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ABSTRACT
My dissertation extends the understanding about the impact of Alternative
Transpositions (AT) on maize genome in three aspects: 1) Novel chromosomal
rearrangements and structures; 2) new genes; 3) novel regulation on Ac/Ds.
First, my dissertation described several AT alleles that derived from three types
of termini configurations including Reversed Ends Transposition (RET) with termini
in reversed orientation, Sister Chromatid Transposition (SCT) from direct oriented
ends on sister chromatids, and Macrotransposon (MTn) engaging the external 5’ and
3’ termini from nearby Ac/Ds. In Chapter 2 we isolated 10 excision and reinsertion
events from MTn, revealing the features of MTn transposition in maize; In Chapter 3,
we identified one translocation allele, and 11 duplication alleles derived from RET at
p1 locus, showing duplication-induced exon shuffling and novel gene creation; In
Chapter 4, we characterized two alleles that carry both inverted duplications (ID) and
composite insertions (CI) from SCT-induced DNA re-replication. All the alleles
described above further support the activity of AT and the impact on maize genome.
Second, we demonstrated how the AT-induced segmental duplications shuffle
exons and generate new genes in the maize genome. From the 11 RET-induced
duplication alleles, we isolated the chimeric transcript carrying p1 exon 1 - 2 and p2
exon 3, explaining the new phenotype observed. Moreover, we identified one possible
fusion gene in maize B73 genome, suggesting that the RET induced duplication
actually made new genes during evolution.
Third, we described the AT-induced RNAi regulation on Ac/Ds activity. We
isolated two SCT-induced DNA re-replication alleles carry both ID and CI. The CI is

vi
composed of fAc fragments in inverted orientation. The transcription of CI produces
dsRNA serving as the precursor of siRNA. We detected dsRNA and siRNA,
demonstrating the RNAi pathway and explaining the in-trans and stable repression
associated with the structural changes. The study is the first evidence of the RNAi on
Ac/Ds regulation. Also, the study implies an AT-induced self-repression mechanism
on Ac/Ds.

1
CHAPTER I. INTRODUCTION

List of Abbreviations
TE: Transposable Elements
AT: Alternative Transposition
RET: Reversed-End Transposition
SCT: Sister-Chromatid Transposition
MTn: Macrotransposon
ITS: Inter-Transposon Segment
CI: Composite Insertion
ID: Inverted Duplication

Transposons and Maize genome
Transposable Elements (TE) comprise approximately 85% of the maize genome
[1, 2]. Both Class I retrotransposons and Class II DNA transposons participated in the
construction of maize genome. Class I retrotransposons greatly expanded the intergenic
regions of the maize genome. Class II DNA transposons generally do not amplify to such
high copy numbers as the Class I retroelements, but they can induce structural changes in
various ways such as alternative transposition induced duplications [3, 4], translocation,
inversions [5], and deletions [6, 7]. Detailed examples are described in the introduction
section of Chapter III.
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p1 p2 terminology
In my dissertation, we use a pair of paralogous genes p1 and p2 as markers to
phenotypically track the structural changes at the maize p1 and p2 loci. Each gene
encodes an R2R3 Myb-like transcription factors that regulates the biosynthesis of red
phlobaphene pigments [8-10]. The p1 and p2 genes share a >98% identity in the ORF
sequences, but exhibit distinct expression patterns due to different promoter regions [11].
P1 is expressed in pericarp, cob, tassel glumes, and silk, and p2 is expressed in anther and
silk [9]. Alleles of p1 are commonly identified by a suffix that indicates their expression
in pericarp and cob: P1-rr specifies red pigmentation in both pericarp and cob, p1-ww
shows no pigmentation in either pericarp or cob, p1-vv and p1-ovov exhibit variegated
pigmentation or orange variegated, respectively, in both pericarp and cob [8, 12]. The
progenitor alleles I described in the dissertation include p1-rr::MTn [13], p1-ovov454
(GenBank accession # KM013692), and p1-vv9d9a. As shown in Figure 1, all alleles
contain fAc located in the p1 intron 2, but different insertions of Ac. In p1-rr::MTn, Ac is
located downstream of p1 in direct orientation; p1-ovov454 contains Ac in upstream of
fAc in p1 intron 2 in reversed orientation; and p1-vv9d9a carries Ac downstream of fAc in
p1 intron 2 in direct orientation. Since Ac is located downstream of p1, p1 gene is
expressed normally in MTn, explaining the red pigmentation in both pericarp and cob of
p1-rr. The reversely inserted Ac in p1 intron 2 of p1-ovov454 allele can be spliced out
after transcription, producing orange pigmentation. In addition, the transposition of Ac
recovers the expression of p1, giving an orange variegated phenotype and termed as p1ovov. The p1-vv9d9a allele has one Ac inserted in p1 intron 2 in direct orientation,
placing a premature transcriptional terminator from Ac in p1 intron 2 and making a
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disrupted p1 transcript. The expression of p1 only takes place when Ac is transposed from
intron 2, making variegated red stripes as p1-vv.

Ac/Ds
Ac (Activator) and Ds (Dissociation), reported by Barbara McClintock in 1940s
[14-17], were the first discovered transposable elements. As a member of Class II
transposable element in hAT superfamily, Ac/Ds are characterized with the 11-bp
imperfect Terminal Inverted Repeats (TIR) and utilize ‘cut and paste’ mechanism during
transposition. The autonomous Ac element is 4565 bp in length, encodes a transposase
(TPase) gene, and contains TPase binding sites located in TIR and sub-terminal regions
[18-21]. Non-autonomous Ds and fractured Ac (fAc) elements are mainly derived from
deletions of Ac; they are lacking TPase coding capability [3, 20-24], however, they retain
one or both functional transposon termini, respectively, and participate in alternative
transposition reactions.
Standard transposition involves termini from the same transposable element.
Ac/Ds transposition occurs mainly during or shortly after the DNA replication in S phase
of cell cycle [25-27]. Standard transposition of a single Ac element from the replicated
donor to an unreplicated target would increase Ac copy number in the genome. The
transposition of Ac/Ds may produce a footprint at the donor site during excision, which is
characterized by small nucleotide changes flanking the Ac/Ds donor site, e.g. a few
basepairs deletion, transition or transversion [28]. During insertion, 8-bp target site
duplications (TSD) are created that flank Ac/Ds element at insertion target site [18].
Ac/Ds are also featured with local transposition of 6-bp to 15-kb from its donor site [12,
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31, 32] and high tendency of transposition to a genetically linked site [29, 30]. In
addition, Ac/Ds display strong preference to insertions in gene rich region and
exon/intron sequences [33], which makes Ac/Ds an effective regional mutagenesis tool
tagging in maize genetics [33-35].

Ac/Ds Alternative transposition and genome rearrangement
Alternative Transpositions (AT), which recruit compatible termini from separated
transposons, are also intensively studied for Ac/Ds. Three types of Ac/Ds termini
configurations were reported inducing AT, including: 1) Reversed ends transposition
(RET) with the participating Ac termini circled in p1-ovov454 in Figure 1; 2) Sister
Chromatid Transposition (SCT) from direct oriented ends on sister chromatids illustrated
in p1-vv9d9a allele in Figure 1; and 3) Transposition of Macrotransposon (MTn)
engaging the external 5’ and 3’ termini from nearby Ac/Ds as shown as p1-rr::MTn allele
in Figure 1. Here I described each type as below:
1) The RET produces deletions, inversions, translocations, and duplications [4, 5,
7, 36, 37]. A recent study identified a series of de novo tandem duplications ranging in
size from 5.2 kb-5.3 Mb induced by RET [4]. The paper also documented three tandem
duplications induced by RET of dhAT-Zm in B73 genome, demonstrating that RET
actually happened during maize genome evolution. In addition, DNA re-replication was
reported in RET. Since Ac/Ds transposition occurs mainly during or shortly after the
DNA replication in S phase of cell cycle [25-27], the transposition from replicated region
to unreplicated region is expected to generate a Composite Insertion (CI) carrying the rereplicated sequences. Zhang and et al characterized a series of alleles with direct
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duplications and CIs produced by Reversed End Transposition (RET). The two
participating Ac elements, along with part of their flanking sequences are re-replicated
and fused in direct orientation. The fused re-replicated segments are inserted in the
transposition target, flanked by 8-bp TSD, and represent a net increase of genetic material
in the genome.
2) The SCT from non-linear alternative transposon is composed of 5’ and 3’
termini from Ac elements on separated sister chromatids. Examples of AT in past studies
involved the doubleDs and SesquiDs which contain two Ds elements inserted in one
another in reversed orientation. The transposition of two ends from sister chromatids
induces chromosome breakage [38-40]. The transposition of SCT was also demonstrated
at maize p1 locus [3]. In addition to chromosome breakages, the reciprocal deletion and
inverted duplication (ID) were recovered. The ID allele p1-ww inverted duplication 1
(id1) contains a 3.3 Mb duplication and the excision footprint at the donor site, while the
deletion allele p1-wwdef1 carries a 3.3 Mb deletion. The reciprocal TSD was detected at
duplication and deletion junction, confirming their origin by an Ac-induced AT.
3) Transposition of MTn mobilizes intertransposon segment (ITS) of variable
sizes [37]. The excision and reinsertion events of a MTn carrying 6.5-kb ITS was
demonstrated at bz and stc1 loci in maize [37]. In contrast to RET or SCT, both of which
induce chromosomal breakages [13, 38, 40], MTn cannot induce large chromosomal
rearrangements or chromosomal breakage [13]. The activities and features of MTn
transposition are not well studied. In Chapter 2, we will describe 10 events of MTn
excision and reinsertion, and their preferential insertion sites. We will also describe an
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MTn in B73 genome, and the correlation between transposition frequency and the size of
MTn.

Ac/Ds Alternative transposition and gene creation
Gene function can be affected by the structural changes induced by AT. Due to
the preferential insertions near gene regulatory and coding sequences, the transposition of
Class II transposons gains potential to generate ectopic gene expression or novel genes
[41]. In rice, Pack-MULE [42] and helitrons in maize [43] were reported to generate
chimeric transcripts by producing dispersed duplications that engage genic sequences
from different genes. Novel gene formation produced by AT was first reported by Zhang
[7], and is the only published evidence demonstrating how AT produces chimeric genes
so far. The paper described a series of deletion alleles induced by RET. Exons 1 and 2
from p2 are fused to p1 exon 3 at the deletion junction. The downstream enhancer from
p1 activates the p2 promoter and drives the expression of fusion genes. Both chimeric
transcript and phenotypes are detected and observed. Since a pool of novel structures are
produced by Ac induced AT, one would expect to observe more cases/evidences of new
genes or newly regulated genes in maize genome. In Chapter III we will describe a series
of duplication alleles isolated from RET, and the exon shuffling associated with ATinduced duplication, which can be considered as a novel mechanism to generate new
genes.
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Ac/Ds Alternative transposition and Ac/Ds regulation
Ac/Ds transposition is highly regulated. Multiple mechanisms are recruited to
build a complex relationship among Ac dosage, transcript abundance, transposase level
and the transposition frequency. The involved mechanisms include: 1) the methylation of
Ac 5’UTR. Ac has a GC-rich subterminal region that is targeted by cytosine methylation
apparatus to result in regulation at the transcriptional level [35, 44, 45]; 2) the inefficient
and inaccurate splicing of the premature Ac mRNA, producing a large number of aberrant
Ac transcripts in the transgenic progenitor line of Arabidopsis and representing the posttranscriptional regulation [46]; and 3) the aggregation of Ac transposase protein in the Ac
overexpressed lines in tobacco [47] and petunia [48], explaining the Ac negative dosage
effect first observed by McClintock [15, 17, 49], representing a type of post-translational
regulation.
How AT may affect the regulation of Ac is yet unknown. However, we observed a
novel repression pattern that is associated with AT-induced structural change that cannot
be explained by any known Ac regulation mechanism. Repressed Ac activity was
observed in SCT allele inverted duplication 1 (p1-ww-id1) [3]. The purple spots from Ds
somatic excision are much more delayed than RET alleles carrying the same or even
more copies of Ac (Figure 1 in Chapter IV), suggesting a novel, different or additional
repression mechanism in Ac regulation. Testcrosses with p1-ww-id1 indicate that
repression acts in trans and is stable for more than one generation, and thus resembles the
Mukiller allele, a naturally occurred inverted duplication of MUDRA segments. Mukiller
initiates the biogenesis of dsRNA and siRNA, and heritably suppresses Mutator
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transposable elements in maize, as the first evidence showing silenced DNA TE by
siRNA [50, 51].
The p1-ww-id1 allele is derived from SCT and contains inverted duplications and
CI containing inverted Ac fragments resulting from insertions into unreplicated target. In
Chapter IV, we hypothesize that the inverted Ac fragments generated by SCT-induced
DNA re-replication produce dsRNA during transcription, which initiates genome-wide
repression of Ac/Ds by siRNA. We will describe the studies on structures of ID and CI,
and the transcription of dsRNA. This study provides the first evidence for the RNAi
pathway in Ac/Ds regulation, and implies a self-repression mechanism from Ac-induced
AT.
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Figure 1. Schematic structures of p1 loci with different configurations of Ac/Ds termini.
Black line and circle represent maize chromosome 1 sequences and centromere,
respectively. The maize p1 gene contains 3 exons shown as black boxes. Red lines with
red/white arrowheads indicate Ac/fAc elements; open and filled red arrowheads indicate
3’ and 5’ Ac termini, respectively.
RET: Reversed End Transposon; and SCT: Sister-Chromatids Transposon; MTn:
Macrotransposon. The compatible termini in alternative transpositions are circled.
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CHAPTER II. EXCISION AND REINSERTION OF AC MACROTRANSPOSONS
IN MAIZE
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Abstract
Three macrotransposons (MTn) at the maize p1 locus were identified by Yu [1].
Each MTn is composed of a segment of maize p1 genomic DNA (up to 15 kb) bounded
by a fractured Ac element (fAc, 2039 bp), and a full-length Ac element in direct
orientation. The resulting MTns are of 16, 16.5 and 22 kb total length. Candidate MTn
transposition events were initially identified by loss of p1 function, and further screened
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by diagnostic PCR. We recovered 10 cases of MTn excision with reinsertion into linked
sites. The observed MTn transposition frequency is not solely dependent on the MTn size.
We also identified MTn-like structure flanked by target site duplications in the maize B73
reference genome, demonstrating the historical occurrence of MTn transposition events.
Our results show that Ac MTns are capable of mobilizing a typical full-length plant gene
and thus may have contributed to the erosion of gene co-linearity in syntenic regions
during plant genome evolution.

Introduction
Ac (Activator) and Ds (Dissociation), were the first transposable elements
discovered and described by Barbara McClintock in the 1940s [2-5]. As Class II
transposons in the hAT superfamily, Ac/Ds elements utilize ‘cut and paste’ mechanism of
transposition. The autonomous Ac element is 4565 bp in length, contains 11-bp imperfect
Terminal Inverted Repeats (TIRs), and encodes a single transposase (TPase) gene.
Binding sites for the Ac TPase are located in the TIR and sub-terminal regions [6-9].
Non-autonomous Ds and fractured Ac (fAc) elements may be derived from deletions of
Ac, and they lack TPase coding capability [8-13]; however, they retain one or both
functional transposon termini, and may transpose in the presence of TPase.
Ac/Ds created 8-bp target site duplications (TSD) that flank the inserted Ac/Ds
element [6] upon inseriton. The excision alters the TSD sequence by producing a
footprint, often characterized by local nucleotide changes i.e. one to several basepairs
deletion, transition or transversion [14]. Ac/Ds transposition has a high tendency for
insertion into genetically linked sites [15, 16]; local intragenic transpositions involving
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movements ranging from 6-bp to 15-kb have been reported [17-19]. In addition, Ac/Ds
elements display strong preferential insertion into gene rich regions and exon/intron
sequences [18, 20]. These features make the Ac/Ds system an effective regional
mutagenesis tool for tagging genes in maize and other plants [20-22].
Standard transposition involves the termini of the same transposable element,
while Alternative Transpositions (AT) recruit compatible termini from separated
transposons. A variety of configurations of Ac/Ds termini, such as reverse- and directlyoriented ends, were reported to undergo AT. While standard transposition results in a net
movement of the transposon, AT can generate larger-scale changes in genome structure.
For example, Reversed Ends Transposition (RET) produces deletions, inversions,
translocations, and duplications [23-27]. A recent study identified three tandem
duplications induced by RET of dhAT-Zm in B73 genome [26], demonstrating the
occurrence of RET during maize genome evolution. A second type of AT, termed Sister
Chromatid Transposition (SCT), involves the directly-oriented transposon termini located
on sister chromatids; SCT can induce the formation of deletions and duplications of
varying sizes [13]. An additional configuration forms a Macrotransposon (MTn), which
is delineated by the external 5’ and 3’ termini of nearby Ac/Ds elements, pointing
outward and incorporating variable sizes of intertransposon segment (ITS). [25] The first
evidence of MTn excision and reinsertion was reported on MTn carrying 6.5-kb ITS at the
maize bz1 and stc1 loci. In contrast to RET or SCT, MTn cannot induce large
chromosomal rearrangements or chromosomal breakage [1], but only mobilizes the
included ITS from one position to another.
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In this paper, we studied the transposition activity of three different MTn. We
recovered 10 MTn excision and reinsertion events, and compared features of
macrotransposition to that of standard Ac/Ds transposition. We show that the MTn is
capable of mobilizing a typical full-length plant gene, and may have contributed to the
erosion of gene co-linearity in syntenic regions during genome evolution. Moreover, we
identified a case of a likely MTn in the endogenous maize B73 genome. These results
help to more fully elucidate the various roles of transposable elements in shaping genome
evolution.

Result
Excision and Reinsertion events are identified in p1-ww::MTn alleles.
In this study we used kernel pericarp pigmentation as a phenotypic marker to
detect structural changes at the maize p1 locus. The p1 gene encodes an R2R3 Myb
transcription factor in the phlobaphene biosynthesis pathway [28-30]. The p1 gene is
expressed in pericarp, cob, tassel glumes, and silk [29]; because pericarp and cob
expression are most easily scored, expression in these organs is used to specify the
different allele-specific expression patterns of the p1 gene: P1-rr specifies red
pigmentation in both pericarp and cob, while p1-ww shows no pigmentation in either
pericarp or cob [17, 28].
In a previous study of configurations of Ac which induce chromosome breakage,
Yu et al. [1] identified three MTn alleles at the maize p1 locus. As shown in Figure 1, p1
is composed of 3 exons; each of the MTn alleles begins at an fAc insertion in intron 2, and
extends to the 5’ terminus of a full sized Ac element located downstream of p1. The three

17
MTn alleles differ in size depending on the location of Ac. As shown in Figure 1B, p1rrUR908 is 16 kb in total length and includes a 9.4 kb ITS. The Ac in p1-rrUR458 is 500
bp downstream from Ac in p1-rrUR908, resulting in a 16.5 kb MTn with a 9.9 kb ITS.
Finally, p1-rrUR460 contains an Ac inserted farther downstream, resulting in the largest
MTn of 21 kb including a 14.4 kb ITS.
All three MTn alleles retain a functional p1 gene and thus exhibit red
pigmentation of both pericarp and cob. However, p1 exon 3 is included in the ITS (Figure
1A), and excision of each MTn will produce new alleles of p1-ww genotype. To identify
cases in which the MTn had excised and reinserted into a new site, we crossed p1-rrMTn
plants with Ac tester line p1-ww r1-m3::Ds. If active Ac is present in p1-rr::MTn or p1ww::MTn, then purple sectors on the aleurone can be observed due to reversion of the r1
gene expression by somatic excision of Ds from r1 locus [31]. The resulting ears were
visually screened to identify candidate MTn transposition events from multikernel sectors
with colorless pericarp and purple-spotted aleurone.
Molecular analysis was performed on candidates of MTn transposition obtained
from the visual screen. We first used primers 1 and 2 (Figure 2A) to detect excision
footprints produced by MTn transposition. Candidates carrying an excised MTn show a
band from the MTn donor site (Figure 2B-C). No bands are produced from the progenitor
allele because the inserted MTn is too large to amplify. The MTn excision was further
confirmed by the absence of Ac junction with primers 2 and 5. Reinsertion of the MTn
was tested using primers 3 and 4 and 6 and 7, which are internal to the MTn; a transposed
MTn should produce the same sized bands as from the progenitor allele p1-rr::MTn.
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Using these four diagnostic PCR tests, we identified p1-ww::MTn alleles containing
transposed MTn.
Southern blotting was performed to confirm the structure of the p1-wwMTn
alleles. Genomic DNAs, including the grandparent allele p1-vv9d9a; the progenitor p1rr::MTn alleles including p1-rrUR458, 460 and 908; and the p1-ww::MTn alleles
including p1-ww472-1, p1-ww606-6, p1-ww459-6 and p1-ww459-2; were digested with
Kpn1 and hybridized with probe 15 (Figure 3A). The 6.3-kb bands from upstream
sequences of p1 are common to all p1-rr::MTn and p1-ww::MTn alleles, indicating that
p1 upstream sequences are not involved during MTn transposition. Fragments from the
original fAc junction of MTn (the 10.6-kb band) were observed in p1-rr::MTn alleles. The
10.6-kb fragment is replaced by new bands with various sizes in p1-ww::MTn alleles,
confirming the excision and reinsertion event during MTn transposition for alleles p1ww472-1, p1-ww606-6, p1-ww459-6 and p1-ww459-2. For p1-ww465-7, the absence of
an excision footprint as well as p1 exon 1 and exon 2 sequences (Figure 2D) may be
explained by a large deletion at p1 during excision, or segregation of the p1 locus from
the new MTn insertion site.

