors in 2008 kernels (0.1%); in the presence

of an Ac in trans, this allele produced 65 colorless sectors tion, sector size indicates the developmental time at
which mutation occurs. As shown in Table 3, colorless sec-among 2025 kernels (3.2%). These results confirm the

finding of Xiao and Peterson (2000) that Ac transpo- tors ranged in size from ,1⁄4 kernel to sectors cover-
ing more than six kernels. In all six alleles, smallersase is essential for induction of recombination by a Ds

element. sectors were much more numerous than larger sectors;
this most likely reflects the fact that more cells are avail-To determine the possible effects of Ac position and

orientation on recombination frequency, we used a t -test able for mutation at later stages of development. We
also considered the possibility that sector size couldfor significant differences in the colorless sector fre-

quencies between alleles. The results (Table 2) indicate affect the frequency measurements of different alleles,
because the area available for mutation is slightly alteredthat the six alleles fall into three statistical groups:

Group 1 comprises the alleles P1-ovov-Val, P1-ovov-1114, by the fact that once an area has mutated it is no longer
available for mutation (Anderson and Eyster 1928).and P1-ovov-12:1-1, with colorless sector frequencies

ranging from 3.6 to 5.0%. Group 2 comprises the P1-rr- We found that larger sectors (.1 kernel) were observed
only in the P1-9D36A, P1-ovov-Val, P1-ovov-1114, and P1-11:666 allele (colorless sector frequency 2.4%). Finally,

Group 3 comprises alleles P1-9D47B and P1-9D36A, with ovov-12:1-1 alleles. Thus, the potential complication of

TABLE 2

P values of pairwise t-test comparisons of colorless sector frequencies of different alleles

P value P*–9D47B P1-ovov-Val P*–9D36A P1-ovov-1114 P1-ovov-12:1-1

P1-rr-11:666 0.002 0.188 0.016 ,0.001 0.002
P1-9D47B ,0.001 0.535 ,0.001 ,0.001
P1-ovov-Val 0.043 0.176 0.867
P1-9D36A ,0.001 ,0.001
P1-ovov-1114 0.046



2011Transposon-Induced Recombination

TABLE 3

Sizes of colorless sectors associated with different alleles

No. of sectors of indicated size

Allele ,1⁄4 k 1⁄4 –1⁄2 k 1⁄2–1 k 1 k 2 k 3 k 4 k 5 k .6 k

P1-rr-11:666 444 25 43 0 0 0 0 0 0
P1-9D47B 313 9 33 1 0 0 0 0 0
P1-ovov-Val 642 39 49 1 0 0 1 0 1
P1-9D36A 298 27 59 2 1 0 0 2 0
P1-ovov-1114 880 28 35 4 3 0 1 1 4
P1-ovov-12:1-1 332 9 31 0 0 0 1 0 1

k, kernel.

sector size actually did not affect the conclusion that sertions between the direct repeat sequences show no
significant differences in somatic recombination fre-alleles with Ac inserted between the two direct repeats

have more colorless sectors than alleles with Ac inserted quency between P1-ovov-Val and P1-ovov-1114, nor be-
tween P1-ovov-Val and P1-ovov-12:1-1 (Table 2). Thereoutside or within the direct repeat.

Comparison of germinal mutations of different al- is a significant difference in somatic recombination fre-
quency between P1-ovov-Val and P1-9D36A, but it is un-leles: As noted above, the colorless pericarp sectors

scored in the somatic assay can result from mutations clear whether this is related to the orientation of the
Ac insertion in P1-9D36A (see discussion). Addition-other than recombination of the flanking repeats. To

assess the types of mutations generated, we isolated a ally, comparison of germinal mutation frequencies also
number of heritable mutants derived from each in-
sertion allele and analyzed these mutants by Southern
blot hybridization (Figure 3). The results allowed us
to compare the frequencies of germinally transmitted
recombination events produced by different alleles (Ta-
ble 4). From the P1-rr-11:666 allele, 5 P1-ww mutants
were recovered, but none were derived from homolo-
gous recombination. From the P1-9D47B allele, 7 P1-
ww mutants were obtained, and only 1 resulted from
recombination. In contrast, from the four alleles (P1-
ovov-Val, P1-9D36A, P1-ovov-1114, and P1-ovov-12:1-1)
with Ac insertions between the two 5.2-kb direct repeats,
85 heritable P1-ww mutants were obtained, and 61 of
these were deletions generated by recombination of
the flanking repeats. The other 24 P1-ww mutants were
generated by intragenic Ac transposition or other trans-
position-related rearrangements (data not shown). These
results suggest that the somatic assay is a reasonable
indicator of recombination frequency for the alleles that

Figure 3.—Representative Southern blot analysis of new p1carry Ac insertions between the repeats, but that it may
mutations. Genomic DNA samples from individual plants wereoverestimate the true recombination frequency for al- digested with SalI and hybridized with p1-specific probe P15,

leles that carry Ac inserted within or outside the direct a genomic fragment from the P1-rr allele (Figure 2; Lechelt
repeats. et al. 1989). Lane 1, P1-rr gives bands of 3.4, 3.0, and 1.2

kb; the 1.2-kb band is a doublet arising from the duplicatedEffect of Ac orientation: The six alleles characterized
sequences flanking the P1-rr gene. Lane 2, P1-ww-1112 is de-here contain Ac insertions in one of two orientations
leted for the 3.4-kb band and one copy of the 1.2-kb fragment;with respect to the p1 gene: the VV group (P1-rr-11:666 this mutation is the archetype of the class arising via recombi-

and P1-ovov-Val) in which Ac is inserted in the same nation of the p1-flanking duplications (Athma and Peterson
transcriptional orientation as the p1 gene and the 1991). Lanes 3–5, p1 mutations derived from the P1-rr-11:666

allele; lanes 6–15, p1 mutations derived from the P1-9D36AOVOV group (P1-9D47B, P1-9D36A, P1-ovov-1114, and
allele. The banding patterns in lanes 6, 13, and 15 identifyP1-ovov-12:1-1) with Ac inserted in the opposite orienta-
these as mutations arising by recombination. The bandingtion. The average colorless sector frequency among patterns in the other lanes do not match those of P1-ww-1112

both the VV and OVOV group alleles is z3.0%. More (lane 2), and thus these mutations have other types of lesions
in the p1 locus.importantly, comparisons among the alleles with Ac in-
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TABLE 4

Frequencies of germinally transmitted recombination events produced by different alleles

Total no. Total no. No. of P1-ww Ratio of P1-ww
of independent of P1-ww mutants from from

Allele mutant sectorsa mutants recombination recombinationb

P1-rr-11:666 60 5c 0 0
P1-9D47B 54 7c 1 0.14
P1-ovov-Val 73 29 24 0.83
P1-9D36A 71 23 15 0.65
P1-ovov-1114 83 24 16 0.67
P1-ovov-12:1-1 33 9 6 0.67

a For each allele, z100–300 ears were screened for large sectors of kernels with colorless pericarp phenotype.
Values given indicate the number of sectors identified for each allele. Most sectors were from different ears
and hence were derived from independent mutations. In a few cases, well-separated sectors from the same
ear were selected and were considered as most likely arising from independent mutations. Kernels from within
the colorless pericarp sectors were planted, and heritable P1-ww mutant alleles were obtained following the
genetic screen described by Athma and Peterson (1991).

b Ratio of P1-ww from recombination 5 (number of P1-ww mutants derived by homologous recombination)/
(the total number of P1-ww mutants).

c The low numbers of P1-ww mutants recovered from P1-rr-11:666 and P1-9D47B alleles are due to two effects:
First, the efficiency with which mutant alleles can be recovered from a mutant sector is proportional to the
size of the sector (Anderson and Eyster 1928); the mutant sectors from the P1-rr-11:666 and P1-9D47B alleles
were generally smaller than those produced by the other alleles, and hence fewer heritable mutations were
obtained. Second, among the mutations that were obtained from these alleles, most produced a variegated
phenotype associated with transposition of Ac to another site in the p1 gene (Athma et al. 1992).