Macrotransposons preferentially insert into nearby gene-rich regions.
We mapped reinserted positions for the confirmed excision and insertion events
from p1-ww::MTn alleles. We utilized inverse PCR or Ac casting [32, 33] to identify the
new flanking sequences of reinserted MTns (see Methods). Putative MTn insertion sites
were confirmed by PCR using one primer on MTn and a second primer designed from the
newly obtained flanking sequences. The new junctions between MTn and flanking
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sequences at the reinsertion sites were confirmed for all p1-ww::MTn alleles (Figure 4).
Six p1-ww::MTn alleles were derived from p1-rrUR458; and four from p1-rrUR460. The
reinsertion loci were mapped to the maize B73 reference genome as shown in Figure 5;
all insertions are on the short arm of chromosome 1. The distance of the reinsertion sites
from the p1 locus ranges from 25-kb to 10.4-Mb of physical distance, including eight
distal sites and two proximal sites. Seven out of ten recovered MTn are reinserted in the
genetic-linked region.
In addition, we analyzed the positions of reinsertions relative to the gene space on
the annotated B73 genome. Nine out of ten MTn insertions are located in or near genes,
and six of these are located within exon sequences. For example, the insertion of p1ww441-7 is located in the exon sequences of gene model GRMZM2G017044, which is 3kb distal to AC202090.4_FG006; this site is also 3-kb, 6-kb, 9-kb and 11-kb proximal to
GRMZM2G321896, GRMZM2G016734, GRMZM2G321870, and GRMZM5G841969,
respectively. Similarly, the MTn insertion of p1-ww459-6 is located in the exon
sequences of gene model GRMZM2G057027; five other gene models are located within
the flanking ±11 kb region. The MTn of allele p1-ww443-3 is not directly inserted into a
gene, but into an intragenic region of a gene-rich region. The insertion site is 380-bp
distal to GRMZM5G819965; GRMZM2G393404, GRMZM2G093760 and
GRMZM2G538268 are 2-kb, 5-kb and 7-kb proximal to the insertion site, while
GRMZM2G162356, GRMZM5G860612 and AC210835.3_FG001 are located 5-kb, 7-kb
and 9-kb to the distal side. These results are summarized in Table 1. In general, the MTn
insertions show preference for insertion into nearby, gene-rich regions and thus are
similar to Ac/Ds standard transposition [20]. This conclusion is tempered somewhat by
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the possible differences between B73 and the mixed genetic background of the MTn
lines; however we did not observe any indication of differing insertion site preferences
between standard transposition and MTn insertion.

The frequency of MTn transposition does not solely depend on the size of MTn
Previous studies showed that the frequencies of chromosome breakage and
rearrangements induced by Alternative Transposition inversely related to the distances
between the participating transposon termini [1, 25]. For this reason we hypothesized that
macrotransposition frequency would be inversely proportional to the size of MTn. To test
the hypothesis, we assessed the somatic MTn transposition frequency by PCR. We
compared alleles p1-rrUR908 and p1-rrUR458, which differ by 500 bp, because we
could use the same PCR primers for both alleles (Figure 6A). Both alleles were made
heterozygous with inbred line Oh43, which does not produce a PCR product using these
primers. Primers 1and 2; primers 7and 2 detect excision of the MTn and standard Ac,
respectively. Bands from standard transpositions are detected from both p1-rrUR908 and
p1-rrUR458 alleles, reflecting the somatic Ac transposition of active Ac. However, bands
from MTn excision are only observed in plants carrying p1-rrUR458; there are no MTn
excision bands detected in any of the sibling plants with p1-rrUR908 genotype. The
result is consistent with the zero recovery of MTn transpositions from p1-rrUR908 in the
screening, indicating that MTn in p1-rrUR908 is inactive or severely repressed. We
concluded that the size is not the only factor that determines MTn transposition
frequency.

21
Macrotransposon in B73 genome
In order to determine whether MTn transposition has occurred during maize
genome evolution, we searched B73 reference genome sequences for possible Ac/Ds MTn
structures. One such case from chromosome 5 is shown in Figure 7A. The potential MTn
identified here consists of a Ds (4556bp) and a 637-bp fAc (with 5’ terminus) adjacent to
each other in direct orientation. The Ds and 637-bp fAc in MTn both share 99% sequence
identity with active Ac sequence. The MTn is flanked by 8-bp TSD sequences
(CCTACGAC). We cloned by PCR the internal junction between Ac and fAc, as well as
the MTn 3’ and 5’ junctions with flanking sequences, and thereby confirmed the
sequences of the potential MTn in B73. We also studied the somatic transposition activity
of the B73 MTn by crossing it with active Ac from p1-vv9D9A [17] or p1-wwDef1 [13].
Excision of the B73 MTn in somatic cells was tested by PCR using flanking primers;
however, no excision bands were detected in progeny of either cross, indicating that the
B73 MTn is in some way prevented from transposition, even in the presence of an active
Ac in trans.
We proposed a model for the formation of MTn in B73 genome (Figure 7). First,
because the MTn contains no ITS, it is likely that it originated from the insertion of one
Ac into another Ac/Ds in the pre-progenitor genome (Figure 7B). The two elements are in
the same orientation, thus producing an internal MTn with a 3’ terminus from the Ac, and
a 5’ terminus from Ac/Ds. In the progenitor genome of B73, this MTn was transposed to
its current location on chromosome 5, where it inserted into the sequence CCTACGAC.
The MTn insertion generated an 8-bp TSD of CCTACGAC flanking the MTn, thus
confirming that the insertion was a result of MTn transposition. The transposition would
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also leave an excision footprint sequence at the MTn donor site, but that was separated
from the insertion site and could not be traced. Subsequent to MTn transposition to its
current location in B73, the MTn gradually lost transposition activity due to silencing
mechanism(s) such as methylation.

Discussion
MTn transposition shares similar features with Ac standard transposition
Alternative transpositions (AT) induced by RET or SCT have demonstrated
abilities to generate major genome rearrangements in maize, including deletions,
duplications, inversions, and translocations [23-27]. The transposition of MTn is another
kind of AT that does not induce genome rearrangement but only moves the sequences
from one position to another [1]. In this study we characterized 10 MTn excision and
reinsertion events and show that MTn transposes in a similar fashion as observed in Ac
standard transposition. By using the p1 gene as a visual marker, we screened pigmented
maize stocks containing p1-rr::MTn alleles for loss-of-function alleles (p1-ww::MTn)
carrying transposed MTns. The p1-rr::MTn alleles carry fAc inserted in p1 and Ac
inserted downstream of p1; transpositions of MTn separate the p1 exon 3 from the p1
promoter and exons 1 and 2. To diagnose the transposition, we used four PCR
experiments to detect the presence or absence of external and internal junctions, and
thereby identified 10 MTn transposition events. By using inverse PCR or Ac casting, we
further cloned the reinsertion site for each event. Reinsertions of MTn were plotted on the
maize B73 genome assembly, and are locally distributed at various sites on the short arm
of chromosome 1.
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A typical MTn transposition is illustrated in Figure S2: During MTn
transposition, an excision footprint is formed at the donor site, and TSDs are formed at
the insertion site. Ac TPase catalyzes MTn excision and insertion, by which we predicted
that MTn would share similar features from Ac standard transposition. For example, Ac
standard transposition produces small nucleotide changes flanking the Ac/Ds donor site
during Ac excision [14]. We sequenced the PCR band obtained following MTn excision
(produced by primers 1and2 in Figure 2B) and observed typical footprint sequences such
as minor changes on nucleotides flanking the MTn donor site (Figure S1). The p1ww465-7 is the only allele that shows no band from footprint PCR experiment. The p1
sequences outside of MTn are also absent (Figure 2C); these observations may be
explained by a large deletion at p1, or the segregation of the MTn reinsertion site from p1.
Upon insertion, Ac/Ds elements generate 8-bp target site duplications (TSD) flanking the
transposed element [6]. By comparing the flanking sequences at 3’ and 5’ of MTn, we
observed 8-bp TSD in 6 of 8 cases. We obtained one case with 6-bp TSD, and one case
with 3-bp TSD. To determine whether MTns elicit a higher frequency of aberrant TSDs
than standard Ac/Ds transposition, we compared our result with a study of Ds
transpositions from a1 locus in maize [20]. Among 117 recovered Ds insertions, 103
carry perfect 8-bp TSDs and 14 show aberrant TSDs. Both Fisher-Exact and Barnard’s
Test give p>0.05, suggesting similar TSD patterns between MTn and Ds.
Another feature of Ac/Ds transposition is preferential insertion to local, gene rich
regions [17-20]. We observed a similar pattern in MTn reinsertions, which are clustered
at genetic-linked region from the MTn donor site in the p1 locus. Based on the annotated
B73 genome sequences, six of ten reinsertions are located in the exons of a gene model.
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For example, we detected insertions in exon sequences of gene models
GRMZM2G427438, GRMZM2G057027, GRMZM2G096231, GRMZM2G017044, and
GRMZM2G113002, for transpositions that accompanied p1-ww458-4A, p1-ww459-6, p1ww606-6, p1-ww441-7 and p1-ww442-6, respectively. Two cases are inserted not into a
gene but into the intergenic regions of gene clusters: 6 gene models are located within
±11kb of MTn of p1-ww472-1, and the MTn in allele p1-ww443-3 is surrounded by 7
nearby gene models. The only exception is p1-ww459-2, which is inserted neither into a
gene nor a gene rich region.

MTn transposition frequency is not solely dependent on size.
An interesting observation is that the smallest MTn allele p1-rrUR908 (16-kb)
shows no detectable somatic MTn excision, even though its component Ac shows an
apparently normal frequency of somatic transposition position. We checked the fAc and
Ac termini in the p1-rrUR908 MTn but found no sequence changes (data not shown). The
GC content of 500 bp sequences between Ac locations in p1-rrUR908 and p1-rrUR458 is
72%, qualifying it as a high GC region compared to 46.5% as the overall GC content in
maize genes [34]. However by comparing with other 500 bp sequences flanking the Ac
elements in p1-rrUR908, p1-rrUR458 and p1-rrUR460, there is no obvious correlation
between GC content and transposition frequency. Currently we are unable to explain this
phenomenon, but we can conclude that MTn activity is not strictly determined by its size.
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Occurrence of MTn transposition events during maize genome evolution.
Using bioinformatics searches we identified a MTn-like structure flanked by 8-bp
TSDs in the maize B73 genome. However the B73 MTn carries no ITS, and so is highly
likely to be derived from a progenitor locus containing one Ac inserted into another Ac or
Ds in direct orientation. In contrast, the chromosome-breaking Ds characterized by
McClintock [3] consists of one Ds element inserted into a second Ds in inverted
orientation. Similar structures have been characterized including Sesqui-Ac [37] and halfdouble Ds [38], both of which show chromosome breaking activity similar to that of
double Ds. The directly-orientated Ac/Ds termini in the MTns described in this study
cannot induce chromosomal breakage [36], and thus are likely to be more stable over
evolutionary time.
The identification of the B73 MTn demonstrates that MTn transposition actually
occurred during maize genome evolution. However, this MTn appears to be currently
incapable of transposition, even in the presence of active Ac elements introduced in trans.
The B73 MTn contains a 4556 bp Ds and a 637 bp fAc, both of which share 99% identity
to the corresponding regions in canonical Ac. This suggests that the silencing is not
likely due to sequence polymorphisms, but rather from DNA modifications. For
example, DNA methylation is correlated with silencing of Ac elements at wx-m7 and p1
loci [22, 39, 40].

The MTn can serve as a potential genome-engineering tool
Some features of MTn transposition may be applied for purposes of genome
engineering. First, the MTn shows a high capacity to carry plant genes: excision and
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insertion of events were characterized for MTns containing ITSs of 6.5-kb [25], 9.9 and
14.4-kb (this study), all of which can be loaded with one or more plant genes. In addition,
the tendency of MTn to undergo local transposition into gene-rich regions may be useful
for locus interaction studies or enhancer modification studies. Finally, it would be
possible to replace the active Ac with a ‘stabilized Ac’ [41], in order to eliminate Ac
somatic transposition but retain the MTn transposition events.

Materials and Methods
Maize stocks and screen
P1-rr::MTn was crossed with Ac tester lines p-ww4Co63; rm-3::Ds [31]. In the
ears harvested, colorless sectors with 1:1 ratio spotted to non-spotted kernels were
screened and saved for analysis. P1-ww::MTn alleles were further propagated by crossing
with p1-ww or p1-wr; r1-m3::Ds to monitor the presence of Ac activity as a marker of the
MTn..

Molecular Biological Methods
Leaf tissue from young plant was collected and ground in liquid nitrogen. Total
DNA was prepared by using a modified CTAB (cetyltrimethylammonium bromide)
extraction protocol [42]. HotMaster Taq polymerase from Eppendorf (Hamburg,
Germany) was used in PCR experiments. PCR samples were heated at 94oC for 2 min,
followed by 35 cycles of 94oC for 20 seconds, 60 oC for 30 seconds, and 65 oC for 2
minutes. Another cycle at 65 oC is extended for 8 min. Primers used are listed
summarized in Table S1.
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For inverse PCR, we first digested genomic DNA with HpyCHIV4, the selfligated with T4 ligase (New England Biolabs®). First-round PCR with primers 6 and
p1_22643f was performed on the self-ligated DNA samples, and second-round PCR with
primers Ac4508fandp1_22927f on the product from first PCR.
The PCR products were purified by Gel/PCR DNA fragment extraction kit (IBI
Scientific, Peosta, IA). Sequencing was done by the DNA Synthesis and Sequencing
Facility, Iowa State University.
Southern blot was performed according to published protocols [43]; the washing
stringency used is 0.5% SDS, 0.5×SSC at 60 oC. Hybridization probe 15 from the p1 gene
has been described [44].
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Table 1. Summary of p1-ww::MTn alleles

ND*, not determined
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Table S1. Oligonucleotide primer sequences used in PCR experiments.
Primer
1

2

3
4
5
6

7

8

Sequences
GCTATCAAACAGGACAC
GGGAGAGAAT
GCTGAATCTGCTTGCCC
TGC (for p1-rrUR458 and
908)
GCAGCATCCCCGTTACG
C (for p1-rrUR460)
TGCCATCTTCCACTCCT
CGGCTTTAG
CCCACATGGTGTTGCGA
GAG
CCCGTTTCCGTTCCGTT
TTCGT
GATTACCGTATTTATCCC
GTTCGTTTTC
TTACCTATTGCGGGGGG
AGC (for p1-rrUR458 and
908)
CGCCCTCGAATCGAAAG
CAT (for p1-rrUR460)
ACGCGCGACCAGCTGCT
AACCGTG

Primer

Sequences

9

GAATTCCGCCCGAAGGT
AGTTGATCC

10

GCTCTACCGTTTCCGTT
TCCGTTTACCG

11
Bf

CACCACACGAGTAACAG
CATCACACATTCAC
GTACCCAAGCGAGGAG
GGGAGC

Br

CTACTTTGCCCCCCCT
CTGGATC

P1_22643f

AGGTCCAACACTCGCTC
TTCAT

P1_22927f

CCTCCCTAATGATTTCC
CC

Ac4508f

ATGAAAATGAAAACGGT
AGAGG

33

Figure 1. Macrotransposon (MTn) alleles
A. Schematic structure of p1-rrMTn alleles at p1 locus. Black line and circle represent
maize chromosome 1 sequences and centromere, respectively. Black boxes are exons of
maize p1 gene. Red lines with red/white arrowheads indicate Ac/fAc elements; open and
filled red arrowheads indicate 3’ and 5’ Ac termini, respectively. The p1 gene containing
3 exons is intact in p1-rr::MTn. fAc elements are located in p1 intron 2. Ac is located
downstream of p1 gene. Numbers labeled on Ac indicate p1-rr::MTn lines with Ac
inserted at different locations.
B. Phenotype of p1-rr::MTn/p1-ww r1-m3::Ds kernels. Red pigmentation in both
pericarp and cob is from the intact p1 gene. Multikernel sectors with colorless pericarp
and purple spots on aleurone were screened out as candidates of MTn transposition.

Figure 2. PCR analysis of MTn transposition event.
A, B. Schematic structure of the p1-rrMTn allele and p1-wwMTn allele with PCR primers
(arrows) labeled. Excision footprint was marked by “x” at the original position. Vertical
lines are insertion target of MTn.
C. Gel analysis of PCRs that identify the excision and reinsertion of MTn.
D. Gel analysis of PCR suggests that p1 is absent in p1-ww465-7. Primers 8and9 located
on p1 exon1 did not produce a band in p1-ww465-7, distinct from p1-ww459-6 carrying
excision footprint and also the progenitor line p1-rr::MTn. 4Co63 does not contain p1
locus and was included as a negative control. The result can be explained by the
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segregation of MTn newly inserted location from p1 locus, or a large deletion at p1 locus
in p1-ww465-7.

Figure 3. Southern blot confirming the location of MTn reinsertion.
A. Schematic structure of the p1-rr::MTn at p1 locus (lines in black) and p1-ww::MTn at
insertion site (in dotted lines). Green boxes represent the probe 15, and the vertical lines
are Kpn1 restriction sites. The expected sizes are labeled on top of each fragment,
including a 6.3 kb fragment proximal to p1, and a 10.6 kb fragment from p1 sequences.
The 10.6 kb bands are expected to be replaced by a band of new size in p1-ww::MTn
lines.
B. Result of Southern blot with bands labeled. Extra bands are observed in lane 8 as the
allele p1-ww472-1 was heterozygous with B73, which introduces a p1-wr allele.

Figure 4. Verification PCR of MTn reinserted locations.
A. Schematic structure of p1-ww::MTn allele with primers labeled in verification PCR.
B. Gel analysis of verification PCR. Reinsertion locations were confirmed by PCR with
primers Acfl and5, and fAcfl and 6. Primers “Acfl” and “fAcfl” are from newly obtained
flanking sequences. Lanes “+” use templates from genomic DNA of each allele, and
lanes “-“ contain DNA from 4Co63 as the negative control. Independent MTn insertions
result in different locations in genome, thus primers “Acfl” and “fAcfl” are different in
sequences and generate bands with different sizes as observed for each allele.
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Figure 5. Locations of MTn reinsertions.
Black line indicates the sequences of B73 chromosome 1S. Red box is the location of p1
at 48,128,047-48,117,497. Vertical arrows position the reinserted MTn of the recovered
alleles. Arrows and boxes in green indicate alleles from p1-rrUR460. Arrows and boxes
in blue indicate alleles from p1-rrUR458. The numbers above the MTn locations indicate
the genetic distance based on ISU integrated IBM 2009 genetic map.

Figure 6. Comparison of somatic transposition between Ac and MTn in p1-rrUR458 and
p1-rrUR908 alleles.
A. Schematic structure of the p1-rrUR458 and p1-rrUR908 alleles with primers
amplifying somatic transposition of Ac and MTn labeled with arrows.
B. PCR Gel analysis. DNA templates in lanes 1-10 are from sibling plants of p1rrUR458/oh43; Lanes 11-20 are from sibling plants of p1-rrUR908/oh43. Lane “Oh43”
with genomic DNA from Oh43 as template serving as a negative control. The top bands
are produced by primers 7and 2, from Ac transposition events; while the bottom bands
are from primers 1and2, from MTn transposition events

Figure 7. MTn in B73 genome.
A. MTn Structure in B73 and PCR to detect somatic transposition of MTn. Lane1-4: B73
carrying active Ac from p-vv9d9a (Athma et al., 1992); B73 carrying active Ac from p1wwdef1 (Zhang and Peterson, 1999); B73; B73 (the latter two samples are from different
DNA preparations).
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B. Predicted pre-progenitor allele with one Ac inserted into another Ac (target site in
green vertical line). Chromosomes carrying Ac donor and acceptor are shown in white
and grey circle indicating centromeres, respectively.
C. The structure of MTn in the progenitor genome of B73.
D. The transposition of MTn from the donor site to the CCTACGAC site (vertical line in
blue) on chromosome 5 (centromere in black).
E. The insertion of MTn on chromosome 5. Target site duplications are formed (two
copies of “CCTACGAC” shown as blue vertical lines), as observed in B73 sequence.

Figure S1. Footprint sequences at MTn excision site.
The nucleotides flanking MTn are yellow highlighted in the progenitor alleles p1rrUR458 and p1-rrUR460. The nucleotides are marked in red in alleles p1-wwMTn
alleles.

Figure S2. Typical nucleotide changes at excision and insertion sites during MTn
transposition.
The nucleotides flanking MTn are in bold in the progenitor alleles p1-rrUR458 and p1rrUR460. After the transposition of MTn, the nucleotides show minor changes and are
marked in red in alleles p1-ww458-4A and p1-ww4603B. Target site duplications (TSD)
were formed at insertion site and are underlined in the figure. The position and
orientation of newly inserted MTn are also indicated.
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Figure 1. Macrotransposon (MTn) alleles.
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Figure 2. PCR analysis of MTn transposition event.
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Figure 3. Southern blot confirming the location of MTn reinsertion.

Figure 4. Verification PCR of MTn reinserted locations.
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Figure 5. Locations of MTn reinsertion.

Figure 6. Comparison of somatic transposition between Ac and MTn in p1-rrUR458 and
p1-rrUR908 alleles.
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Figure 7. MTn in B73 genome.
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458backbone
120
458-4A
107
459-6
97
459-2
97

GCGCTATTGCTCCTACAACTACAACGTTCCCGTCGCGTCGGGACCGGGGCCGGGGCCGAG
GCGCTATTGCTCCTACAACTACAA--TTCCCGTCGCGTCGGGACCGGGGCCGGGGCCGAG
GCGCTATTGCTCCTACAACTACAAC-TTCCCGTCGCGTCGGGACCGGGGCCGGGGCCGAG
GCGCTATTGCTCCTACAACTACAAC-TTCCCGTCGCGTCGGGACCGGGGCCGGGGCCGAG
************************

460Backbone
53
442-6
57
443-3
60
460-3B
55

**********************************

-------ATATGCGCTATTGCTCCTACAACTACAACGCCGGACATTTATGCTGCCTGCTG
---ATAGATATGCGCTATTGCTCCTACAACTACAAGTCCGGACATTTATGCTGCCTGCTG
ATGATAGATATGCGCTATTGCTCCTACAACTACAAGCCCGGACATTTATGCTGCCTGCTG
-----AGATATGCGCTATTGCTCCTACAACTACAAGCCCGGACATTTATGCTGCCTGCTG
****************************

***********************	
  

Figure S1. Footprint sequences at MTn excision site.

Figure S2. Typical nucleotide changes at excision and insertion sites during MTn
transposition.
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APPENDIX
Statistical Comparison of Target Site Duplication between MTn and Ds
We did statistics analysis to compare the TSD from MTn and Ds insertions. The TSD
data of Ds is derived from Ds transpositions from a1 locus in maize. The data is obtained
from Vollbrecht et al. 2010 and kindly shared by Dr. Erik Vollbrecht and Justin Schares.
The 2 x 2 Contingency table containing the MTn data and Ds data:
Perfect TSD
Imperfect TSD
Total

MTn
6
2
8

Ds*
97
12
109

Row Total
103
14
117

* Vollbrecht et al. 2010 and personal communication with Dr. Erik Vollbrecht and Justin
Schares.
The null hypothesis (Ho) is that MTn and Ds are equally likely to show perfect TSD.
We obtained p = 0.2446 > 0.05 by Fisher-Exact Test on the 2 x 2 contingency table, and
p = 0.172078 > 0.05 from the Barnard’s Test.
Both tests show p > 0.05, suggesting the acceptance of Ho. Therefore we concluded that
the TSD in MTn shows no significantly different pattern as observed in Ds.
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CHAPTER III. ALTERNATIVE TRANSPOSITION GENERATES
TRANSLOCATION, SEGMENTAL DUPLICATIONS AND NEW CHIMERIC
GENES AT THE MAIZE P1 LOCUS
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Abstract
Alternative transposition of maize Ac/Ds transposable elements can generate
genome rearrangements including inversions, duplications, deletions and translocations
[1-6]. Because Ac/Ds transposition preferentially targets genic regions, structural changes
arising from transposition events may potentially generate chimeric genes [7]. Here we
characterized 11 independent cases of gene fusion induced by Ac alternative
transposition. In each case, a functional chimeric gene was created by fusion of two
linked, paralogous genes; moreover each event was associated with duplication of the
~70 kb segment located between the two paralogs. Our study demonstrates that
alternative transposition-induced duplications may be a source for spontaneous creation
of diverse genome structures and novel genes in maize.
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Introduction
The complex architecture of the modern maize genome was shaped by ancient
whole genome duplication and subsequent diploidization events [8, 9]. Transposable
elements proliferated during the diploidization process [10], and today comprise
approximately 85% of the maize genome [11]. For example, multiple insertions of highcopy number families of Class I retrotransposons greatly expanded the intergenic regions
of the maize genome. Comparisons of maize and its close relative sorghum indicate that
gene number and colinearity are largely conserved [12], whereas the intergenic regions
differ greatly due to frequent retrotransposon insertions in maize. A good example is the
adh1 region of maize inbred B73. Nineteen nested LTR retroelements and two solo LTRs
together make up 74% of the intergenic sequences between adh1 and the nearest adjacent
gene [13]. Transposition and proliferation of retroelements thus can largely explain
genome size variations, the C-value paradox, and discordant evolutionary history among
different grass species [14]. Class II DNA transposons generally do not amplify to such
high copy numbers as the Class I retroelements, but they can induce structural changes in
various ways. For example, the maize Ac/Ds transposon family can undergo a process of
alternative transposition which can generate large scale structural changes such as
duplications [4, 15], translocation, inversions [3], and deletions [2, 5]. Moreover, a recent
study reported evidence that alternative transposition of transposon dhAT-Zm1 generated
three tandem duplications during evolution of the maize B73 genome [4].
In addition to generating structural variation, Class II and low copy families of
Class I retroelements often insert near gene regulatory and coding sequences where they
may potentially induce altered gene expression or generate chimeric genes in grass
genomes [16]. In rice, Wang and colleagues [17] found that more than 30% of
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retroelements had recruited flanking exons at insertion sites and formed chimeric genes.
The Class II transposons Pack-MULE in rice [18] and helitrons in maize [19] were also
reported to generate chimeric transcripts by producing dispersed duplications that engage
genic sequences from different genes. In maize, Zhang [2] reported that functional
chimeric genes could be formed by deletions induced by the Class II Ac/Ds transposon
system via Reversed-Ends Transposition (RET).
The autonomous Ac element is 4565 bp in length, encodes a single transposase
(TPase) gene, and contains TPase binding sites located in Terminal Inverted Repeats
(TIR) and sub-terminal regions [20-23]. Non-autonomous Ds and fractured Ac (fAc)
elements retain one or both functional transposon termini, respectively, but lack TPase
coding capability; they can be non-autonomously transposed and including by
participating in alternative transposition reactions [15, 22-26].
The study described here follows a recent report which demonstrated that RET
can generate de novo segmental duplications at the p1 locus in maize [4]. We
hypothesized that the same mechanism of Ac alternative transposition can shuffle exons
and generate chimeric genes, and thus can serve as a novel mechanism to generate new
genes. Here we report: 1) the reversed Ac/fAc ends in progenitor lines induce
interchromosomal translocation (p1-vvD103) at p1 locus in the F1 generation. The p1
gene function in progenitor lines is disrupted by translocation; and 2) among the progeny
of p1-vvD103, a series of ~80 kb segmental duplication alleles (named as P1P2-1 to
P1P2-14) are produced by the reversed Ac/fAc ends in p1-vvD103. The duplication
shuffles exons from different (p1 and p2) genes and generates fusion transcripts with
phenotypes resembling the p1 gene. Our study demonstrated that alternative transposition
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induced segmental duplication is a mechanism to produce both genome structural
variances and novel maize genes.
Results
P1-vvD103, an interchromosomal translocation allele induced by reversed Ac ends
transposition.
In this study we use a pair of paralogous genes p1 and p2 as markers to
phenotypically track the structural changes at the maize p1 and p2 loci. Both genes
encode R2R3 Myb-like transcription factors that regulate the biosynthesis of red
phlobaphene pigments [27-29]. The p1 and p2 genes share a >98% identity in the ORF
sequences, but exhibit distinct expression patterns due to different promoter regions [30].
P1 is expressed in pericarp, cob, tassel glumes, and silk, and p2 is expressed in anther and
silk [28]. Alleles of p1 are commonly identified by a suffix that indicates their expression
in pericarp and cob: P1-rr specifies red pigmentation in both pericarp and cob, p1-ww
[4Co63] has no pigmentation in either pericarp or cob, and p1-vv exhibits variegated
pigmentation in both pericarp and cob [27, 31].
Our studies were initiated with the allele p1-ovov454, which conditions orangevariegated pericarp and cob (Figure 1). The p1-ovov454 allele contains a p1 gene in
which a full-length Ac and a 2039 bp fractured Ac (fAc) are inserted in the p1 second
intron (Figure 1A) [5]. The 5’ end of Ac and the 3’ end of fAc are oriented towards each
other and are separated by 822 bp; in this configuration the Ac 5’ end and the fAc 3’ end
can undergo RET to generate rearrangements such as deletions and inversions [32]. To
identify new RET-induced rearrangements, we screened a population of p1-ovov454 ears
for those with multi-kernel sectors exhibiting loss of p1 function. One such sector gave
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rise to an allele (p1-vvD103), which specified colorless pericarp with infrequent red
sectors (Figure 1). In crosses with the Ac tester stock p1-ww [4Co63] r1-m3::Ds, the p1vvD103 allele exhibits normal Ac activity (Figure 1; see Materials and Methods for
details of Ac activity test). Interestingly, the p1-vvD103/ p1-ww [4Co63] plants exhibit
irregular seed spacing on the ear, and 50% pollen abortion, indicative of male and female
semisterility. These results are consistent with the occurrence of a large inversion, or an
inter-chromosomal translocation.
To identify the rearrangement(s) involved, we cloned the sequences flanking the
Ac and fAc junctions by inverse PCR. The sequences flanking the Ac/fAc junctions were
used in BLASTN searches against B73 RefGen_v2 [33] and were mapped to a locus on
the short arm of chromosome 10. Once the target locus was identified, new PCR primers
were designed and used in PCR with p1-vvD103 as template to confirm the validity of
both Ac and fAc junctions (Figure 2A-C). In addition, primers from the chromosome 10
target locus were used in PCR with DNA from oat-maize chromosome addition lines as
templates [34, 35]; the results (Figure 2D) confirmed that the junction sequences were
derived from chromosome 10. Finally, we confirmed the presence of a chromosome 1-10
translocation by cytogenetic analyses of meiotic pachytene-stage nuclei from sporocytes
of plants of genotype p1-vvD103/ p1-ww [4Co63]. An example is shown in Figure 2E,
which shows clearly a quadrivalent association between the short arms of chromosome 1
and 10. The chromosome 1-10 translocation breakpoint in p1-vvD103 occurs in p1 exon
2, and hence places p1 exon 3 on a different chromosome from exons 1 and 2 (Figure
2A); this structure is consistent with the disruption in p1 function and semisterility
observed with the p1-vvD103 allele.
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We propose that the translocation in p1-vvD103 was generated by RET as shown
in Figure 1. In this model, Ac TPase utilizes the reverse-oriented termini of fAc and Ac in
progenitor allele p1-ovov454 as transposition substrates, followed by insertion of these
transposon ends into the chromosome 10S target site. As shown in Figure 1B, the Ac 5’
terminus is joined to the distal end of 10S, while the 3’ terminus of fAc is ligated to the
proximal side, thereby maintaining the monocentric condition of each chromosome. In
addition, we detected a 5.9 kb segmental duplication (shaded in cyan and green in Figure
1C) at the translocation junction of Ac 5’ terminus in p1-vvD103. The 5.9 kb segment
includes 1601 nucleotides from the p1 locus (shaded in cyan: 822 nt of p1 intron 2 plus
779 nt of fAc), and 4331 nt sequences duplicated from the translocation junction on
chromosome 10 (shaded in green). We propose that this duplication was generated from
transposition-induced DSBs through template switching followed by NHEJ, as explained
further in the discussion section.

P1P2, the p1 and p2 fusion allele induced by reversed Ac ends duplication.
The progeny ears of p1-vvD103/p1-ww [4Co63] exhibited occasional kernels with
small red pericarp stripes and multi-kernel sectors. This observation was surprising,
because the p1 gene exons 1 and 2 were separated from exon 3 due to the chromosome 110 translocation in p1-vvD103. The new phenotype highly resembled with that of p1-rr
(Figure 1), indicating that the structural changes likely involve p1 or p2 loci, and later we
name them as P1P2.
Like the p1-vvD103/ p1-ww [4Co63] plants, the P1P2/ p1-ww [4Co63] plants
show irregular seed spacing on the ear, and 50% pollen abortion, resulting from male and
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female semisterility. We also observed a ring of 4 on diakinesis cells indicative of the
quadrivalent association of P1P2/ p1-ww [4Co63] (Table S1). The translocation junction
could also be amplified by PCR with primer Ac5 and D5 in P1P2 alleles, in the same
way as for p1-vvD103 (Figure 2). Collectively, all the evidence described above indicates
that the newly obtained phenotype was produced without disturbing the chromosome 110 translocation. To characterize Ac activity, plants carrying P1P2 were crossed with the
Ac tester stock p1-ww [4Co63] r1-m3::Ds (see Materials and Methods for details of Ac
activity test). Interestingly, the P1P2 alleles exhibited developmentally-delayed Ds
excision (Figure 1), distinct from p1-vvD103. This phenotype is associated with
increased Ac copy number resulting in the characteristic Ac negative-dosage effect [20,
36-39].
To explain the formation of the P1P2 alleles from p1-vvD103, we propose a
model of RET followed by insertion of the excised transposon ends into the p2 locus of
the sister chromatid during DNA replication (Figure 1D and 1E). This mechanism
doubles Ac copy number, and maintains the intact translocation junctions, and generates a
duplication of sequences located between the insertion and excision sites (about 70 kb in
size). The duplication junction links the p1 sequences from the excision site to the p2
sequences at the insertion site, creating a transcriptional fusion of exons 1 and 2 of the p1
gene with exon 3 of the p2 gene. The P1P2 fusion alleles would retain the 5’ promoter
region of the p1 gene and hence should be transcribed and expressed in kernel pericarp.
To test this hypothesis, we performed PCR on genomic DNA of independentlyderived P1P2 alleles using one primer on Ac (Ac5) and three primers spaced along intron
2 and exon 3 of the p2 gene; these primers should amplify the predicted p1::p2
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duplication junction (Figure 3A). The results (Figure 3B, upper panel) confirm the
prediction: strong product bands of various sizes are observed in 12 independent P1P2
alleles (Figure 3B, lanes 1 – 14), while little or no products are formed in the negative
control p1-ww [4Co63] (J), the grandparent allele p1-ovov454 (454), or the immediate
progenitor p1-vvD103 (D). Further evidence is provided by genomic Southern blot using
probe fragment pp1 which detects both p1 and p2 genes (Figure 3A). The results from a
subset of P1P2 alleles are shown in Figure 3C, upper panel. In addition to bands derived
from the intact p1 gene (10 kb), the p1 fragment linked to the chromosome 10-1
translocation (6.5 kb), and the allele from inbred 4Co63 (~6 kb), the P1P2 alleles exhibit
novel bands ranging from 7.9 to 3.9 kb. Importantly, the sizes of PCR products (Figure
3B) and Southern blot bands (Figure 3C) are consistent with their origin from the P1P2
duplication junction depicted in Figure 3A.
To test whether Ac and flanking sequences have been duplicated as predicted, we
performed a multi-plexed semi-quantitative PCR using primers Ac3 and P6 and P7: Ac3
and P6 produces a 350 bp band representing the fAc/p1 junction, while Ac3 and P7
produces a 500 bp band from the Ac 3’/p1 junction. These fragments are each present
once in the grandparent p1-ovov454 and progenitor p1-vvD103 alleles, whereas the Ac3
and P7 junction is present twice in the predicted P1P2 alleles (Figure 3A). Consistent
with this prediction, the 500 bp Ac3 and P7 band is generally more intense than the 350
bp Ac3 and P6 band in the P1P2 alleles (Figure 3B, lower panel; compare to lanes 454
(p1-ovov454) and D (p1-vvD103). Similarly, genomic Southern blot results (Figure 3C,
lower panel) show that the 8.3 kb band derived from the predicted duplicated region is
more intense than the 6.5 kb single-copy band in the P1P2 fusion alleles compared to
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progenitor p1-vvD103 (D). Together, these results all support the predicted duplication
model for the P1P2 alleles.
Finally, the PCR products spanning the duplication junctions in each of 11 P1P2
alleles were cloned and sequenced. The sequences flanking the 5’ end of Ac are all
derived from breakpoints in the p2 gene (Supplementary data 2). These results confirm
that in each case, the 5’ end of Ac is inserted into the p2 gene at the positions shown in
Figure 4A.