shows no significant effect of Ac orientation on the fre- In Drosophila, the P element can undergo precise exci-
sion in a homology-dependent process requiring P trans-quency of homologous recombination (Table 4).
posase (Engels et al. 1990). In Caenorhabditis elegans,
the frequency of precise reversion following excision of

DISCUSSION the Tc1 element is much higher when heterozygous with
a wild-type homologous chromosome (Plasterk 1991).The aim of this study is to test the influence of the
Both of these examples indicate that DSBs generatedposition and orientation of Ac elements inserted at the
by transposon excision can be repaired using the homol-maize p1 locus on the induction of homologous recom-
ogous locus as a template. The precise mechanism ofbination in nearby sequences. The results indicate that
Ac/Ds transposition is unknown, but genetic evidenceAc insertions in the 8.2-kbp interval between the 5.2-kbp
indicates that it occurs via a “cut and paste” mechanismdirect repeats can significantly increase recombination
(Greenblatt and Brink 1962; Chen et al. 1992). To-frequencies when compared to insertion within or out-
gether, these studies are consistent with the hypothesisside of the direct repeats. These results were initially
that transposon-induced homologous recombination isobserved in a somatic assay and were even more pro-
initiated by a DNA double-strand break generated bynounced when germinal mutations were examined.
transposon excision.Here, we discuss the implications of these results for

Mechanism of transposon-induced recombination inproposed mechanisms of DSB repair and transposon-
plants: Ac insertion site and recombination frequency:induced recombination in plants.
A substrate with two direct repeats separated by an inter-Homologous recombination initiated by a double-
nal sequence was used to study DSB-induced intrachro-strand break: In yeast, it is well documented that DNA
mosomal recombination in S. cerevisiae. The recombina-DSBs promote mitotic recombination (Orr-Weaver et
tion frequency was .10 times higher when the DSB wasal. 1981; Osman et al. 1996). In plants, the frequency
induced in the internal sequence than at a site outsideof intrachromosomal homologous recombination can
the repeats. In both cases, .90% of the recombinantsbe enhanced by X-ray, gamma-ray, and UV irradiation
were of the deletion type, in which the internal sequence(Tovar and Lichtenstein 1992; Lebel et al. 1993;
was deleted but one direct repeat was retained (PradoPuchta et al. 1995) and by chemical agents that in-
and Aguilera 1995). This recombination product isduce DSBs, such as methylmethanesulfonate and mito-
similar to what we observed at the maize p1 locus. Similarmycin C (Puchta et al. 1995). Moreover, homologous
results were obtained in the yeast Schizosaccharomycesrecombination in plants is enhanced by in vivo induc-
pombe, where 99.8% recombinants were of the deletiontion of DNA double-strand breaks by a site-specific endo-

nuclease (Puchta et al. 1993; Chiurazzi et al. 1996). type when the DSB was generated between the direct
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Figure 4.—Models for transposon-
induced homologous recombination. Red
lines represent the inserted transposon;
green lines, homologous direct repeats;
thick black lines, sequences internal to the
direct repeats; thin black lines, other geno-
mic sequences. (a) Transposase binds to
the terminal and subterminal regions of
transposon causing the association of the
transposon ends and generating a DNA
double-strand break. (b) Exonuclease de-
grades from 59 to 39 at the DSB site and
generates 39 single-strand DNA. The tran-
sient DSB is repaired by one of three path-
ways: single-strand annealing (SSA; c and
d); annealing-dependent synthesis (ADS;
e–g); one-sided invasion (OSI; h–k). (c)
The 59 to 39 degradation reaches the homol-
ogous region and two 39 single-strand ho-
mologous sequences pair with each other.
(d) Heterologous DNA is digested by nuc-
lease and gaps are ligated. (e) Both strands
of DSB are degraded by exonucleases that
process the 59 end faster than the 39 end
to form a 39 overhang. (f and g) Once 39 end
degradation reaches homologous regions,
complementary strands can anneal with
each other to prime DNA synthesis and fill
the remaining gaps. Green dotted lines in-
dicate newly synthesized strands. (i–k) The
39 end invades the homologous repeat copy.
The heterologous DNA at the 39 end is re-
moved by nuclease. ( j) D-loop is nicked at
the red arrow, and DNA synthesis follows
to generate a Holliday structure. (k) Resolu-
tion of the Holliday junction results in dele-
tion of the p1 gene and retention of one
copy of the direct repeat sequence.