The chimeric P1P2 alleles are expressed in maize pericarp.
To explain the pericarp pigmentation phenotype observed in the P1P2 alleles, we
tested the expression of chimeric fusion alleles in the developing pericarp, where p1 is
expressed. We dissected developing kernel pericarp (15-20 days after pollination) from
progenitor allele p1-vvD103 and 10 of 11 P1P2 fusion alleles, prepared total RNA, and
performed RT-PCR (reference or methods). Using primers located on exon 1 of p1 and
exon 3 of p2, we detected a 620 bp PCR band in all P1P2 fusion alleles (Figure 4C). The
size of the 620 bp band is consistent with its origin from a chimeric transcript containing
exon 1 and 2 from the p1 gene, and exon 3 from p2. These results confirm that the fusion
alleles are transcribed in the pericarp.
To assess the potential functionality of the resulting protein, we aligned the
deduced P1P2 protein sequence with that of the Myb-like transcription factor P1 [Zea
mays] AAL24047.1 (Figure S1). The chimeric protein shares 95% identity with maize P1
protein, and contains both the R2R3 Myb DNA binding region and the putative
transcription activation domain [20, 30, 40, 41]. Considering the high similarity of the P1
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and predicted P1P2 proteins, we consider it likely that P1P2 is capable of activating the
phlobaphene biosynthetic pathway and hence is responsible for the kernel pericarp
pigmentation observed in P1P2 fusion alleles.
We also tested for alternative splicing of the p1-p2 transcript in fusion alleles
P1P2-1, P1P2-2 and P1P2-3. In these alleles the Ac insertion site (and hence the p1/p2
junction) is located upstream of p2 intron 2, leading to a primary transcript with a tandem
duplication of intron 2 and exon 2 (the first from p1, and the second from p2). RT-PCR
using flanking primers P4 and P5 yields a single 620 bp band in these alleles, as for the
other fusion alleles (Figure 4C), indicating that only one copy of exon 2 remains in the
final transcript; this result was confirmed by sequencing the 620 bp RT-PCR product.
Because p1 and p2 exon 2 sequences differ at two SNPs, we examined the signal peaks in
the chromatogram sequencing profiles to determine which exon 2 is retained. As shown
in Figure S3C, only p1 signals were detected in the P1P2-1 and P1P2-2 alleles,
indicating that p2 exon 2 is always removed, i.e. alternative splicing does not occur. In
contrast, allele P1P2-3 exhibits mixed p1/p2 sequence peaks. However, further
investigation showed that the proximal duplicated copy of p2 contains an additional
insertion [42], which drives expression of p2 in pericarp (Figure S3B and Supplementary
data 3). Therefore the p2 signals seen in P1P2-3 may be derived from the ectopically
expressed p2 gene. In summary, two alleles tested (P1P2-1 and P1P2-2) show no
evidence of alternative splicing, while for a third allele (P1P2-3) the evidence is
inconclusive.
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Extant maize gene contains duplicated exons derived by alternative transposition.
A previous report provided evidence that the RET mechanism has contributed to
maize B73 genome evolution by inducing tandem duplications [4]. To test whether RET
events have also been involved in formation of chimeric genes, we developed and applied
bioinformatics methods (Zuo et al, unpublished) to search the maize B73 reference
genome sequence [43] for genes containing duplications possibly derived by alternative
transposition events. One such case (Gene AC234515.1) contains 12 exons; exons 8 and
9 are nearly identical duplications of exons 10 and 11. The duplicated exons are
contained within two 1054-1056 bp tandem duplications (Figure 5). The duplicated
sequences are 99% identical, and include two 100% identical PIF-Harbinger MITE
transposons which belong to MITE DTH_Zem5 family [42]. The two MITEs are flanked
by target site duplication sequences “TAA”, consistent with their known insertion site
preference [44, 45]. The same duplicated structure of Gene AC234515.1 is also found in
the reference genome sequence of another maize inbred line, Mo17 [46]. The allele of
Mo17 is 99% identical (4606/4632) with that of B73. Among the 26 mismatched
nucleotides, only one is a clear SNP; the remaining 25 are due to sequence ambiguity (N
instead of A, T, C or G).
We propose that the duplicated structure of gene AC234515.1 was formed by the
RET mechanism (Figure 5) as follows: The progenitor gene may have consisted of 10
exons with the last exon (exon 12 in Figure 5B) flanked by two directly oriented PIFHarbinger MITE elements. The initial insertion of these MITE elements produced target
site duplications “TAA” on each side. In an RET event, the excised MITE termini
reinserted into intron 7 of the progenitor gene on the sister chromatid, generating direct
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segmental duplications and new TSD sequences at the duplication junction. The
duplicated segments are 1054/1056 bp in size, containing exons 8 - 9 and the duplicated
MITE element. Reinsertion after RET generated the same TSD sequences as those
flanking the initial MITE insertions, probably due to the strong preferential insertion at
TA sequences during the transposition of PIF/Harbinger [44, 45]. Our model predicts
that a PIF-Harbinger element of the DTH_Zem5 family located downstream of gene
AC234515.1 was involved in initiating RET. However, we could not identify this type of
MITE within 1 Mbp distance 3’ of AC234515.1; possibly, this element had excised
sometime after the formation of the duplication.
A well-known mechanism for generating genomic duplications is Unequal
Crossover, also known as Non-Allelic Homologous Recombination (NAHR). In this
case, formation of the duplication by NAHR could occur via displaced crossover between
the proximal and distal MITE copies; this would result in a structure containing a third
MITE located exactly at the beginning of the duplications. However, there are no MITE
presents at this position in gene AC234515.1. Finally, we note that the two identified
MITEs are 100% identical; this is more consistent with the RET mechanism, because the
MITEs are part of the sequence duplication. Whereas in NAHR, the MITEs could be
polymorphic since they would have originated from two independent insertions into the
progenitor gene. Taken together, the evidence is more consistent with RET as the
mechanism that generated the duplications in gene AC234515.1.
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Discussion
Previous reports have demonstrated the ability of Ac/Ds alternative transposition
events to generate major genome rearrangements in maize, including deletions,
duplications, inversions, and translocations [1-4, 6]. At each rearrangement breakpoint
there is the potential for coding sequences of two different genes to be fused to form a
novel chimeric gene. Here we show that such events can occur to generate functional
fusion genes. We obtained genome rearrangements using visual screens for changes in
maize kernel pericarp pigmentation, a trait controlled by the maize p1 gene. Starting with
a pigmented maize stock containing a p1 allele (p1-ovov454) with Ac/fAc insertions in p1,
we isolated a loss-of-function allele (p1-vvD103) with a chromosome 1-10 reciprocal
translocation. This translocation breaks the p1 gene in intron 2, placing the p1 promoter
and exons 1 and 2 on a different chromosome from exon 3. From this stock, we then
isolated and characterized a series of 11 gain-of-function alleles, in which p1 coding
sequences were joined to a paralog (p2) located ~70 kb proximal to p1. The fusion
junctions occur at various sites in the p2 gene, but all appear to be capable of producing a
chimeric gene product encoded by p1 exons 1 and 2, and p2 exon 3. Due to the high
sequence similarity of p1 and p2, we propose that their fusion products retain the capacity
to regulate flavonoid biosynthesis. Transcript analysis shows that the chimeric genes are
expressed in developing kernel pericarp, as would be expected given the genes’ location
downstream of the p1 promoter.
We propose that these 11 cases were generated by a type of alternative
transposition known as RET [1], in which an Ac end excised from the p1 gene on one
chromatid is inserted into the p2 gene on the sister chromatid. This event produces a
duplication of ~70 kb representing the DNA between p1 and p2. This model is consistent
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with previous reports of RET-induced duplications [4], and is supported by PCR and
Southern blot data.
In an independent study, Zhang et al [2] documented a series of chimeric p-oo
alleles (orange pericarp, orange cob) also generated by RET events, except that the
transposon excised from p1 reinserted into the proximal p2 gene of the same chromatid.
This results in a deletion of the ~70 kb intergenic segment, and formation of a chimeric
gene consisting of the promoter, exon 1 and exon 2 of p2 fused to exon 3 and
downstream enhancer of p1 [47]. Although the p2 gene is normally not expressed in
pericarp [30], p-oo transcripts were detected in kernel pericarp, suggesting that the
downstream enhancer of p1 activates the p2 promoter. An interesting observation is that
the intensity of pigmentation of different p-oo alleles was inversely correlated with both
the size of the chimeric intron, and the distance to the downstream enhancer. In contrast,
the pigmentation intensities of the fusion alleles described here do not correlate with
intron size (Figure S2). This suggests that splicing efficiency does not appreciably differ
for these introns ranging in size from 7.9 - 11.9 kb; and that the observed variation in poo expression is likely due to varying distances between the p1 3’ enhancer and the p2
promoter.
The distribution of duplication junctions in p2 (and hence the Ac insertion sites
during RET) are distinctly non-random: four out of 11 insertions are located at the 5’
region of p2 gene including the first two exons, and 6 insertions are located at the 3’
region of p2 intron 2 (Figure 4A). Only one P1P2 allele has a breakpoint near the center
of intron 2, and the 5’ half of intron 2 is devoid of insertions. This pattern suggests that
the 5’ region of p2 and 3’ region of p2 intron 2 are Ac insertion hot spots, and the 5’ half
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of intron 2 is a cold zone. A similar pattern of non-random Ac insertion was observed in
21 p1-vv alleles derived by intragenic transposition of Ac [31]: 16 were clustered in the
5’ region of p1 gene including exon 1 and exon 2, and 4 were inserted in the 3’ region of
p1 intron 2. To compare the Ac insertion preferences between p1 and p2, we aligned the
p1 and p2 genomic sequences. Supplementary data 4 summarizes and compares the
insertion sites of Ac in p1-vv by standard transposition, and p2 by RET. We find that the
hot spots in both p1 and p2 exhibit high sequence similarity, indicating they are
conserved. The cold zone sequences in p1 and p2 are more diverse, but do share a
conserved sequence of 1.3 kb from the 5’ region in intron 2. The results indicate that the
target site preferences of Ac insertion during standard and alternative transposition are
similar. Moreover, the observed conservation of hot spots and dissimilarity of cold zones
suggest that insertion site preference is largely a result of preferential targeting to hot
spots, rather than avoidance of cold zones.
The chimeric genes isolated here were derived from a loss of function allele (p1vvD103) borne on a translocation chromosome, which was itself derived from progenitor
P1-ovov454 by alternative transposition. Previous research has demonstrated that RET
followed by insertion of the excised transposon ends into a different chromosome can
generate translocations [3]. However, in the p1-vvD103 allele described here, the
translocation junctions contain an additional 5.9 kb duplication. Sequences of the
duplication suggest that it was formed by Double-Strand Break (DSB) repair involving
template switching followed by Non-Homologous End Joining (NHEJ) as described for
the origin of an Ac-immobilized allele in maize [48]. As shown in Figure 6, two pairs of
DSBs are initiated by Ac TPases during alternative transposition: one pair at the p1 locus
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where transposon excise, and the other pair at chromosome 10 where the excised
transposon ends insert. Following the excision event, the 3’ terminus of the alternative
transposon was ligated to the proximal side of chromosome 10 break precisely at
translocation site. While at the 5’ DSB, the broken end invades and copies the sister
chromatid for 4331 nt resulting in an extension of p1 and partial fAc sequences. Similarly,
the break at the distal side of chromosome 10 uses sister chromatid as template for
replication of 1601 nt from chromosome 10. The two extended fragments anneal at the 3bp microhomology site “GTA”, and are covalently joined by the NHEJ repair mechanism
[49].
In summary, we characterized 11 de novo segmental duplications and associated
functional fusion genes induced by alternative transposition. We also identified an extant
gene AC234515.1 in maize B73 genome that contains an internal duplication apparently
generated by an alternative transposition event. These results indicate that Ac (and
possibly other TEs that transpose via a cut-and-paste mechanism) can generate
duplications and functional chimeric genes in the maize genome. The pattern of genetic
diversity in maize is attributable to mechanisms such as mutation, recombination,
artificial selection, gene conversion, and homology-based gap repair [10]. Our results
demonstrate another possible mechanism for the formation of chimeric genes, and further
illustrate the potential role of TEs in generating genetic diversity.
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Materials and Methods
Maize stocks and screen
P1-ovov454 was heterozygous with 4Co63 (p1-ww). The p1-ovov454 plants were
crossed with Ac tester lines p1-ww; rm-3::Ds. In the ears harvested, we screened
multikernel sectors with colorless pericarp and 1:1 ratio of spotted to non-spotted kernels.
The colorless spotted kernels were planted to study the translocation model. The p1vvD103 plants were also crossed to p1-ww [4Co63]; r1-m3::Ds tester line. Red sectors
with purple spots were phenotypically screened and selected as candidates of P1P2
alleles.
The Ac tester line is an r1 loss-of-function line by Ds insertion. The introduction
of active Ac in the genome can somatically excise Ds and recover r1 function which
produces purple sectors on the aleurone [50]. For p1-vvD103/p1-ww r1-m3::Ds ears, we
observed normal frequency of purple sectors, indicating that Ac in p1-vvD103 allele is
active.

Molecular Biological Methods
Leaf tissue from young plant was collected and ground in liquid nitrogen. Total
DNA was prepared by using a modified CTAB (cetyltrimethylammonium bromide)
extraction protocol [51]. HotMaster Taq polymerase from Eppendorf (Hamburg,
Germany) was used in the PCR reaction. The PCR master mix were heated at 94oC for 2
min, followed by 35 cycles of 94oC for 20 seconds, 60 oC for 30 seconds, and 65 oC for 2
minutes. Another cycle at 65 oC is extended for 8 min. PCR primers sequences were listed
in Table S2.

61
Southern blot was performed according to the protocol by [52]; the washing
stringency used is 0.5% SDS, 0.5×SSC at 60 oC.
Pericarp samples in RT-PCR study were collected from kernels at 15-20 days
after pollination and frozen in liquid nitrogen. Total RNA was extracted by RNeasy Plant
mini kit (Qiagen, Valencia, CA) and treated with DNase I (Qiagen) to remove residual
genomic DNA.The PCR products were purified by Gel/PCR DNA fragment extraction
kit (IBI Scientific, Peosta, IA). Sanger sequencing was performed by DNA Facility at
Iowa State University.
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Table S1. Number of diakinesis nuclei with rings and chains of four chromosomes
observed in sporocytes from plants of the indicated genotypes.
Genotype
P1P2-2/p1ww[4Co63]

P1P2-6/p1ww[4Co63]

Plant number

Diakinesis cells
with a ring of 4

Diakinesis cells
with a chain of 4

S11-261.2
S11-261.7
S11-261.9
S11-262.1
S11-262.2
S11-262.4
S11-263-5
S11-263-6
S11-263-9
S11-263-10
S11-263-11
S11-263-12

5
6
5
3
3
5
1
6
5
5
2
5

4
ND*
ND
2
2
ND
3
1
1
1
3
1

*ND, not determined. Initial analyses did not record cells with chains of four.
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Table S2. Oligonucleotide primer sequences used in PCR experiments.
Primer
A3
A5
Ac8
D3
D5
P1
P2

Sequences
GATTACCGTATTTA
TCCCGTTCGTTTTC
CCCGTTTCCGTTC
CGTTTTCGT
TGGACAGCACACA
AATGACACAACAG
C
AAGTAGATTTGGCT
TGGGGATG
GCCTCTTTCTACTA
CCGACGCC
GATGATGTCTTCTT
CCTCCTTGG
GACCGTGACCTGT
CCGCTC

Primer
P3
P4
P5
P6
P7
P8

Sequences
CAAGGACGCAGGATG
GTGAG
GTAGTGAGACCTGCG
CGACTGCC
CGGCTGAGGTGCGAG
TTCCAGTAGTTCTTA
GCTATCAAACAGGACA
CGGGAGAGAAT
GCGACGCCAAATCATC
GATAG
GAATTCCGCCCGAAG
GTAGTTGATCC
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Figure 1. Reversed-Ends Transposition (RET) of Ac/fAc produces reciprocal
chromosome translocation and segmental duplications.
Black and green lines indicate maize chromosome 1 and 10 sequences, respectively. Red
lines with arrowheads indicate Ac and fAc elements; open and filled red arrowheads
indicate 3’ and 5’ Ac termini, respectively. Black and grey boxes indicate exons of maize
p1 and p2 genes, respectively. Segments shaded cyan, green and purple colors represent
the duplicated regions. Photographs of each allele are presented alongside their schematic
structures.
A. Upper (black line): Chromosome 1 containing p1 and p2 loci with Ac/fAc elements in
progenitor allele p1-ovov454. Lower (green line): Chromosome 10 with transposition
target site indicated by vertical orange line.
B. Following chromosome replication, Ac and fAc termini are excised from p1 locus and
inserted into target site (orange vertical line) on chromosome 10.
C. Translocation structure of the p1-vvD103 allele. Cyan shaded areas indicate the
duplication at the translocation junction. Asterisk marks the duplicated region (between
Ac 5’ and insertion target including Ac 5’ prime flanking, fAc and Chromosome 10) in
p1-vvD103.
C’. Following DNA replication, the reciprocal translocation chromosomes contain two
identical sister chromatids. The ~70 kb region of the ensuing duplication is indicated by
purple shading.
D. The reverse-oriented Ac and fAc termini excise from the p1 locus of the upper
chromatid and insert into the target site (green vertical lines) on p2 gene of the sister
chromatid.
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E. Schematic structure of the P1P2 allele with associated chromosomes. Upper line
indicates translocation chromosome 1-10 containing ~70 kb direct duplications (shaded
purple arrows). Lower line indicates reciprocal translocation chromosome 10-1.

Figure 2. The p1-vvD103 allele is associated with a chromosome 1-10 reciprocal
translocation.
A. Schematic structures of p1-vvD103 reciprocal translocation chromosomes 1-10
(upper) and 10-1 (lower). All symbols as in Figure 1. Positions of primers D5, Ac5, P3
and D3 are indicated by the short horizontal arrows.
B. Gel analysis of PCR amplification by primers Ac5 and D5. Lanes 1-4: P1P2-2, p1vvD103, p1-ovov454; p1-ww[4Co63];
C. Gel analysis of PCR amplification by primers D3 and P3. Lanes 2-4: P1P2-2, p1vvD103, p1-ovov454; p1-ww[4Co63];
D. Gel analysis of PCR amplification by primers D3and D5. Lane 1, oat; lane 2, p1ww[4Co63]; lanes 3 – 12, oat-maize addition lines with maize chromosomes 1 to 10,
respectively; lane 13, maize progenitor p1-ovov454.
E. Maize sporocyte nucleus (pachytene stage) of p1-vvD103/p1-ww[4Co63]. The short
and long arms of chromosome 1 and chromosome 10 are designated. The breakpoint of
desynapsis in chromosome 10 is in the short arm near the end, and the breakpoint in
chromosome 1 is in the short arm near the middle.
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Figure 3. The P1P2 alleles contain tandem direct duplications with breakpoints in the p2
gene.
A. Schematic structures of P1P2 fusion allele on chromosome 1-10 and reciprocal
translocation region on chromosome 10-1. Vertical lines indicate HindIII restriction sites.
Dotted and hatched boxes represent the positions of probe fragments pp1 and 15,
respectively. Black arrowheads indicate positions of PCR primers.
B. Gel profiles of PCR products from duplication junctions.
Upper panel, primers Ac5 and P1 amplified template DNA from J, 454, D, and P1P2
alleles 1-8. Primers Ac5 and P2 applied to templates p1-p2-6 to p1-p2-10, and primers
Ac5 and P3 were used on templates p1-p2-12 and p1-p2-14.
Lower panel, PCR with primers Ac3, P6, and P7 produces bands of two sizes: 500 bp
from Ac3andP7 (amplifies Ac junction), and 350 bp from Ac3andP6 (amplifies fAc
junction. The p1-p2-7f lacks the 500bp band due to Ac excision.
C. DNA gel blot analysis of P1P2 alleles hybridized with probe fragment pp1 (upper
panel) and probe fragment 15 (lower panel). The arrows with marked sizes indicate bands
common to multiple templates. Bands of varying size (7.9 - 3.9 kb) are from duplication
junctions specific for each allele and are not labeled.
Lanes in B and C: J: p1-ww[4Co63]; 454: P1-ovov454; D: p-vvD103. Lane 7f contains
DNA from a derivative of P1P2-7 in which Ac has transposed and a newly formed fAc is
present, hence its PCR patterns are somewhat different from those of lane 7.
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Figure 4. Structure of chimeric P1P2 fusion genes.
A. Exon/Intron structure of p2 gene with Ac insertion sites specific to each P1P2 alelle
indicated by numbered red triangles. Arrowhead marked “ATG” indicates translation
start codon; stop sign indicates stop codon.
B. Fine structures of P1P2 fusion genes. Each chimeric allele contains p1 exons 1 and 2
and partial intron 2, fused via Ac with the p2 gene. Sequences shown are from the Ac/p2
fusion junctions; sequences from p2 exons 1, 2 and 3 are shown in gray boxes.
C. Gel analysis of RT-PCR products produced by primer P4 from p1 exon1 and P5 from
p2 exon 3 (620 bp), with the internal control of a tubulin gene fragment (322
bp). Depending on whether the plant is homozygous or heterozygous at the fusion locus,
different intensities of 620 bp bands were obtained for different samples of P1P2 alleles.

Figure 5. Possible models for formation of duplication in maize gene AC234515.1
A. Structure of maize gene AC234515.1_FGT002 downloaded from MaizeGDB. Exons
are in green boxes, and duplicated segments are highlighted in grey.
B. B-D: Alternative Transposition; E-G: Unequal Crossover.
C. Prior to Reversed-Ends Transposition (RET), the progenitor gene consists of 10 exons
(labeled here as 1-9, plus 12); exon 12 is flanked by two directly-oriented PIF-Harbinger
MITE elements (red arrows). Orange triangles represent the TSDs flanking the original
MITE insertion. The segments to be duplicated are highlighted in grey.
D. The MITEs undergo RET with reinsertion into intron 7 of sister chromatid. The initial
TSDs were in yellow triangles. The new TSDs generated by RET are indicated by the
blue triangles.
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E. The structure of maize gene AC234515.1 in B73 genome. The gene contains
1054/1056 bp duplicated segments containing exons 8 and 9, MITE element, and target
site duplicated sequences. The proximal MITE may be subsequently excised.
F. Predicted structure of maize gene AC234515.1 progenitor prior to Unequal Crossover.
Two MITEs are inserted in the gene, flanking exons 8 and 9. Triangles in blue and
yellow colors represent the TSD flanking two MITE elements.
G. Unequal Crossover occurs between the distal and proximal MITE copies.
H. The predicted gene product generated by Unequal Crossover. Three MITEs are
expected to exist in the gene, located in introns 7, 9 and 11. The MITE in intron 7 may be
subsequently excised.

Figure 6. Template switching followed by Non-Homologous End Joining (NHEJ)
explains the 5.9 kb duplication at p1-vvD103 translocation junction.
A. P1 and p2 loci with Ac/fAc elements in progenitor allele p1-ovov454, with the
duplicated regions shaded in cyan (from p1 locus) and green (from chromosome 10).
B. Excision of fAc and Ac termini by Ac transposase generates Double Strand Breaks
(DSBs) and circularizes the small Inter-Transposon Segment (ITS). Ac transposase also
cuts at the insertion target site on chromosome 10, which will join with the fAc end
(dotted line) to generate the chromosome 10-1 translocation.
C. Repair of DSBs. The DSB at the Ac 5’ end primes repair replication using the sister
chromatid as template, including p1 and partial fAc sequences. Similarly, the DSB at the
distal side of chromosome 10 uses sister chromatid as replication template.
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D. The two extended chromatids are joined by NHEJ using the 3-bp microhomology site
“GTA”, producing a chromosome 1-10 translocation junction containing a duplication of
4331 nt from chromosome 1 and 1601 nt from chromosome 10.
E. Final structure of translocation chromosomes in p1-vvD103 allele.

Figure S1. The alignment of maize Myb-like transcription factor P1 (AAL24047.1) with
deduced P1P2 amino acid sequence. Myb-like DNA binding domains and putative
Activation domains are boxed.

Figure S2. Kernel pericarp pigmentation specified by P1P2 alleles. Orange-red color is
P1P2-controlled pericarp phlobaphene pigments. Dark purple color in kernels and spots
is anthocyanin expressed in kernel aleurone; anthocyanin pigments are controlled by r1
and c1 genes independently of p1-controlled phlobaphenes.

Figure S3. Alternative splicing is not detected in P1P2 fusion alleles.
A. Gene structures and possible transcript structures for P1P2-6, P1P2-1 or 2, and P1P23 alleles. For the chimeric transcript at p1 locus in the pericarp, we predicted one possible
form for P1P2-6; and two possible forms for P1P2-1, 2 and 3 resulting from alternative
splicing. Unlike the other P1P2 fusion alleles, P1P2-3 contains a Composite Insertion at
p2 locus (Zhang et al. 2014, under review). The Composite Insertion carries a part of
flanking gene GRMZM2G073064 (orange box) that is expressed in pericarp;expression
from the flanking gene promoter may produce an additional chimeric transcript which
may drive p2 expression in pericarp.
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B. PCR results by primers P5andAc8, on left panel, and primers P4 and P5 on right panel.
For allele P1P2-3, a PCR product was amplified by P8 and Ac8, indicating that p2 is
expressed in the pericarp driven by GRMZM2G073064 promoter. The PCR product is
not from genomic DNA contamination due to the absence of p1 intron 1 sequences in this
PCR product (supplemental data 3).
C. The Chromas sequence files of RT-PCR products for P1P2-6, P1P2-1, P1P2-2, and
P1P2-3 in figure 4C experiment. The PCR products were aligned to determine whether a
mixture of alternative transcript forms were present in the RT-PCR products. The
polymorphism sites between p1 and p2 sequences in exon 2 were circled in grey boxes.
For P1P2-6 that can generate only one form of splicing product, we observed a single
peak at each polymorphism site, both of which are from p1. For P1P2-1 and P1P2-2,
which possess two possible splicing forms, we also observed only p1 peaks at the
polymorphism sites, indicating that no alternative splicing occurred. For P1P2-3, a
mixture of peaks is present. But due to p2 expression in pericarp, we cannot determine
whether the p2 exon 2 signals in pericarp are from the P1P2 gene or the p2 transcript
driven by the Composite Insertion.
Supplementary data 1. Sequences at the p1-vv-D103 translocation junction.
Supplementary data 2. Sequences of 11 PCR products at duplication junctions.
Supplementary data 3. The sequences of p2 transcript detected in P1P2-3 allele in
pericarp.
Supplementary data 4. Comparison of Ac insertions between RET and P1-VV
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Figure 1. Reversed-Ends Transposition (RET) of Ac/fAc produces reciprocal
chromosome translocation and segmental duplications.
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Figure 2. The p1-vvD103 allele is associated with a chromosome 1-10 reciprocal
translocation.
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Figure 3. The P1P2 alleles contain tandem direct duplications with breakpoints in the p2
gene.
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Figure 4. Structure of chimeric P1P2 fusion genes.
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Figure 5. Possible models for formation of duplication in maize gene AC234515.1
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Figure 6. Template switching followed by Non-Homologous End Joining (NHEJ)
explains the 5.9 kb duplication at p1-vvD103 translocation junction.
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Figure S1. The alignment of maize Myb-like transcription factor P1 (AAL24047.1) with
deduced P1P2 amino acid sequence.
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Figure S2. Kernel pericarp pigmentation specified by P1P2 alleles.
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Figure S3. Alternative splicing is not detected in P1P2 fusion alleles.
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Supplementary data 1. Sequences at the p1-vv-D103 translocation junction.
(p1sequences:)TACGCGCGACCAGCTGCTAACCGTGCGCAAGTAGTGCGAG
CTCGCCGCCGGCCAGGGTCGCTAGCTCGATTGGAGGGACCAGCTGATACG
AC(779ntfAcSequences:)tagggatgaaaacggtcggtaacggtcggtaaaatacctctaccgttttcat
tttcatatttaacttgcgggacggaaacgaaaacgggatataccggtaacgaaaacgaacgggataaatacg
gtaatcgaaaaccgatacgatccggtcgggttaaagtcgaaatcggacgggaaccggtatttttgttcggtaaaa
tcacacatgaaaacatatattcaaaacttaaaaacaaatataaaaaattgtaaacacaagtcttaattaaacata
gataaaatccatataaatctggagcacacatagtttaatgtagcacataagtgataagtcttgggctcttggctaac
ataagaagccatataagtctactagcacacatgacacaatataaagtttaaaacacatattcataatcacttgctc
acatctggatcacttagcatgcataaactattacaaccaaggctcatctgtcaacaaacataagacacattgctc
atggagaggagccacttgctacatcttcattattcttagaaaattctattgcgtcttcatcctgttaatacacaaaaat
aagtcagttttggataaataaatacatatagaagaacatgaattgatatgcagggagtataaataaatacatata
ggagaacatgaatctgtgaactaacacggctgggagctaggcagctagcagctagcgcctaacagctggga
gcctaacagctagcagctagcagccaatcaaaacaaggcgacaaggcgc(4331ntChr10Duplicatio
nSequence)ATGTCAGAGTGTAAGCCCTGCCTGACACCGGTTGACACCAACC
CGAAGGTTGCCTCAGCAGAGGGTGCACCGGTGACTGACACTTGGGATTTTT
GCAATCTTGCTAGTGCATTACAGTGGCTCACATTCACTCGGCCTGACATTGC
CTATGCTGTTCAGCAAGTTTGCCTTCACATGCATGCTCCCTGGGAGCCACAT
CTTGCTGCGCTGAAGCGGATTTTTTGATACATTCGCCACACCCTTGATCTTG
CCCTACTGCTGCAACCATTTACATCGACTGATCTTGTGGTCTACACTGATGC
TGATTAAGCAGGTTGCCTGGATACGCGCAGGTCCACCTTGGGCTATGCTGC
GTTCCTTGGTGACAACCTCGTCTCCTGGTCCTCCAAGCGTCAGAACACCGT
CTCGAGGTCTAGTGCTGAAGCTGAGTATCGCGCTGTGGCAAATGGAGTTGC
AGAAGCTACATGGCTGCGCCAGCTCCTCTTAGAACTCCACACCCCTCTCCG
TCGCGCCACACTGATGTATTGTGACAACATCAGTGCTGTCTACATGTCCTCC
AACCCTGTCCAGCATCAACACACCAAGTACATCGAGATTGATCTTCACTTCG
TCCGAGAACGGGTTGCTGCCGGTGATCTTCGTGTCCTGCATGTGCCAATGA
CATCACAGTATGTGGACATCTTCACCAAGGGCATCCCTTAGTATTCACTGAA
TTTAGGATTAGTCTGAACGTGTGCAGTGGCTGAC(GRMZM2G073064geneim
beddedin4331duplication:)GATCTGACTGCCGAGGGTGTTAGCATGGGCTATA
GTAGGCAGGACCCTTGTGTTTTAGGTAGTGCGGCTGCATAGGCATGTTGCC
TTGTGCGCCCTCTCCTAGTTTTAGTTATTTGGTTGTAATAGGCAAGGATCTTC
CTGATTGGATTGTCTAGGATTGTTTCCTATTGTCTAAAGATAGTTTCCCATTG
TCCAGGATAGTTTCCTATTCCTGTGAACATCCTTGCCTATATGTACTCGAGC
CTTTGCTCCTATTAACCATTCAACATTTTCCCAATACACTGTCTTTCAGTTTG
GATGCTAGTTAGAAGTATTAAATATAGTCTAAGTACAAAACTAATCACACAGA
TGAGGACTAAACGATAAGACGAACTAATTAGGCTTAATAAATTTGCCTTGCC
GTTTAGTCTTCAGCTGTATAATTAGTTTATAATTTGACTATATTTAATACTCGT
AAAAGACATTCAAACATCTAATATGACTTAACACCGTCTAAGTATCCACCATC
CTGCTAACTCCCTGGACTGAGTCGCTGCCTTGAGGGTCACAAATTGAGGCT
TCGGTTTGAATTAGATCATCTCAGAGAAGTAGCTAGGAACAGTAAAGTTCTT
TTAATTATATGCACAATAATTCTAAATGGCACTGAAAACGATACTTGGTACAT
TATTGGTGCATGCATTTTACTGTTTTCCCATTGTTTCAAACATGCATATGTTT
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GCTTAATCTTTCTGGAAGCAATACATCTACTCTAAGTTTACCAAATACCTAGA
TCATTAGCTTAAATAGTATTAATTTAAAGCACTTGAATTTATCTTTGGCATTGG
AAAAAGGGGATTTTATCTCTAGTCTATCCCAAACTTGGTTGGGACTAAAAGG
CTGTTATTATTGGCCTCCAGGAGAACAGATTTAGATACTCCCAAACATCAGT
CATATATGTGCTTTAAACCAGATGCATCTTTTATTTGGATGTTAAGTTGTTAA
CTAAATGTGCCCCCTCCTATTGTGTCCTGTCCTGCCTCATCCCATGAAGCAA
ACACTAGAATAATTTTGGTCTTCTTGGTGTGCTTCGATGTAGTTAAATATCAC
AGCAGTCTTTACTGACAATATGTATTTACAGGTCTATTCAACTTCAGTTGCAA
TGCTTCTGACAGCAGTTGTATCTGTCTTCTTGTTCAACTTCCATTTATCCCTC
GCATTCTTCCTTGGATCCACGTAAGTGTTAATGATAATTTTGTTGCAGCTTCT
GCTGATCAGAGCTTTCAAACTCATGATAGAATATTGCAATATGCGAAACTTT
CAGAGTTGTTTCCGTCTCAGTGTACCTGCACTCAATTGGAAAACTTCAACCA
CAGAAATAAGGTTTGTTTAGTCACTGATTGCTGACTGCTCCTCGTCTGTTAG
TAATCACTGGATAACACAGGATTGGTGAAGATGGAATATGGGATTCATTATC
GGTGTTTGGTGCTTTGAGGCTATAAGAAAAGCTTCAGTGGAGATGAGATTTG
ATTGCATAGTTGTGAAAGTTAGTAGGTGGTCAAAGTAAGAACCAGAAATGTA
TTTTTGGAGGGGTTCTAGCTATTATCCGGTCTAGTTTTTGTTCTATTCTATCA
AGTCGAGTTCGTTGATCGCTAACCGCATCCGTGCCTAGTTTTTGATATATCA
AACGCACATTTATTGTAATGCTAGTATTTTGAAATACTAGGTAGTACCCAATT
GTTGTATGGAGCTAGTTGTCTTTTCATTCTAATGTATAGAATTACCATTCTTTT
TACCACCGAGCGTGTGGACCGATGTTGAGGCCCTTTTTACTCTCTTGATTAC
ATAATCCATCTAATAAATCT(Remainder of
4331ntduplication:)ATGTTGTTTGTTTGTCTCTTAACTTATTTAAACTGGATTAT
ATAATCTAGATATCTAAATTATGATAATTCATAAGCATGTCATTAGGTGTTTAT
ATAATTTATAAGTTAGTTGGATTATATAATCATGGGATGAAACAAACAAGGCC
GGTGCAGGAGCAGGATATTTGATCCTGCAAAGTATATTTTAATCATGTTCGG
TGTTTGTATTATGCTAGAATTATCTTATGGGCATTCCACTCGGATGCGTCCAA
AATGCAGACAATCATATTTTTGTCTCAATACTCTTGATTTGAATATGTATTTTT
TAAATTTGAACGTATTGGATGTGTTTTTCTAATTCTGTGTTTCATGGCCAATT
GGCCATAATAAAGTGTAGGGTGTTTTTAGTTTGTGCACAGGCCGGCGTGCT
CTGAGCATTGAACTTCCAAATATAGCGTAAGACAATATTGTGATGCTTGAAT
ACATTTCACTGCAGAGCCAAATTCAACCATTGATCCTGTGCTGCTAATATTTC
TGAAATTTGTTTGGAGTTCCGGATTCAAATAAAGAATCAATAATCATCACATA
ATCGAGTATCTCACACTTAACAGATGTAGAACAGAAAACCGCCATCAGAAAC
ATGCACCATGAATATAAACGTCGAAGCTTGGGATGGATGAAAACTAGATTCA
CGGACATAAGAAAACATCAAAACTATAACAGCTGGTGTTACGAGAACTAAAA
CCTTGGCATATCATCTTAACATTTACTAGGATAACAAATTTGTAAAAAGGTGA
GGTCGTGTCGTTTCGAAAAAAGCAAGAGAAGTTAGGCTTTGTTTGAAATCTA
CTACAAGCAAACAACTTTTAAACCAATGGCAATTTAGACATGAGATCCATACT
CCAAAGTTGGGTTTGAGCTTAAGAATAACCTTGTTTTTAGTAGGATACAATAA
GTTGATGAAAGATTTGAAGCAGATCAAGTTTAATTTCAACTTTAAACTAGCCC
AAAAGTGGATTTTAAGATCTAGCTATGTTTTGCTAAAAGTACATATATCAAAG
TTGTGGAGATTGGAAAAGTGAACAATTTTCATATTTGGAGCTCTCCAATGGG
AGAATTTGAAGTAATTTGCAAAAGTTTAGATTTGGGTCAGTTTGAAATCAGCC
CAAAACAGTTTGGTTTACCTGTTTTTGAATTACTGTAACATTTAATCCATGAG
TATTTTGAAAAAGGTTGCTATAGCAAACTTGCAGAGACACTATAAAAGAGCA

85
GTTTTTATTAAGTGTTGCAGCCCTAAAACCATATGGAATCAGGAGAAAAAGT
GGCCCAAACAGGAGCTGATAGAAATTGTGGATTTCAGACTTTGTGCAATAAC
CTGAAACTTAATTTTAGTGTTATGAGTACAATTTTGGAGCTTAATTGTGGTTA
ATCTATAATGCTTTGGGTTGTAGTTTCTCTAGAAGAATTGAATACCATATATT
GGTGAATCAATCTCCTCAAGTAGATTTGGCTTGGGGATGCACGGAAAAATA
GAGTAAAACCTGCCCAAAAATGGACTGTCAGTTTGCAATGACTGAATTTTTG
TTCAAATTAGCTGAAAACTGAATTGCAGCAGATTGCTCGGTTTGGAGCTCTC
CTGTGACCAATTCATGAGGTTTTGGGCTACAAGTTGTATAGCAAAGTCAAAT
ACCAGATGAAGGTGAACAAGTTTCATGAGAGGAGTGAGGCTTGCTACTGTG
TAAAATGTGGAGAAATGTGTGCTGCAA
Supplementary data 2. Sequences of 11 PCR products at duplication junctions.
PCR bands are shown in figure 3d. Ac sequences are underlined.
>P1P2-1
NNNNNNNNNNNNNNGATCGGGANNNNTAACAAAATCGGTTATACGATAACG
GTCGGTACGGGATTTTCCCATCCTACTTTCATCCCTGGTCGGTCCGTAACGT
GCACTCTACTAAACGCTAGTGCACGTACGTACTCCGTCCGCTGCTATATTAT
GGCCGGCCGTGGCGTGCCCTCTCTAGCCAGCACAGCACACACACTGGAAA
GTGCAAGCTGTAGTGAGACCTGTGCGACTGCCAGCGTGTGTCCGCGCGGT
CGTCGGCCCGCACGGCCACCAACTCCCTTGGACGCACGCGCGCACGCGA
CCAGCTGCTAGCCGTGCGCAAGTAGTGCGAGCTCGCCGCCGGCCAGGGTC
GCTAGCTCGATTGGAGGGACCAGCTGATACGACTCCGGTGTGGCGCGCGA
TGGGGAGGGCGCCGTGCTGCGAGAAGGTGGGGCTCAAGCGAGGGAGGTG
GACGGCGGAGGAGGACCAGTTACTTGCCAACTACATTGCGGAGCACGGCG
AGGGGTCCTGGAGGTCGCTGCCCAAGAATGCAGGTAACCAAAGCCGGCCG
CGCGCCATGCATCGCCACGTAGCATCAATCTCCGATCCATGCATATATGAG
CTAGCTTCTTCTTCGTCGCCGTCGTCGTTCTTAGCTAGTTAGGACGCGCATG
CAGGCCTGCTCCGGTGCGGCAAGAGCTGCCGGCTCCGGTGGATCAACTAC
CTTCGGGGGGGAANNNN
> P1P2-2
NNNNNNNNNGGGNTNNAATCGATCGGGANNNNNNTAACNAAATCGGTTATA
CGATAACGGTCGGTACGGGATTTTCCCNTCCTACTTTCATCCCTGCTCCCTT
GGACGCACGCGCGCACGCGACCAGCTGCTAGCCGTGCGCAAGTAGTGCG
AGCTCGCCGCCGGCCAGGGTCGCTAGCTCGATTGGAGGGACCAGCTGATA
CGACTCCGGTGTGGCGCGCGATGGGGAGGGCGCCGTGCTGCGAGAAGGT
GGGGCTCAAGCGAGGGAGGTGGACGGCGGAGGAGGACCAGTTACTTGCC
AACTACATTGCGGAGCACGGCGAGGGGTCCTGGAGGTCGCTGCCCAAGAA
TGCAGGTAACCAAAGCCGGCCGCGCGCCATGCATCGCCACGTAGCATCAA
TCTCCGATCCATGCATATATGAGCTAGCTTCTTCTTCGTCGCCGTCGTCGTT
CTTAGCTAGTTAGGACGCGCATGCAGGCCTGCTCCGGTGCGGCAAGAGCT
GCCGGCTCCGGTGGATCAACTACCTCCGGGCGGACGTCAAGAGGGGGAAC
ATCTCCAAGGAGGAAGAAGACATCATCATCAAGCTCCACGCCACCCTCGGG
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AACAGGTAACAATAAGCGCGCCCTAATCTCAACGCTGATCGACTGTGCATC
CGACTAGAGAGTAGNACTACTACTACTTCCTTCCTTTATGCATGGGAGTCAA
TGCACGCAGTCCCGAAAAACTTGGTATACGNACTTCCTCCTTCACACNANN
NNNGGAAATCTAGCCCANCAATATCAACTTTGATCAAGACATTCATATAAAA
AATACAACTACNAACTTCGCATATATATTATGAAATATATTTTATAANAAACTT
CCTAAATAANTAAATGNTGATAGTACTATCAATATTNNTGATTGATAGTTTTC
CTAAATTGNGAGGNNNATGTATACTTATNTATCTTACTTNAACGNTTCNNNAC
GNCANNNTTGNAGAAAAGGATTTCTGGCNAAGACTNNAACNNNNGCAANTN
NANNAAGGGCTNCTCNNATGGAAACTCNTTTNTCTCNNAANAAAANNGNGN
NTAACAATGCCNGGNTCTATTGCNNNTNCAATTACTGAAAACTTTAAANCAA
NNNTAANAANGNGATATAACNNGGNCCAANTNTNGAATNN
> P1P2-3
NNNNNNNNNNNNNNCGATCGGGNNANACTAACAAAATCGGTTATACGATAA
CGGTCGGTACGGGATTTTCCCATCCTACTTTCATCCCTGGATACGACTCCG
GTGTGGCGCGCGATGGGGAGGGCGCCGTGCTGCGAGAAGGTGGGGCTCA
AGCGAGGGAGGTGGACGGCGGAGGAGGACCAGTTACTTGCCAACTACATT
GCGGAGCACGGCGAGGGGTCCTGGAGGTCGCTGCCCAAGAATGCAGGTA
ACCAAAGCCGGCCGCGCGCCATGCATCGCCACGTAGCATCAATCTCCGAT
CCATGCATATATGTAGCTAGCTTCTTCTTCGTCGCCGTCGTCGTTCTTAGCT
AGTTAGGACGCGCATGCAGGCCTGCTCCGGTGCGGCAAGAGCTGCCGGCT
CCGGTGGATCAACTACCTCCGGGCGGACGTCAAGAGGGGGAACATCTCCA
AGGAGGAAGAANAACATCATCN
> P1P2-4
NNNGNNNNANCGATCGGGANAAACTAACNNAATCGGTTATACNGATAACGG
TCGGTACGGGATTTTCCCATCCTACTTTCATCCCTGCATGCATCGCCACGTA
GCATCAATCTCCGATCCATGCATATATGAGCTAGCTTCTTCTTCGTCGCCGT
CGTCGTTCTTAGCTAGTTAGGACGCGCATGCAGGCCTGCTCCGGTGCGGC
AAGAGCTGCCGGCTCCGGTGGATCAACTACCTCCGGGCGGACGTCAAGAG
GGGGAACATCTCCAAGGAGGAAGAAGACATCATN
> P1P2-6
NNNNNNNNNNNNNNATCGNTCGGGNNAAACTAACAAAATCGGTTATACGAT
AACGGTCGGTACGGGATTTTCCCNNCCTACTTTCATCCCTGGCTTGATGTG
GATGCAAATGCACCCTATAAAATACAATTTCTATAAATTCAGTTAAAATGTCA
CTATATATGCACTCCTACAAAAAAGTTCTTATGTACCCACAAGGCTAAATACA
CCCTCTCAATTCTACACTCTAGCTTCGCCACTGTGGTAATTGATGAGGTATA
AAGCTAGTGGGGTGTTTGGTATATATGGACTAATTTTTAGTCCTTCATTTTAT
TCTATTTTAGTTTCTAAATTGTCAAATACGAAAACTAAAATAGAGTTTTAACTT
TCCGTATTTTGCCAATTTAAAGACTAACATAAAATAAAATAGGTGGGATAAAA
ATTAATCCTCAGAAACCAAACACTCTCTAAGTTGATCCGTCATATATATAGTC
GTTACATTACATCTCTAAGACGAGAAGCAGCAGCACGAGGAAATGCTCGAT
CTAGGCACTTTCTCGTGCTCAAAGATATGTGCAACTGAAGGAAGATTAGAAA
GTTACTACTGAGCAGTACTGTGATAGCGTCATGCATGCATATATATACACAC
AAACACCTTCCACTCCATAAAATGCAGTTTTTTTTTGGTTACATCAGTTTTGTT
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TAACCTTTTTTNCCCAAGCAACTTATGTGATTTTGACTGAACTTGGATAAAAA
TATACTGGCCATAGTATTTATAATATAATACCCAAAAAAACAANNNCNNGGN
NTTTATTAACAACGGGTTTTCATTAAATTAAACTGATTTGGTTTGCCGTAAATT
TAGGGGAACCAAAACGATCAATGAGTAGCGTATATACATAGCTATATCTTAT
CCTANTACAGTACAAAAAAATCTTTTCAAAAAAATATATAAANCAAGCACNCA
AAAGCANGNNNTTCGTCGANAGCATCNNNTCACCAACNTGACNACNCTATT
CNAGGACNANNNANGNANCTTCNTCGANGNNNNNNNTTNNTTTCNNCNNNT
NCNNNNGATGANNNGNNNNGNNANTNNNNGNNNNAANAANNANANGNNAA
ANNNNNNNNNNNNNNAANNNAANNCCNNANNNNNNNNNNNNNNNNNNTNA
NNGNACNNNNNNAANANNNNNNNTNNNNGGNAGNNNNNNNNNNNNNN
> P1P2-7
GATCGGGANAAACTAACAAAATCGGTTATACGATAACGGTCGGTACGGGAT
TTTCCCATCCTACTTTCATCCCTGTCGATCTAGGCACTTTCTCGTGCTCAAA
GATATGTGCAACTGAAGGAAGATTAGAAAGTTACTACTGAGCAGTACTGTGA
TAGCGTCATGCATGCATATATATACACACAAACACCTTCCACTCCATAAAAT
GCAGTTTTTTTTTTGTTACATCAGTTTTGTTTAACCTTTTTTTCCCAAGCAACT
TATGTGATTTTGACTGAACTTGGATAAAAATATACTGGCCATAGTATTTATAA
TATAATACCCAAAAAAACAATGTCATGGNTTTTATTAACAACGGGTTTTCATT
AAATTAAACTGATTTGGTTTGCCGTAAATTTAGGGGAACCAAAACGATCAAT
GAGTAGCGTATATACATAGCTATATCTTATCCTAGTACAGTACAAAAAATCTT
TCAAAAAATATATAAACAAGCACACAAAAGCATGCGATTCGTCGACAGCATC
GTCTCACCACATGACCACACTATTCAAGGACGATAGATGGAGCTTCTTCGAT
GCTCAAACTTTATTTCTACCATCTACCCAAACTGATGATATGTACAGTAAATT
AATTAATGCAAGGAANAACAAGATAGGGAAAAAAAACCCCAAACTGATAGAT
TANAAGTCGCTGAANAAATCCTCTAACAAAACTGGCGAGCTATCAAACAGGA
CACGAGAGAGAATAAATAATTATACAATAATCNCCTCGTGCAATGCANGCCA
CTGTAGCGCCGTAATGNNANANATTGNGCTATTNNNCCTACAACCCACATG
GTGTTGCNAGAGCTAGCGGNGCCACACACTCATGGNAAACATGGTTTGTGA
AAGCAGCTTAATTAATTACTAGCTGANNGTGANAGTGAANAGGANCACNCN
AATAAACGANNATCTGGNNNCANACTCCTNCNTCATTCNAGCTAGCTAGCG
CTGGNANCGAACTCCCNTCCNNNGGNNNANNCTGNCTGCTGCCNNNNNNN
NGNNANGNNCNNNTCCNNGNNNNNNNNNGNCNTTNNNTNGCTNCNNNNNC
NNNCNNCNNNGNNCNGNGCAAGNNNGCATNNNTANNNNNNNNNNNNNNNN
ATCTANNNNNNNGNCNNNNNNNNGANNNNNNNGNNNNNNNNNNNNNANNT
NCCGCNNNNNNNNNNNNNTGNNNNNNNN
> P1P2-8
NNNNNTNNNNCGTTTCGTTCGTTTTCGTTTTTTACCTCGGGTTCGAAATCGA
TCGGGATAAAACTAACAAAATCGGTTATACGATAACGGTCGGTACGGGATTT
TCCCATCCTACTTTCATCCCTGTATACATAGCTATATCTTATCCTAGTACAGT
ACAAAAAATCTTTCAAAAAATATATAAACAAGCACACAAAAGCATGCGATTCG
TCGACAGCATCGTCTCACCACATGACCACACTATTCAAGGACGATAGATGG
AGCTTCTTCGATGCTCAGACTTTATTTCTACCATCTACCCAAACTGATGATAT
GTACAGTAAATTAATTAATGCAAGGAAGAACAAGATAGGGAAAAAAAACCCC
AAACTGATAGATTAGAAGTCGCTGAAGAAATCCTCTAACAAAACTGGCGAGC
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TATCAAACAGGACACGAGAGAGAATAAATAATTATACAATAATCCCTCGTGC
AATGCATGCCACTGTAGCGCCGTAATGATAGATATTGCGCTATTGCCCCTAC
AACCCACATGGTGTTGCGAGAGCTAGCGGTGCCACACACTCATGGAAACAT
GGTTTGTGAAAGCAGCTTAATTAATTAC46TAGCTGACAGTGAGAGTGAGAG
GACCACGCGAAATAAACGACAATCTGGTCCAACACTCCCTCTTCATTCAAGC
TAGCTAGCGCTGGGAGCGAACTCGCGTCGCATGGCAGAGCCTGCCTGCTG
CCGAGCGGACAGGTTCACGGGNNA
> P1P2-9
NTNNGGNNNNNNNNNGATCGGGANAAACTAACAAAATCGGTTATACGATAA
CGGTCGGTACGGGATTTTCCCATCCTACTTTCATCCCTGATTTCTACCATCT
ACCCAAACTGATGATATGTACAGTAAATTAATTAATGCAAGGAAGAACAAGA
TAGGGAAAAAAAACCCCAAACTGATAGATTAGAAGTCGCTGAAGAAATCCTC
TAACAAAACTGGCGAGCTATCAAACAGGACACGAGAGAGAATAAATAATTAT
ACAATAATCCCTCGTGCAATGCATGCCACTGTAGCGCCGTAATGATAGATAT
TGCGCTATTGCCCCTACAACCCACATGGTGTTGCGAGAGCTAGCGGTGCCA
CACACTCATGGAAACATGGTTTGTGAAAGCAGCTTAATTAATTACTAGCTGA
CAGTGAGAGTGAGAGGACCACGCGAAATAAACGACAATCTGGTCCAACACT
CCCTCTTCATTCAAGCTAGCTAGCGCTGGGAGCGAACTCGCGTCGCATGGC
AGAGCCTGCCTGCTGCCGAGCGGACAGGTCACGGTCCATGTCCGTGGCGT
TGGCGTCAGGTCCATTTCGCTTTGCTGCCTCGCCATCACCGCCGGCCGGTA
CTGTGCAAAGCGCGCATTGGCTAGCTTCCCTGTTGCCTTGATCTGATCATAG
AGGGGTCCATGTCCGTGGCACACAGTGGGATTAATGACGGGCCCACGCCG
GCCCTCCCTAATGATTTCCCCCGCCTTAACGTTGACACTGCGGACGGTGAG
AGGCGCGGCTGTGGACGTACGGCGAGATCTATCGGGGGCCCATCGTCCTT
CGCGAACGATGCGTACATTTAGCGCCATATATAAACACACGCCGGCACATG
ATTACTACGGCCTATACGTCGTGAGCGGCGCGATCAATGAGTGAGCTAGTT
TGTTGCACCAAATTGTCNATCAAGTTGCATCAGACAGTANAGTACTGTATAC
TCTCTCTATATATATATGTTATATGTACTAGGCAGGCTAANNAAACACGATAN
ANACCNNNNNTTCNGNTNNTCATTACNAAGCTGCAGCTGCCCANCCAGCAG
CGATGATCACGTACNCTNNCNNNNNNNNNNNNCNNNNNNNN
> P1P2-10
NNNNNNNNANCGATCGGGNNANNTAACNNNTCGGTTATACGATAACGGTCG
GTACGGGATTTTCCCATCCTACTTTCATCCCTGAGTGAGAGGACCACGCAG
AAATNNNCGACAATCTGGTCCAACACTCCCTCTTCATTCAAGCTAGCTAGCG
CTGGGAGCGAACTCGCGTCGCANGGCAGAGCCTGCCTGCTGCCGAGCGG
ACAGGTCACGGTCCATGTCCGTGGCGTTGGCGTCAGGTCCATTTCGCTTTG
CTGCCTCGCCATCACCGCCGGCCGGTACTGTGCAAAGCGCGCATTGNCTA
GCTTCCCTGTTGCCTTGATCTGATCATAGAGGGGTCCATGTCCGTGGCACA
CAGTGGGATTAATGACGGGCCCACGCCGGCCCTCCCTAATGATTTCCCCCG
CCTTAACGTTGACACTGCGGACGGTGAGAGGCGCGGCTGTGGACGTACGG
CGAGATCTATCGGGGGCCCATCGTCCTTCGCGAACGATGCGTACATTTAGC
GCCATATATAAACACACGCCGGCACATGANTTACTACNGGCCTATACGTCG
TGAGCGGCGCGATCAANNGAGTGAGCTAGTTTGTTGCACCAAATTGTCGAT
CAANTTGCATCAGACAGTAGAGTACTGTATACTCTCTCTATATATATATGTTA
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TATGTACTAGGCAGGCTAAGAAACACGATAGATACCACGCNTNCGGTTCTC
ATNANNANNTGCAGCTGCCCAACCAGCAGCGATGATCACGTACGCTCNCNT
CNNGGNNNNNNNANN
> P1P2-12
GGGANANNTAACAAAATCGGTTATACGATAACGGTCGGTACGGGATTTTCC
CATCCTACTTTCATCCCTGGTGGCGTTGGCGTCAGGTCCATTTCGCTTTGCT
GCCTCGCCATCACCGCCGGCCGGTACTGTGCAAAGCGCGCATTGGCTAGC
TTCCCTGTTGCCTTGATCTGATCATAGAGGGGTCCATGTCCGTGGCACACA
GTGGGATTAATGACGGGCCCACGCCGGCCCTCCCTAATGATTTCCCCCGCC
TTAACGTTGACACTGCGGACGGTGAGAGGCGCGGCTGTGGACGTACGGCG
AGATCTATCGGGGGCCCATCGTCCTTCGCGAACGATGCGTACATTTAGCGC
CATATATAAACACACGCCGGCACATGATTACTACGGCCTATACGTCGTGAG
CGGCGCGATCAATGAGTGAGCTAGTTTGTTGCACCAAATTGTCGATCAAGTT
GCATCAGACAGTAGAGTACTGTATACTCTCTCTATATATATATGTTATATGTA
CTAGGCAGGCTAAGAAACACGATAGATACCACGCATTCGGTTCTCATTACG
AAGCTGCAGCTGCCCAACCAGCAGCGATGATCACGTACGCTCACCATCNNG
GCGTCCTTGA
> P1P2-14
NNNNNNNNNNNANCGATCGGGNNAAACTAACAAAATCGGTTATACGATAAC
GGTCGGTACGGGATTTTCCCATCCTACTTTCATCCCTGATCATAGAGGGGTC
CATGTCCGTGGCACACAGTGGGATTAATGACGGGCCCACGCCGGCCCTCC
CTAATGATTTCCCCCGCCTTAACGTTGACACTGCGGACGGTGAGAGGCGCG
GCTGTGGACGTACGGCGAGATCTATCGGGGGCCCATCGTCCTTCGCGAAC
GATGCGTACATTTAGCGCCATATATAAACACACGCCGGCACATGATTACTAC
GGCCTATACGTCGTGAGCGGCGCGATCAATGAGTGAGCTAGTTTGTTGCAC
CAAATTGTCGATCAAGTTGCATCAGACAGTAGAGTACTGTATACTCTCTCTA
TATATATATGTTATATGTACTAGGCAGGCTAAGAAACACGATAGATACCACG
CATTCGGTTCTCATTACGAAGCTGCAGCTGCCCAACCAGCAGCGATGATCA
CGTACGCTCACCATCCNNNGTCCNNN
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Supplementary data 3. The sequences of p2 transcript detected in P1P2-3 allele in
pericarp.
The p2 expression is driven by GRMZM2G073064, including Ac sequences, p2 exon1
and exon 2:
(AcSequences:)ATACGATAACGGTCGGTACGGGNNTTTCCCNTCCTACTTTC
ATCCCTG(p2Exon1:)GATACGACTCCGGTGTGGCGCGCGATGGGGAGGGCG
CCGTGCTGCGAGAAGGTGGGGCTCAAGCGAGGGAGGTGGACGGCGGAGG
AGGACCAGTTACTTGCCAACTACATTGCGGAGCACGGCGAGGGGTCCTGG
AGGTCGCTGCCCAAGATGCAG(p2Exon2:)GCCTGCTCCGGTGCGGCAAGAG
CTGCCGGCTCCGGTGGATCAACTACCTTCGGGCGGAATTCA
Supplementary data 4. Comparison of Ac insertions between RET and P1-VV
RET insertion sites in P1P2 alleles
Ac insertion sites in p1-vv alleles (ATHMA et al. 1992)
Exon
Intron
Hot spot
Cold spot
p2
p1