repeats, whereas if the DSBs were generated within one are closer to one side of the interval, assuming that
exonucleolytic degradation proceeds in both directionsrepeat, the deletions were reduced to 77% (Osman et

al. 1996). These deletions were proposed to occur via from the DSB at approximately equal rates. However,
the recombination frequency of P1-ovov-Val is not sig-the single-strand annealing (SSA) pathway (Lin et al.

1984). The SSA model proposes that the free 59 ends nificantly different from that of P1-ovov-12:1-1 and P1-
ovov-1114 (Table 2), even though the locations of theproduced by a DSB are degraded by a 59 to 39 exo-

nuclease, exposing regions of homology on both sides Ac insertion alleles are very different: the Ac insertion
site of allele P1-ovov-Val is 979 bp downstream of theof the break. The 39 single strands anneal at comple-

mentary regions, and the protruding nonhomologous end of the 59 direct repeat of the p1 gene, while the Ac
insertion sites of alleles P1-ovov-1114 and P1-ovov-12:ends are removed by a flap endonuclease (Figure 4,

steps c and d). According to this model, the reduction 1-1 are 5.4 kb downstream of the end of the 59 direct
repeat of the p1 gene. Recombination in allele P1-ovov-in deletion frequency observed when a DSB is induced

within the repeat sequences reflects the reduced chance Val via the SSA model would necessitate degradation of
.12 kbp on the downstream side of the DSB to expose athat a free 39 single-stranded DNA end generated by 59

to 39 exonucleolytic digestion will find its complemen- complementary sequence for pairing with the upstream
repeat.tary counterpart, due to the nonsymmetrical position

of the DSB. A variation of the SSA model is termed synthesis-
dependent strand annealing (SDSA) (Formosa andIn the case of the maize p1 locus, the interval between

the two flanking repeats is z8.2 kbp. According to the Alberts 1986). In this model, the free 39 ends resulting
from a DSB invade a homologous duplex and act asSSA model, induction of a DSB at a site that is more

centrally located within this interval would be expected primers for DNA synthesis. The newly synthesized DNA
strands anneal with each other, followed by further DNAto produce a higher frequency of recombination of the

homologous flanking repeats compared to sites that synthesis to fill remaining gaps. On the basis of the SDSA
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model, we propose a model of annealing-dependent repair synthesis appears to be rare compared to the
frequency of simple end-joining following Ac excision,synthesis (ADS). Following formation of a DSB, both

broken ends are degraded by exonucleases that process regardless of whether homologous sequences are pres-
ent in cis or in trans (Dooner and Martinez-Ferezthe 59 end more rapidly than the 39 end, resulting in

39 overhanging strands on both sides of the break (Fig- 1997). Relevant to this study, Dooner and Martinez-
Ferez (1997) observed no cases of conversion of the Acure 4e). Once the 39 end degradation reaches a region

of homology (in the p1 locus within the flanking 5.2-kbp insertion site by the adjacent duplication in the bz(Dp26)-
m1 allele, which is structurally similar to P1-9D47B (i.e.,direct repeats), the complementary strands can anneal

with each other, and the 39 ends prime DNA synthesis a cis duplication with Ac inserted in one repeat copy).
This suggests that gene conversion events that restoreto fill remaining gaps (Figure 4, f and g). This ADS

model can account for the observed generation of the p1 function, if they occur, are probably too infrequent
to account for the low frequency of recombination ob-p1 mutants containing a single copy of the 5.2-kbp direct

repeat sequence. served in the P1-9D47B allele.
How do transposons stimulate recombination? In ad-An alternative pathway for the repair of DSBs has

been termed one-sided invasion (OSI; Belmaaza and dition to the importance of a DSB, transposon-induced
recombination may involve the recruitment of hostChartrand 1994); the OSI mechanism appears to be

a major pathway in plant somatic recombination (Puchta factors by transposase. Our data from transgenic Ara-
bidopsis show that active transposons can greatly in-et al. 1996; Puchta 1998). To explain the formation of

p1 gene deletions, the OSI model proposes that a free crease intrachromosomal homologous recombination
(.1000-fold higher than control; Xiao and Peterson39 end generated by DSB would invade the opposite

duplex. Complementary regions within the homologous 2000). This frequency is 10–100 times higher than that
observed for direct induction of a DSB (Chiurazzi etrepeat sequences would pair, and the nonhomologous

39 end sequences would be removed by a flap endonu- al. 1996). One possible explanation for this high level of
enhancement is that the efficiency of generating DSBsclease. Resolution of the resulting Holliday junction

would result in deletion of the interval region and one is different in these two experiments. Another explana-
tion is that Ac transposase might recruit host factors thatrepeat (Figure 4, h–k). A potential complication in the

case of the p1 locus is that the invading 39 ends may promote homologous recombination. There is some
evidence that host plant factors are involved in transposi-have several kilobase pairs of heterologous sequence

arising from the interval between the direct repeats, tion: First, host proteins that bind subterminal regions
of Ac elements were found in both tobacco and maizeand these heterologous sequences could affect the ho-

mology search and pairing with the downstream repeat (Becker and Kunze 1996; Levy et al. 1996). Second, a
recessive mutation found in Arabidopsis can increasesequences.

The behavior of an allele that contains Ac inserted the frequency of Ac transposition (Jarvis et al. 1997).
Possibly, the Ac transposition process may recruit hostwithin the direct repeat sequences provides a test of the

predictions of the ADS and OSI models. Formation of factors required for a nonhomologous end-joining and/
or homologous recombination. Following transposi-a DSB by excision of Ac from the upstream direct repeat

sequence would generate a free end homologous to the tion, a DSB generated by transposon excision may be
repaired by alternative pathways depending on the se-downstream direct repeat, and this should be the most

efficient substrate for the OSI model, whereas the quences or chromatin structure near the break (Scott
et al. 1996). Further experiments will be required tosame free end would be a less efficient substrate for

the ADS model: Exonucleolytic degradation in both elucidate the relative roles of DSBs, host factors, and
chromatin structure in transposon-induced recombi-directions from the DSB would likely result in deletion

of the remaining z1 kbp portion of the upstream 59 nation.
The observation that Ac induces recombination be-flanking repeat before the degradation of the down-

stream strand had proceeded the 12 kbp required to tween directly duplicated sequences contrasts with a
recent report that Ac does not stimulate homologousexpose the complementary region in the downstream

repeat sequence. The observed low frequency of dele- meiotic recombination in the maize bz1 gene (Dooner
and Martinez-Ferez 1997). To reconcile these ap-tions generated by the P1-9D47B allele is consistent with

the expectations of the ADS model, but not the OSI parently conflicting results, it is important to note that
the transposon-induced recombination events we ob-model.

It should be noted that our ability to detect recombi- served in maize (this report) and Arabidopsis (Xiao
and Peterson 2000) are premeiotic. That is, thesenation events is based on a screen for loss of p1 expres-

sion; hence, we would not have detected gene conver- events occurred during sporophytic development to
generate clonal sectors of genetically distinct cells. Ifsion events that restore p1 function, if they did occur.

Molecular analysis indicates that Ds elements may arise these somatic sectors of mutant cells are included in
the lineage that gives rise to the gametophytes, the pre-via double-strand gap repair following Ac transposition

(Rubin and Levy 1997; Yan et al. 1999); however, such meiotic mutations can be transmitted to the next ge-
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journal paper no. J-18886 of the Iowa Agriculture and Home Econom-neration. In contrast, the events studied by Dooner and
ics Experiment Station, Ames, Iowa, project no. 3297, and supportedMartinez-Ferez (1997) appeared to occur at or near
by the Hatch Act and State of Iowa funds.

meiosis. The lack of effect of Ac excision on meiotic
recombination may be due to temporal or spatial differ-
ences in the occurrence of Ac transposition relative to
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