TCCCCCCAGTCCCACGTAACGGACAGGTCGGTCCGTAACGTGCACTCTACTAAACGCTAG 480
CTGTTTAAGGGCTAAAATACAAACG--------TGCACTCTGCACTCTACTAAGCGCTAG 295
.** * *..::**..**.
* *. *************.******

p2
p1

TGCACGTACG----TACTCCGTCCGCTGCTATATTATGGCCGGCCGTGGCGTGCCCTCTC 536
TGTACGTACGTACGTACTCCGTCCGCTGCTATATTATGGCCGGCCGTGGCGTGCCCTCTC 355
** *******
**********************************************

p2
p1

TAGCCAGCACAGCACACACACTGGAAAGTGCAAGCTGTAGTGAGACCTGTGCGACTGCCA 596
TAGCCAGCACAGCACACACACTGGAAAGTGCAAGCTGTAGTGAGACCTGCGCGACTGCCA 415
************************************************* **********

p2
p1

GCGTGTGTCCGCGCG-------------------GTCGTCGGCCCGCACGGCCACCAACT 637
GCGTGTATCCGCGCGGCAAGGAGCGTAGCGCGCGGTCGTCGGCCCGCACGGCCACCAACT 475
******.********
**************************

p2
p1

CCCTTGGACGCACGCGCGCACGCGACCAGCTGCTAGCCGTGCGCAAGTAG---TGCGAGC 694
CCCTTGGACGCACGCGCGCGCGCGACCAGCTGCTAACCGTGCGCAAGTAGTAGTGCGACT 535
*******************.***************.**************
*****

p2
p1

TCGCCGCCGGCCAGGGTCGCTAGCTCGATTGG-AGGGACCAGCTGATACGACTCCGGTGT 753
TCGCCGCCGGCCGGGATCGCTAGCTCGATCGATCGGCGGGACCACATACGACTCCGGTGT 595
************.**.************* *. .** . * *: ***************

p2
p1

G----------------------------------------------------------- 754
GGCCAGCGGCGGCCGGGCCGGGGAACGCACGTGCTGCGAGCGAGCGAGGGCAGACGCTAG 655
*

p2
p1

--------------------GCGCGCGATGGGGAGGGCGCCGTGCTGCGAGAAGGTGGGG 794
CTGTTGCCGGGAGCTAGCCGGCGCGCGATGGGGAGGACGCCGTGCTGCGAGAAGGTGGGG 715
****************.***********************

p2
p1

CTCAAGCGAGGGAGGTGGACGGCGGAGGAGGACCAGTTACTTGCCAACTACATTGCGGAG 854
CTCAAGCGAGGGAGGTGGACGGCGGAAGAGGACCAGTTACTTGCCAACTACATTGCGGAG 775
**************************.*********************************
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p2
p1

CACGGCGAGGGGTCCTGGAGGTCGCTGCCCAAGAATGCAGG-TAACCAAAGCCGGCCGCG 913
CACGGCGAGGGGTCCTGGAGGTCGCTGCCCAAGAATGCAGGTAAACCAAAGCCGGCCGCG 835
***************************************** :*****************

p2
p1

CGCCATGCATCGCCACGTAGCATCAATCTCCGATCCATGCATATATGAGCTAGCTTCTTC 973
CGCCATGCATCGCCACGTAGCATCAATCTCCGATCCATGCATATATGAG----CTTCTTC 891
*************************************************
*******

p2
p1

TTCGTCGCCGTCGTCGTTCTTAGCTAGTTAGGACGCGCATGCAGGCCTGCTCCGGTGCGG 1033
TTCGTCGCCGTCGTCGTTCTTAGCTAGTTAGGACGCGCATGCAGGCCTGCTCCGGTGCGG 951
************************************************************

p2
p1

CAAGAGCTGCCGGCTCCGGTGGATCAACTACCTCCGGGCGGACGTCAAGAGGGGGAACAT 1093
CAAGAGCTGCCGGCTCCGGTGGATCAACTACCTTCGGGCGGACGTCAAGAGGGGGAACAT 1011
********************************* **************************

p2
p1

CTCCAAGGAGGAAGAAGACATCATCATCAAGCTCCACGCCACCCTCGGGAACAGGTAACA 1153
CTCCAAGGAGGAAGAAGACATCATCATCAAGCTCCACGCCACCCTCGGCAACAGGTAACA 1071
************************************************ ***********

p2
p1

ATAAGCGCGCCCTAATCTCAACGCTGATCGACTGTGCATCCGACTAGAGAGTAGTACTAC 1213
ATAAGCGCGCCCTAATCTCAACGCTGATC-ACTGTGCATCCGACTAGAGAGTAGTAGTAC 1130
***************************** ************************** ***

p2
p1

TACTACTTCCTTCCTTTATGCATGG-----GAGTCAATGCACGCAGTCCCGAAAAACTTG 1268
TACTACTTCCTTCCTTTATGCATGGGATGGGAGTCAATGCACGCAGTCCCAAAAAACTTG 1190
*************************
********************.*********

p2
p1

GTATACGTACTTCCTCCTTCACACGAAGAACGGAAATCTAGTCCAACAATATCAACTTTG 1328
GTATACGTACTTCCTCCTTCACACGAAGAACGGAAATCTAGTCCAACAATATCAACTTTG 1250
************************************************************

p2
p1

ATCAAGACATTCATATAAAAATACAACTACTAACTTCGCATATATATTATGAAATATATT 1388
ATCAAGGCATTCATAT---------------------------ATATTATGAAATATATT 1283
******.*********
*****************

p2
p1

TTATAAGAAACTTCCATAAATATATAAATGTTGATAGTACTATAAATATAGTTGATT--G 1446
TTATAAGAAACTTCCATAAATATATAAATGTTGATAGTACTATAAATATAGTTGATTGAG 1343
********************************************************* *

p2
p1

AGAGTTTTCTTAAATTGTGAGGTACCATGTATACTT--ATATATACTACTCAAACGCTTC 1504
AGAGTTTTCTTAAATTGTGAGGTACCATGTATACTTTTATATATACTACTTAAACGCTTC 1403
************************************ ************ *********

p2
p1

TCGACGTACAAATTTGGAGAAAAGGATTTCTGGCAGAAGACTAGAACAGTCAGCACAGAC 1564
TCGACGTACAAATTTGGGGAAAAGGATCTCTGGCACAAGACTAGAACAGTCAGCACAGAC 1463
*****************.********* ******* ************************

p2
p1

AATAAAGGGCTACTCCGATGGAAATCTCGTTTTCATTCATAGGAG-----AGCAGTGTAG 1619
AATAAAGGGCTACTCCGATGAAAATCTCGTTTTCATTCATAGGAGTATAGAGTAGTGTAG 1523
********************.************************
** *******

p2
p1

TAACAATTGCCTGCTCTATATGCTCTCTCAATTACTGAAATCTTAGAGCAAGTATAATAA 1679
TAACAATTGCCTGCTCTATATGCTCTCTCAATTACTGAAATCTTAGAGCAA--------- 1574
***************************************************

p2
p1

ATGGATATAAGCCGGCTCAATATTGAGATTGATGAGAGAGAGAGCAGAATCGGACTGCAA 1739
-------------------ATATTGAGATTGATGAGAGAGAGAGCAGAATCGGACTGCAA 1615
*****************************************

p2
p1

ACTTAAAGCCGGGGCTTAGACACAGAACTAAAAACTTTTTTG-TGAGAAAGACATGCAAA 1798
ACTTAAAGTCGGGGCTTAGACACAGAACTAAAAACTTTTTTTGTGAGAAAGACATGCAAA 1675
******** ******************************** *****************

p2
p1

TCATAAATTAACAGTGAAGAGCTAACTACTATACGGATAG-------------------- 1838
TTATAAATTAATAGTGAAGAGCTAACCACTACACGGATAGGCTAATGTAAATCATAAATT 1735
* ********* ************** **** ********

p2
p1

-------------------------------GCTAAGAAGTAGACTATAATGTTCCTTAC 1867
AATAGTAAAGAGCTAACTACTACACAGATAGACTAAGAAGTAGACTATAAGGTTCCTTAC 1795
.****************** *********

92
p2
p1

TTACAACCAGCGGTTAGCTATATTATTAAACTTGATCTTATAATTTCGATGGCTGGCCCG 1927
TTATAACCAGCGGTTGACTATATTATTAAACTTGATCTTATAATTTCGATAGCTGCCCCG 1855
*** ***********..*********************************.**** ****

p2
p1

ATCGGTTGAGAGTTAAGACACCGTATACCATACACGTACACAGTACTAAATAAAGAATTA 1987
ATCGGTTGAGAGTTAAGACACCGTATACCATACACGTACACAGTACTAAATAAAGAATTA 1915
************************************************************

p2
p1

AATGATGTAGGGGCACACGCTGCTGGAATTGAGGCGCGCGCAGCAGCAATAGTAGGCTAA 2047
AATGATGTAGGGGCACACGCTGCTGGAATAGAGGCGCGCGCAG---CAATAGTAGGCTAA 1972
*****************************:*************
**************

p2
p1

TGTCCTTTTTT-CTATGCTTGGTATGGGTTCCAATCGGCTTTATTATCACTGTTTAGCTA 2106
TGTCCTTTTTTTCTATGCATGGTATGGGTCCCGATCGGCTT---TATCACTGTTTAGCTA 2029
*********** ******:********** **.********
****************

p2
p1

CTGTAGTGATAATGTCCAAAAAGATGGTTTCATCAGCGAAAGACAAAAGAGAGAGAAGAG 2166
CTGTAGTGATAATGTCCAAAAAGATGGTTTCATCAGCGAAAGACAAAAGAGAGAGAAGAG 2089
************************************************************

p2
p1

AGAAGAGAGAAGAGAGAAGAGAGAG---AGAAAGAAAGACTCCTATAAAGAGTAGTGTTG 2223
AGAAGAGAGAAGAGAGAAGAGAGAAGAGAGAGAGAGAGACTCCTATAAAGAGTAGTGTTG 2149
************************.
***.***.************************

p2
p1

CTATAGTGCTAGAATGGTGCATATTACTACAGTGCATATATGTGAGAAAGAACCGGAGCT 2283
CTATAGTGCTAGAATGGTGCATATTACTACAGTGCATATATGTGAGAAAGAGCCGGAGCT 2209
***************************************************.********

p2
p1

ATTGAGCTAATACAATCTATAGGGCCTAAAT----AGAGACATGGCTG---------AGG 2330
ATTGAGCTAATACAATCTATAGGGCCTAAATTAATAGAGACATGGCTGAAAACAATATGG 2269
*******************************
*************
:**

p2
p1

CCATCTGGTCCCTCCGATCGATGTGCTGTAGTATGTTTATGTACACGCGGGCTCTACGCA 2390
CCATCTGGTCCCTCCGATCGATGTGCTGTAGTATGTTTATGTACACGCGGGCTCTACGCA 2329
************************************************************

p2
p1

CGCTTGCTCTAGCATTGAGCAGTGCTACTTTACTACACT---ATCAGTCCGGTCCTTGTC 2447
CGCTTGCTCTAGCATTGAGCAGTGCTACTTTACTACACTACTATCAGTCCGGTCCTTGTC 2389
***************************************
******************

p2
p1

AGTCACTGGCTCAGCATGTGTCTCTGAAGTTGCCCGTACGTGTGGCAGCAGCCAAAAGGG 2507
AGTCACTGGCTCAGCATGTGTCTCTGAAGTTGCCCGTACGTGTGGCAGCAGCCAAAAGGG 2449
************************************************************

p2
p1

CGTGCTGCGTGTGTAAGTTTACTGTCCAGTCAGATGCCTGTGATTTCCGAGGCCACGTGC 2567
CGTGCTGCGTGTGTAAGTTTACTGTCCAGTCAGATGCGTGTGATTTCCGAGGCCACGTGC 2509
************************************* **********************

p2
p1

ACGAGCATGCATGACGCCAACATGGTATGATAGCCCTCTTTGTTTAGGCTTTTTTTTCGG 2627
ACGAGCATGCATGGCGCCAACATGGCATGATG-TGATGTTTGTTTCGGCCTTTTTTTTAG 2568
*************.*********** *****.
.* *******.*** ******* .*

p2
p1

TTTATGGCCATCAAAATCTGCTACAAACTGTCAAACACTCAGCTTTTCAGCTCGCTTCTA 2687
ATTTTGGCTACCAAAATCTGGTACAGACAGTCAAATATTCA-ATTTTTAGTCCACTTCT- 2626
:**:**** * ********* ****.**:****** * *** .**** ** *.*****

p2
p1

AAAAAAATCGATTTGGTAAAAATCAAACAACAAAGTCG-CATGAACACAAAATTGGTCGG 2746
ATAAAAATCGATTTGGTAAAAATCATCCAACAAAATCAACATAAACACAAAATCGGTCGG 2686
*:***********************:.*******.**. ***.********** ******

p2
p1

GTCGTTGCAATATAGTAGGATTCCGTCACTTTCTAGATCATGAACCATATGTACACATTC 2806
-ACGTTGCAATA--GTAGGAATCTATCACTTTCTAGATTGTTAACCCTATAGACACATTA 2743
:********** ******:** .************* .* ****.***. *******.

p2
p1

ATCTTTCTCCGCACATAATCC-CACAATGCTCAGATTATCTCCACAGCCAAATTCTCT-G 2864
ATCTTCCTCCGCACATAATCCTCACAATACTCATATTCTCTCTGCAGCCAAATTCTTTTA 2803
***** *************** ******.**** ***.**** .************ * .

p2
p1

AAAAGCTGGTTAGAAAAAAGTTCAACCAAACAGTCCCGATGATGCCCGCCACTTCTTATG 2924
AAAAACTGGTAAGAAAAAAGATGAACCAAACAGGCTCGATGATGCTCGCCACTTCTTATG 2863
****.*****:*********:* ********** * ********* **************

p2

GCTTCGCATATGTGGCAACGGGGGCGAAACTAGGTTGCTTGATGTGGATGCAAATGCACC 2984

93
p1

ACTTCGCATATGTGGCAAGAGGGGCG-AAATAGGTTGCTAACTGTGGATGCAAATGCACC 2922
.***************** .****** **.*********:..******************

p2
p1

CTATAAAATACAATTTCTATAAATTCAGTTAAAATGTCACTATATATGCACTCCTACAAA 3044
CTGTAAAATACAATTTCTATAAATTCAGTCACAATTTCACTATATATGCACTCCTAGAAA 2982
**.************************** *.*** ******************** ***

p2
p1

AAAGTTCTTATGTACCCACAAGGCTAAATACACCCTCTCAATTCTACACTCTAGCTTCGC 3104
AAG-TTCTTATCTACCCACAAGACTAAATACACCCTCTCAAT--TATAATCTGGCTTCGC 3039
**. ******* **********.******************* ** *.***.*******

p2
p1

CACTGTGGTAATTGATGAGGTATAAAGCTAGTGGGGTGTTTGGTATATATGGACTAATTT 3164
TATTATG--TGGTAATGAGGTCTAAAACTAG-GGGGTGTTTGGTTTATATGGACTAATTT 3096
* *.** :. *.*******.****.**** ************:***************

p2
p1

TTAGTCCTTCATTTTATTCTATTTTAGTTTCTAAATTGTCAAATACGAAAACTAAAATAG 3224
T------------------------AGTTTCTGTATT----------------------- 3109
*
*******.:***

p2
p1

AGTTTTAACTTTCCGTATTTTGCCAATTTAAAGACTAACATAAAATAAAATAGGTGGGAT 3284
--------------------TGACAATTTAAGGACTAAAATAAAATAAAATAGATAGGCT 3149
**.********.******.**************.*.**.*

p2
p1

AAAAATTAATCCTCAGAAACCAAACACTCTCTAAGTTGATCCGTCATATATATAGTCGTT 3344
AAAAATTAATCTTTAGAAACCAAACACTCTCTAAGCTGATCCGTCATATAT----TCGTT 3205
*********** * ********************* ***************
*****

p2
p1

ACATTACATCTCTAAGACGAGAAGCAGCAGCACGAGGAAATGCTCGATCTAGGCACTTTC 3404
ACATTTCATCTCTAAGACGAAAAGCAGCAGCACGAGGAAAT----GATCTAGGCACTTTC 3261
*****:**************.********************
***************

p2
p1

TCGTGCTCAAAGATATGTGCAACTGAAGGAAGATTAGAAAGTTACTACTGAGCAGTACTG 3464
TCGTGCTCAAAGATTTGTGCAACTAAGGGAAGATTAGAAAGCTACTACTGAGCAGTACTG 3321
**************:*********.*.************** ******************

p2
p1

TGATAGCGTCATGCATGCATATATATACACACAAACACCTTCCACTCCATAAAATGCAGT 3524
TGATAGCGTCATGCGTGCATATA------CACACACACCTTCCACTCCATAAAATGCAGG 3375
**************.********
****.*************************

p2
p1

TTTTTTTTTGTTACATCAGTTTTGTTTAACCT-TTTTTTCCCAAGCAACTTATGTGATTT 3583
GTTTTTTTTGCTCCATCAGTTTTGTTTAACCTATTTTTTCCCAAGCAACTTCTTTGATTT 3435
********* *.******************* ******************.* ******

p2
p1

TGACTG------------------------------------------------------ 3589
TGACCAGTGGCGGGACGAAAGTCCAGGTGAGGCCAATCCGTAATAAAGAAATCACAAGAA 3495
**** .

p2
p1

-----------------------------------------------------------A 3590
AAAATGCTAAACTATAAGTGGTTTTTTGGTAATAGCATGAAATTAAGTTGTAATATCATG 3555
.

p2
p1

ACTTGGATAAAAATAT-------------------------------------------- 3606
ACTATTATAAAATAATGTGGATATCGAAAATCTTTTTAGCGACGCCAAATCATCGATAGA 3615
***: ******::**

p2
p1

-----------------------------------------------------------AAATTCAATCTACAATTAGAAGAAAAAGTATTAGGTAAGCATCAATGTAAGTAAAAGACA 3675

p2
p1

-----------------------------------------------------------AAACTATATAGAAAAAACATCGAAAACACCATTAAACCATCAATCTTGTGGTTGTGGCAG 3735

p2
p1

-----------------------------------------------------------CTTGCACTCTAGTGCGGGGCCGTGGCCGAGTGGAGGCAGGAAGACGAGCAGCAAGCTAGC 3795

p2
p1

---------------ACTGGCCAT------------------------------------ 3615
GACAGTGTCCTGACAGCTGGCGATGACGGTTGGGTGGGCGGCCAACGATGATGAACTGAC 3855
.***** **

p2
p1

-----------------------------------------------------------GGTTGGACGTCAATTGGACAGCGGGCACAACGCTAGGACGAGCGCTAAGCGGGGGTTGGA 3915

94

p2
p1

-----------------------------------------------------------TGCTACAAACGTGCGGTTGATGCCTTTCTCATTCTGTGTTTTATTCGATATAGGTCGTGA 3975

p2
p1

-----------------------------------------------------------CCTAAGATGATGGGCTAGATCTTGTGGGTTAGTCGATGGTATGATGTGGTGGACCCGGTG 4035

p2
p1

-------------------------------------------AGTATTTATAATA---- 3628
TTTATCTAATTTAGTCGCATATACCTTATATTTTTTATTTTATAGTATATATAAAAGGTA 4095
*****:*****:*

p2
p1

-----------------------------------------------------------GGTATAAACAGTTCCAAAAATTAAGGTGGCGCCATGGCCTACTTTGCCCACATTGTGGAT 4155

p2
p1

----------------------------------------------------TAATACCC 3636
CCGCCCCTGATTTTGACTGAACTTGGATAAAATATACTGGTCATAGTATTTATAATACCC 4215
********

p2
p1

AAAAAAACAATGTCATGGCATTTATTAACAACGGGTTTTCATTAAATTAAACTGATTTGG 3696
AAAAAAACAATGTCATGGCATTTATTAACAACGGGTTTTCATTAAATTAAACTGATTTGG 4275
************************************************************

p2
p1

TTTGCCGTAAATTTAGGGGAACCAAAACGATCAATGAGTAGCGTATATACATAGCTATAT 3756
TTTGCCGTAAATTTAGGAGAACCAATATGATCAATGAGTAGCG------------TATAT 4323
*****************.*******:* ***************
*****

p2
p1

CTTATCCTAGTACAGTACAAAAAATCTTTCAAAAAATATATAAACAAGCACACAAAAGCA 3816
CTTA---CAGTACAG----AAAAATCTTTGAAAAAAATATATAAACAGCACACAAAAGCA 4376
****
*******
********** ******::::::**..**************

p2
p1

TGCGATTCGTCGACAGCATCGTCTCACCACATGACCACACTATTCAAGGACGATAGATGG 3876
TGCGATTCGTCGACAGCATCGTCTCACGGTCTCACCACACCATTCAAGGACGATG----G 4432
*************************** . .* ******* *************.
*

p2
p1

AGCTTCTTCGATGCTCAGACTTTATTTCTACCATCTACCCAAACTGATGATATGTACAGT 3936
AGCTTCTTCGGTGCTCAGACTTTATTTCTACCATCTACAACCCAAACTGATATGTACAGT 4492
**********.***************************......:..*************

p2
p1

AAATTAATTAATGCAAGGAAGAACAAGATAGGGAAAAAAAACCCCAAACTGATAGATTAG 3996
AAAT--------GGAAGGAAGAACAAGATAG-AGAAAAAAAACCCAAACTGATAGATTAG 4543
****
* ***************** ..*******.******************

p2
p1

AAGTCGCTGAAGAAATCCTCTAACAAAACTGGCGAGCTATCAAACAGGACACGAGAGAGA 4056
AAGTCGCTGAAGAAATCATCTAACAAAACTGGCGAGCTATCAAACAGGACACGGGAGAGA 4603
*****************.***********************************.******

p2
p1

ATAAATAATTATACAATAATCCCTCGTGCAATGCATGCCACTGTAGCGCCG-----TAAT 4111
ATAGATGATTAAACAATAATCCCTCGTGCAATGCATGCCACTGTAGCGCCGTAATATAAT 4663
***.**.****:***************************************
****

p2
p1

GATAGATATTGCGCTATTGCCCCTACAAC------------------------------- 4140
GATAGATATG-CGCTATTGCTCCTACAACTACAACTAGGGATGAAAACGGTCGGTAACGG 4722
********* ********* ********

p2
p1

-----------------------------------------------------------TCGGTAAAATACCTCTACCGTTTTCATTTTCATATTTAACTTGCGGGACGGAAACGAAAA 4782

p2
p1

-----------------------------------------------------------CGGGATATACCGGTAACGAAAACGAACGGGATAAATACGGTAATCGAAAACCGATACGAT 4842

p2
p1

-----------------------------------------------------------CCGGTCGGGTTAAAGTCGAAATCGGACGGGAACCGGTATTTTTGTTCGGTAAAATCACAC 4902

p2
p1

-----------------------------------------------------------ATGAAAACATATATTCAAAACTTAAAAACAAATATAAAAAATTGTAAACACAAGTCTTAA 4962

95

p2
p1

-----------------------------------------------------------TTAAACATAGATAAAATCCATATAAATCTGGAGCACACATAGTTTAATGTAGCACATAAG 5022

p2
p1

-----------------------------------------------------------TGATAAGTCTTGGGCTCTTGGCTAACATAAGAAGCCATATAAGTCTACTAGCACACATGA 5082

p2
p1

-----------------------------------------------------------CACAATATAAAGTTTAAAACACATATTCATAATCACTTGCTCACATCTGGATCACTTAGC 5142

p2
p1

-----------------------------------------------------------ATGCATAAACTATTACAACCAAGGCTCATCTGTCAACAAACATAAGACACATTGCTCATG 5202

p2
p1

-----------------------------------------------------------GAGAGGAGCCACTTGCTACATCTTCATTATTCTTAGAAAATTCTATTGCGTCTTCATCCT 5262

p2
p1

-----------------------------------------------------------GTTAATACACAAAAATAAGTCAGTTTTGGATAAATAAATACATATAGAAGAACATGAATT 5322

p2
p1

-----------------------------------------------------------GATATGCAGGGAGTATAAATAAATACATATAGGAGAACATGAATCTGTGAACTAACACGG 5382

p2
p1

-----------------------------------------------------------CTGGGAGCTAGGCAGCTAGCAGCTAGCGCCTAACAGCTGGGAGCCTAACAGCTAGCAGCT 5442

p2
p1

-----------------------------------------------------------AGCAGCCAATCAAAACAAGGCGACAAGGCGCATGCAGTGAGATCAAAAATCTGTTAATGC 5502

p2
p1

-----------------------------------------------------------CAGCCATGCAGGGAGTATAACACGGCTGGGCAGCAAGGCGCATGCATCAAAACAAGGCGA 5562

p2
p1

-----------------------------------------------------------CAGCAAACAGCCCATGCATCAAAACAGTAGTGAATAATAGCAAATTAATAGCCCATGCAC 5622

p2
p1

-----------------------------------------------------------GAAGTAAATAATAATCTTTAAATACCTCATCCATATGATTCTCATGATTTGTTGCAGCAG 5682

p2
p1

-----------------------------------------------------------CAATAACAGAGTCTAGCACCTCGAGATCACCAATCATTGTTGGAAAATATGTAGCACCTT 5742

p2
p1

-----------------------------------------------------------GAATGACACAAATATGCATCAATATAAGTAAAATAATTGTTGAATAACTATAAATTGGAA 5802

p2
p1

-----------------------------------------------------------CTTCATTATAACATATATGCATTCACCTTTTCTAGATGCTGCTACCCAATCTTTTGTGCA 5862

p2
p1

-----------------------------------------------------------TATCAAAGCTTCAACAATCTCCGAACCAAGACGATTGCGGTAAGGATCAACAACACGACC 5922

p2
p1

-----------------------------------------------------------ACCAGCACTGAACGCAGACTCAGAAGCAACAGTTGACACTTGTATTGCTAGCACATCCCT 5982

p2
p1

-----------------------------------------------------------TGCAATTTGGGTGAGAATAGGATATTCTGCAACCCTTCCCCTCCACCATGATAAAATATC 6042

96
p2
p1

-----------------------------------------------------------AAACTGACCACTATGCTTCAAAAGGGGTTCAGACATATATTTATCCAATTCATTTGACTC 6102

p2
p1

-----------------------------------------------------------TACTTGATCATAATCCTTCAACTCATGCAAATAGTTTTGAAATTCATCATCTTCATTTTC 6162

p2
p1

-----------------------------------------------------------CATCAAGGTATCATCCATACTATCATTAGTAGTTGTCTTTGTCTTTGGAGCTGAAGGACT 6222

p2
p1

-----------------------------------------------------------ACAACTAGAATAGAATTGATACAATTTTCTAATGACCCTAACAAAGTCATCTACATGAAC 6282

p2
p1

-----------------------------------------------------------TTTGTATGAATCACCATGAAATTTTTTCATATAGAACTCAATCAATATTTTCTTGTACCT 6342

p2
p1

-----------------------------------------------------------AGGGTCAAGGAAGCATGCTACAGCTAGTGCAATATTAGACACTTTCCAATATTTCTCAAA 6402

p2
p1

-----------------------------------------------------------CTTTTCACTCATTGCAACGGCCATTCTCCTAATGACAAATTTTTCATGAACACACCATTG 6462

p2
p1

-----------------------------------------------------------GTCAATCAAATCCTTTATCTCACAGAAACCTTTGTAAAATAAATTTGCAGTGGAATATTG 6522

p2
p1

-----------------------------------------------------------AGTACCAGATAGGAGTTCAGTGAGATCAAAAAACTTCTTCAAACACTTAAAAAGAGTTAA 6582

p2
p1

-----------------------------------------------------------TGCCATCTTCCACTCCTCGGCTTTAGGACAAATTGCATCGTACCTACAATAATTGACATT 6642

p2
p1

-----------------------------------------------------------TGATTAATTGAGAATTTATAATGATGACATGTACAACAATTGAGACAAACATACCTGCGA 6702

p2
p1

-----------------------------------------------------------GGATCACTTGTTTTAAGCCTTATTAGTGCAGGCTAGTAATTAGTTAGTAATTAGTTAAGC 6762

p2
p1

-----------------------------------------------------------TAGTAATTAGTTAAGCTGCTTTCACAAACCATGTTTCCATGACTGTGTGGCACCGCTAGC 6822

p2
p1

---------------------------CCACATGGTGTTGCGAGAGCTAGCGGTGCCACA 4173
TCTCGCAACACCATGTGGGTTGTAGTCCCACATGGTGTTGCGAGAGCTAGCGGTGCCACA 6882
*********************************

p2
p1

CACTCATGGAAACATGGTTTGTGAAAGCAGCTTAATTAATTACTAGCTGACAGTGAGAG- 4232
CAGTCATGGAAACATGGTTTGTGAAAGCAGCTTAACTAATTACTAGCTAGCTGTGAGAGA 6942
** ******************************** ************..*:*******

p2
p1

--------------------------TGAGAGGACCACGCGAAATAAACGACAATCT--- 4263
GTCGTCAGCGGCTAGCGGAGAGTGAGTGAGAGGACCACGCGAAAGAAACGACAATAATCT 7002
****************** **********.:

p2
p1

---------------------------GGTCCAACACTCCCTCTTCATTCAAGCTAGCTA 4296
CCCGTTCGTTTTCGTTACCGATCTCGAGGTCCAACACTCGCTCTTCATTCAAGCTAGCTA 7062
************ ********************

p2
p1

GCGCTGGGAGCGAACTCGCGTCGCATGGCAGAGCCTGCCTGCTGCCGAGCGGACAGGTCA 4356
GCGCTGGGAGCGAACTCGCGTCGCATGGCAGAG-CTGCCTGCTGCCGAGCGGACAGGTCA 7121
********************************* **************************

p2

CGGTCCAT--------------GTCCGTGGCGTTG----GCGTCAGGTCCATTTCGCTTT 4398

97
p1

CGGTCTTCTTGACGCACGCACAGTCCATGGCGTTGGTTGGCGTCCTGTCCATTTCGCTTT 7181
***** :
****.********
*****. **************

p2
p1

GCTGCCTCGCCATCACCGCCGGCCGGTACTGTGCAAAGCGCGCATTGGCTAGCTTCCCTG 4458
GCTGCCTCGCCATCACCGCCGGCCGGTACTGTGCAAAGCGCGCATTGGCTAGCTTCCCTG 7241
************************************************************

p2
p1

TTGCCTTGATCTGATCATAGAGGGGTCCATGTCCGTGGCACACAGTGGGATTAATGACGG 4518
TTGCCTTGATCTGATCATAGAGGGGTCCCTGTCCGTGGCAAACAGTGGGATTAATGACGG 7301
****************************.***********.*******************

p2
p1

GCCCACGCCGGCCCTCCCTAATGATTTCCCCCGCCTTAACGTTGACACTGCGGACGGTGA 4578
-CCCACGCCGGCCCTCCCTAATGATTTCCCCCGCCTTAACGTTGACACTGCGGACGGTGA 7360
***********************************************************

p2
p1

GAGGCGCGGCTGTGGACGTACGGCGAGATCTATCGGGGGCCCATCGTCCTTCGCGAACGA 4638
GAGGCGCGGCTGTGGACGTACGGCGAGATCTATCGGGGGCCCATCGTCCTTCGCGAACGA 7420
************************************************************

p2
p1

TGCGTACATTTAGCGCCATATATAAACACACGCCGGCACATGATTACTACGGCCTATA-- 4696
TGCGTACATTTAGCGCCATATATAAACACACGCCGGCACATGATTACTACGGCCTATATA 7480
**********************************************************

p2
p1

----CGTCGTGAGCGGCGCGATCAATGAGTGAGCTAGTTTGTTGCACCAAATTGTCGATC 4752
CGCGCGTCGTGAGCGGCGCGATCAATGAGTGAGCTAGTTCGTTGCACCAAATTGTCGATC 7540
*********************************** ********************

p2
p1

AAGTTGCATCAGA-------CAGTAGAGTACTGTATACTCTCTCTATATATATAT----- 4800
AAGTTGCATCAGAGATCAGACAGTAGAGTACTGTATACTCTCTCTATATATATACTCCCT 7600
*************
**********************************

p2
p1

-----------------------------------------------------------CCGTTTCTTTTTATTTGTCGCTGGATAGTGTAATTTTACACTATCCTGCGACAAATAAAA 7660

p2
p1

----------GTTATATGTACTAGGCAGGCTAAGAAACACGATAGATACCACGCATTCGG 4850
AGAAACGGAGGGAGTATGTACTAGGCAGGCTAAGAAACACGATAGATACCACGCATTCGG 7720
* :.**********************************************

p2
p1

TTCTCATTACGAAGCTGCAGCT--------GCCCAACCAGCAGCGATGATCACGTACGCT 4902
TTCTCATTACGAAGCTGCAGCTGCCCAAGTGCCCAACCAGCAGCGATGATCACGTACGCT 7780
**********************
******************************

p2
p1

CACCATCCTGCGTCCTTGCGGTTTAAATTAATTACGTATGTATCCGCATCCGCATGCAGG 4962
CACCATCCTGCGTCCTTGCGGTTTAAATTAATTACGTATGTATCCGCATCCGCATGCAGG 7840
************************************************************

p2
p1

TGGTCCCTGATCGCCAGCCACCTCCCCGGCCGAACAGACAACGAGATTAAGAACTACTGG 5022
TGGTCCCTGATCGCCAGCCACCTCCCCGGCCGAACAGACAACGAGATCAAGAACTACTGG 7900
*********************************************** ************

p2
p1

AACTCGCACCTCAGCCGGCAGATCCACACGTACCGCCGGAAATACACCGCCGGGCCGGAC 5082
AACTCGCACCTCAGCCGGCAGATCCACACGTACCGCCGGAAATACACCGCCGGGCCTGAC 7960
******************************************************** ***

p2
p1

GATACCGCCATCGCCATCGACATGAGCAAGCTGCAGAGCGCCGACAGGCGGCGCGGCGGC 5142
GACACCGCCATCGCCATCGACATGAGCAAGCTGCAGAGCGCCGACAGGCGGCGCGGCGGC 8020
** *********************************************************

p2
p1

AGGACCCCGGGCCGGCCGCCGAAGACTAGCGCCAGCAGGACCAAGCATTCGGACGCCGAT 5202
AGGACCCCGGGCCGGCCGCCGAAGGCTAGCGCCAGCAGGACCAAGCAGGCGGACGCCGAT 8080
************************.********************** ***********

p2
p1

CAGCCCGGCGGCGAGGCGAAAGG------CGCGGCGGCGTCGAGCCCGCGGCACAGCGAC 5256
CAGCCCGGCGGCGAGGCGAAAGGCCCGGCCGCGGCGGCGTCGAGCCCGCGGCACAGCGAC 8140
***********************
*******************************

p2
p1

GCGGTGAACCCGGGCCCGAACCAGCCCAACAGCAGCAGCGGCAGCACGGGCACGGCCGAG 5316
GTGGTGAACCCGGGCCCGAACCAGCCCAACAGCAGCAGCGGCAGCACGGGCACGGCCGAG 8200
* **********************************************************

p2
p1

GAGGAAGGGCCCAGCAGCGAGGACGCGAGCGGGCCGTGGGTGCTGGAGCCGATAGAGCTC 5376
GAGGAGGGGCCCAGCAGCGAGGACGCGAGCGGGCCGTGGGTGCTGGAGCCGATAGAGCTC 8260
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*****.******************************************************
p2
p1

GGGGACCT---CTGGGGGGAGGCCGACAGCGAGATGGACGCCCTGATGCCTATCGGGCCC 5433
GGGGACCTAGTCTGGGGGGAGGCCGACAGCGAGATGGACGCCCTGATGCCTATCGGGCCC 8320
********
*************************************************

p2
p1

GGCGGCCACGACTCGGCTGCCCTCCAAGGGCTTGGCGCGGTCGGCGGCGAGGCCCAGGTG 5493
GGCGGCCACGACTCGGCTGCCCTCGAAGGGCTTGGCGCGGTCGGCTGCGAGGCCCAGGTG 8380
************************ ******************** **************

p2
p1

GACGACCTGTTCGACATGGACTGGGATGGCTTCGCGGCCCATCTGTGGGGCGGGCCGGAG 5553
GACGACCTGTTCGACATGGACTGGGATGGCTTCGCGGCCCATCTGTGGGGCGGGCCGGAG 8440
************************************************************

p2
p1

CAGGACGACCACAGCGCGCAGCTGCGGCAGGCCGCCGAGCCGATGGAAGCGGCTGCTGTT 5613
CAGGACGAGCACAGCGCGCAGCTGCGGCAGGCCGCCGAGCCGCTGGAAG---------TT 8491
******** *********************************.******
**

p2
p1

GCCGCTGCCGCTGCCGCTGCGACGGCGGCCTGCACCCCGGACGATCGCGAGCTGGAGGCG 5673
GCTGCTGCTGCTGCTGCTGCGACGGCGGCCCGCACCCCGGACGATCGCGAGCTGGAGGCG 8551
** ***** ***** *************** *****************************

p2
p1

TTCGAGACTTGGCTCCTGTCCGACTCGTTCTGACGGCTCCGGTCATCGGACCGATCAGAC 5733
TTCGAGACTTGGCTCCTGTCCGACTCGTTCTGACGGCTCCGGTCACCGGACCGATCAGAC 8611
********************************************* **************

p2
p1

AGACAGACAGACCAACCAAGGTG-GCCCGGCCATATGGTCGACGCCG-CTAGTAGGCGTT 5791
AGACCAAATAATTGGGTCACGTGTGCTCGCTCGCTCGCTCGCTGCCGTCGCGTGGGTCTT 8671
****..*.:.* .. .* *** ** ** *. : * ***. **** * .**.** **

p2
p1

G-CTCGTGTGTACAGTTTTTT---------TTTCTTT----------------------- 5818
GGTTCAGATGGCCAAATAATTGGGAAAAAAATTCTACGCGGCAGGGCCGTAAAGCCACCA 8731
* **. .** .**.:*::**
:****:

p2
p1

--------TTTTATTGTAGAT-----------GTTGTTCTTAG----------------- 5842
CCGTGCGCTCCTGATGTCGATGCCTGCCGCGTGGAGCTCTTGCGTATCTAACGCTCCCAC 8791
* *.:***.***
* :* ****.

p2
p1

--------CTCGTGCTGACG---------------TGCTGTTTCG-------TGTATGAC 5872
GACAATCACCCTTCCAGACGGCTCGAATTACATACGACAGGATCGGCTCCGCTCTACTCC 8851
* * * *:****
.*:* :***
* ** .*

p2
p1

GTACTG---GCATGTAGAATAG--------AGAGCAGAGAGTCGTATGGATTGGCGTG-- 5919
GTTCTGTTCGCTTCTGCTTTAGGTGCGTGCCTAGCAGATGGTGAGGCGGCGTCGCGCGGC 8911
**:***
**:* *. ::***
. ****** .** . . **. * *** *

p2
p1

-------------------------TAAAGGTAGTTCT----------------CCCGCC 5938
CCTCCCGACGGCTCGCCGGCCGCGCTACGGGGCCTGCTGCAGCAGCCCCTCCTCCACGCC 8971
**..** . * **
*.****

p2
p1

GGTGAAG------TGAAGACAACTGTCCGATT------TTGTG----------------- 5969
TGTAAAAGAGCTTTGTATTTACCTGTTTGTTTGTGCTTTTGTGCAATGGAATAAACAATG 9031
**.**.
**:* : *.**** *:**
*****
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SELF-REPRESSION OF AC/DS ELEMENTS IN MAIZE
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Abstract
Unlike conventional transposition that acts on a single transposon, Alternative
Transposition (AT) engages the termini of two separate nearby elements. Depending on
the proximity and configuration of the participating transposable elements, AT can occur
at a frequency approaching that of conventional transposition, and can induce a variety of
chromosome rearrangements [1]. In AT, insertion of the excised Ac termini into
unreplicated regions can generate inverted duplications (IDs) and novel Composite
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Insertions (CIs) [2]. Two AT-induced CI alleles (inverted duplicated 1 and 4) reported in
this study show in-trans and stable pattern of Ac/Ds repression. Both CI alleles contain
inverted repeats of Ac sequences, generating a pool of dsRNA from transcription driven
by the promoter of either the target gene or Ac itself. Significant levels of siRNA derived
from Ac-dsRNA were detected. These results provide the first evidence of siRNA
regulation of the Ac/Ds transposon system, and also suggest a model for AT-induced selfregulation of Class II transposable elements.

Introduction
Ac/Ds transposition occurs mainly during or shortly after the DNA replication in
S phase of cell cycle [3-5]. Standard transposition of a single Ac element may mobilize
the element from the replicated donor to unreplicated target and thereby increase the Ac
copy number. In contrast, Alternative Transposition (AT) engages compatible termini
from separated elements; when AT occurs during DNA replication and inserts replicated
Ac termini into an unreplicated target site, re-replication of Ac can occur to generate a
Composite Insertion (CI). Zhang et al characterized a series of alleles with direct
duplications and CIs produced by Reversed End Transposition (RET). The two
participating Ac elements, along with part of their flanking sequences are re-replicated
and fused in direct orientation. The two fused segments are inserted in the transposition
target at the boundary of the direct duplication, and represent a net gain of genetic
material in the genome.
Previous research demonstrated the model of Sister Chromatid Transposition
(SCT) by directly-oriented Ac ends at the maize p1 locus [6]. The non-linear alternative
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transposon is composed of 5’ and 3’ terminus sequences from Ac elements on sister
chromatids. The insertion of the excised transposon generates a deletion on one sister
chromatid and a corresponding inverted duplication (ID) on the other. The position of
insertion target determines the size of the duplication. One characterized allele carries a
3.3 Mb inverted duplication and was termed p1-ww-id1. If SCT, like RET, involves
insertion into an unreplicated target site, then one would predict that a CI would be
formed at the boundary of the ID. The CI should comprise inverted repeats of Ac
sequences and possibly flanking sequences, depending on the extent of DNA rereplication.
The Ac/Ds transposon system is highly regulated in the plant genome by multiple
mechanisms. For example, negative dosage effect, first reported by Barbara McClintock
[7-9], is observed when increased Ac copy number induces developmentally-delayed Ds
excision. The increased level of Ac transposase was later reported to induce protein
aggregation and filamentation in petunia. The autoinhibition of Ac is determined by the
transposase level at specific developmental stages and in specific tissues [10, 11]. As
reported by Zhang et al [12], CIs containing multiple copies of Ac also elicit a negative
dosage effect (Figure 1D). We expected that CIs induced by SCT and which carry 1-3
copies of Ac (depending on the structure of CI) should exhibit a similar pattern of Ac
repression. However, the CI-containing SCT alleles exhibit a severely repressed Ac
activity (Figure 1B-C), suggesting a different or additional mechanism involved in
repression of Ac activity.
Distinct from the directly-oriented Ac segments in CIs of REt alleles, the CIs in
SCT alleles are composed of inverted Ac segments. Fusion of these segments at different

102
positions of Ac can generate CIs with either partial or complete Ac sequences, generating
a pool of possible Ac configurations. CIs with inverted Ac segments would resemble the
Mukiller (Muk) allele, a naturally occurred inverted duplication of mudrA segments that
heritably suppress Mutator transposable elements in maize. Mukiller initiates the
biogenesis of dsRNA and siRNA, and provides the first evidence showing that siRNA
silences an active TE [13, 14].
In our study, we hypothesized that the CI produced by SCT contains inverted Ac
segments, which initiate genome-wide repression of Ac by siRNA. We isolated and
characterized two SCT alleles, p1-ww-id1 and p1-ww-id4, and report the following: 1) the
in-trans and stable repression of Ac is observed in SCT alleles; 2) both p1-ww-id1 and
p1-ww-id4 contain ID and CI structures that are predicted by SCT. The CIs carry Ac
segments in inverted orientation and are flanked by 8-bp target site duplications; 3)
dsRNA is detected in both p1-ww-id1 and p1-ww-id4, from transcription driven by either
target gene promoter or the Ac promoter; and 4) significant levels of 21, 22, and 24-nt
siRNA were observed from the region of Ac-dsRNA transcribed from CI. The results
confirm the model of SCT-induced DNA re-replication, and in addition provide the first
evidence for regulation of the Ac/Ds transposon system by the RNAi pathway. We
propose a model by which Ac/Ds, and possibly other class II DNA transposons, may
undergo a self-repression mechanism induced by alternative transposition.
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Results
The Ac repression from p1-ww-id1 and p1-ww-id4 is in-trans, stable, and occurs at
transcriptional or post-transcriptional level.
Previous work identified an inverted duplication allele termed p1-ww-id1 and
corresponding deletion allele (p1-wwdef1) generated by SCT [6]. A very interesting
phenotype associated with the structural change is the significantly repressed Ac activity
in p1-ww-id1. To better understand the mechanism of repression, we did several genetic
crosses. Ac activity was first tested by crossing p1-ww-id1 plant with Ac tester line p1ww r1-m3::Ds. The Ac tester line contains an r1 loss-of-function allele due to Ds
insertion. The introduction of active Ac in the genome can somatically excise Ds and
recover r1 function which produces purple sectors on the aleurone [15]. One can observe
coarsely spotted kernels if active Ac is present in the genome (Figure 1A). In p1-wwid1/p1-ww r1-m3::Ds ears, we observed a significant delay in the development of purple
sectors (Figure 1B) compared to the crosses with the progenitor line p-vv9d9a (Figure
1A). When we crossed p1-ww-id1 with the Ac active line p-vv9d9a, delayed Ds excision
is again observed in the progeny plant, indicating that the repression from p1-ww-id1 acts
in trans, distinct from the position effect (Figure 1E). We also crossed p1-vv9d9a/p1-wwid1 plants to Ac tester lines, to segregate p-vv9d9a from the p1-ww-id1 allele. Different
from the dosage effect of Ac, we observed repressed Ac activity in all kernels of the
progeny ears (Figure 1H). We conclude that p1-ww-id1 imposes an in-trans, stable
repression upon Ac through a mechanism different from either position effect or dosage
effect. We continued crossing the segregated allele p-vv9d9a plants to Ac tester lines, and
again observed the stable repression in the second generation (Figure 1J). In addition to
p1-ww-id1, we obtained another allele p1-ww-id4 (Figure 1C, F, I and K) that exhibits
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similar repression phenotypes as observed in p1-ww-id1. However, the repression
induced by p1-ww-id4 is less stable than that of p1-ww-id1. We observed ~¼ of kernels
with recovered Ac activity in the progeny ear of p1-ww r1-m3::Ds × p1-vv9d9a/p1-wwid4 (Figure 1I). The repression is mostly gone in the allele p1-ww r1-m3::Ds/ p-vv9d9a
segregated from p1-ww r1-m3::Ds × p1-vv9d9a/p1-ww-id4 (Figure 1K).
To understand whether the repression originated at the transcriptional/posttranscriptional level, or translational/post- translational level, we did qRT-PCR analysis
on Ac transcript abundance (Figure S1). Total RNA was extracted from 14 DAP (days
after planting) seedling leaf, and reverse transcribed with Oligo dT. Ubiquitin was used
as internal control. Compared with p-vv9d9a and p1-wwdef1 alleles, which retain normal
Ac activity, the allele p1-ww714 carrying 2 copies of Ac shows an increased level of Ac
transcript; this is consistent with previous reports [16]. However, p1-ww-id1 and p1-wwid4 alleles both show significantly decreased levels of Ac transcript, indicating that
repression may occur at the transcriptional level or through transcript degradation, and
de-emphasizing the post-translational mechanism as observed in negative dosage effect.
The observations from genetic crosses exclude the possibility of mechanisms that
induce recessive repression such as position effect. However, the results are consistent
with an RNAi mechanism that resembles Mukiller [13, 14], a naturally occurred allele
with inverted 5’ termini of mudrA. Mukiller is inserted near a strong promoter that drives
the transcription of double stranded RNAs homologous to mudrA. Double stranded RNA
initiates the RNAi, which exhibits in-trans and stable repression to active Mutator.
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Sister chromatid Transposition (SCT) produces Inverted Duplications (IDs) and
Composite Insertions (CIs)
Recently, a series of alleles derived from RET was shown to carry both direct
duplications and Composite Insertions [12], demonstrating the mechanism of AT-induced
DNA re-replication. Here we propose a similar model of SCT that generates both
inverted duplications and Composite Insertions (Figure 2). Unlike the RET-derived
alleles, CIs of SCT comprise Ac fragments in inverted orientation. During DNA
replication, the replication fork carrying the alternative transposon excises from p1 locus,
leaving an excision footprint that lies at the center of the inverted duplication at the p1
locus. The alternative transposon inserts into a proximal target which is not yet replicated
(“ab” and “cd” in Figure 2B) in one of two possible orientations: in one way, the 5’
terminus of Ac alternative transposon ligates to the proximal side of the insertion target
(“a” in Figure 2C and 2D); in the other way, the Ac 3’ terminus, i.e. fAc, is ligated to the
proximal side of insertion target (“c” in Figure 2F and 2G). Both ways generate 8-bp
target site duplications (TSD) as a common feature of Ac transposition. Due to the
insertion in the unreplicated region, both replication bubbles at p1 locus where the
transposon excises and the one at target site where transposon inserts continue replicating
after transposition. As a result, both replication bubbles extend to the newly attached Ac
sequences that have already been replicated and cause re-replication of Ac fragments,
until a point when the re-replications spontaneously abort. If re-replication stops before
the intact Ac has completed re-replication, two fractured Ac (fAc) will be generated. We
term the proximal one fAc(P), and the distal one fAc(D), to distinguish them from the
original fAc in the progenitor allele fAc(O). The two newly generated fAc, both from Ac
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5’ termini and in inverted orientation, are inserted between the target sites “a” and “b” in
Figures 2C-D or between “c” and “d” in Figures 2F-G. The chromatid carrying both CI
and ID are separated from chromatid carrying deletions at the ensuing anaphase (Figure
2D, 2G). The structures of two possible chromatids carrying ID and CI are drawn in
Figure 2E and 2H.
To test the model, we performed molecular analyses on p1-ww-id1 and p1-wwid4. We first cloned the junction of fAc(O) in CI with their new flanking sequences by
inverse PCR using the p1-ww-id4 allele. The junction of p1-ww-id1 was cloned by Zhang
[6]. The sequences flanking both sides of the CI were confirmed by using new sequences
as PCR primer: f1(1) and f1(2) for p1-ww-id1, and primers f4(1) and f4(2) for p1-ww-id4,
with a1 and a2 from Ac (Figure 3A-B, and 4F). We sequenced the bands in Figure 3F,
and observed 8-bp target site duplications flanking the CI in both p1-ww-id1 and p1-wwid4 (“GCCTCGCT” in p1-ww-id1 and “GCCCGGAT” in p1-ww-id4 in supplementary
data 1), confirming that the CI is generated by Ac transposition. We located the CI
flanking sequences on B73 genome by blasting against B73 RefGen_v2 (MGSC) [17,
18]. The distances from the CI-flanking sequence to the p1 locus suggest the following
sizes of IDs: 3.3 Mb for p1-ww-id1 and 408.8 kb for p1-ww-id4. The duplication was
confirmed by Southern blot using HindIII and probe fragment 15 (Figure 3A-B). As
shown in Figure 3C, more intense band of 8 kb (from proximal sites of p1 gene) than that
of 6.6 kb (from distal sites of p1 gene). Compared to the progenitor allele p1-vv 9d9a
showing bands of equal intensity, we conclude that the sequences proximal to the p1 gene
are duplicated in both p1-ww-id1 and p1-ww-id4.
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As predicted by the model, two duplicated segments were connected at the
position where the transposon excises. The footprint of SCT in p1-ww-id1 allele was
determined previously (Zhang and Peterson, 1999). Here we isolated the SCT footprint
from the p1-ww-id4 allele by using primers p1(fAc) and a3, and observed the same
sequences of excision footprint as in p1-ww-id1 (Supplementary data 2). We also did
PCR to determine the direction of insertion during transposition (as shown in Figure 3C
and 3F). We obtained PCR bands from p1-ww-id1 using primers p1(9d) and pp1’ (Figure
3A-B), indicating that fAc(O) flanks the ID segments in p1-ww-id1. We also obtained a
PCR band at 4.5 kb in p1-ww-id4 by primers f4(2) and pp1’, confirming that Ac(O)
flanks the ID segments in p1-ww-id4. Therefore, p1-ww-id1 and p1-ww-id4 represent two
possible ways of insertion during transposition. Collectively, the results described above
demonstrate that p1-ww-id1 and p1-ww-id4 carry both ID and CI, and that both alleles
were produced by SCT with insertion into unreplicated target sites.

Composite Insertions contain inverted duplications of fractured Ac fragments
To determine the structures of the CI elements in p1-ww-id1 and p1-ww-id4, we
performed genomic Southern blots using enzymes digesting at sites within Ac, and
hybridizing with probes from the genomic sequences flanking each CI. In Figure 4A,
probes 1P and 1D (green and blue boxes, respectively) as well as enzymes with
corresponding cutting sites are identified for p1-ww-id1; the Southern blot result is shown
in Figure 4B. When using probe IL, we observed 4.6 kb and 6.4 kb bands from SspI
(1826: located 1826nt from Ac 5’ terminus) and ScaI (1842), respectively, indicating that
those cutting sites are included in the fAc(P). We observed a 13 kb band from B73
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wildtype genome for EcoRI digestion, and predicted a band smaller than 13 kb if either
fAc(P) or fAc(D) contains an EcoRI site (2486). However, we observed a much larger
band, indicating that EcoRI is not included in the CI. Both fAc(P) and fAc(D) are smaller
than 2486bp, and thus the total size of CI < 7.1 kb. We also used enzyme PstI, which
does not cut in Ac sequences, to confirm the putative size of the CI in p1-ww-id1.
Subtracting the known flanking sequences (5 kb) from the observed 11.7 kb, the CI is
estimated to be 6.7 kb. The estimated CI size from PstI is only 500 bp different from
upper limit of the CI size range indicated by EcoRI, indicating that the junction between
fAc(P) and fAc(D) in CI are very close to EcoRI site from each fragment, i.e. both fAc(P)
and fAc(D) are slightly less than 2486 bp.
We also used probe 1D located at the distal flanking of CI to confirm the result of
the proximal probe 1P. We observed bands of the predicted sized from both SspI (cut on
fAc(O)) and BglI (729 of fAc(D)), indicating that the sites are included in fAc(O) and
fAc(D) in CI. We also observed a 10-12 kb band from SalI. By subtracting 3.8 kb of
known flanking sequences from SalI band, CI is about 6.2-8.2 kb in size, which agrees
with the conclusion from probe 1P. Collectively, the total size of CI in p1-ww-id1 is
about 6.2-6.7 kb, and the component fAc including fAc(P) and fAc(D) range from 2.1-2.5
kb (less than2486 bp).
We used a similar Southern blot strategy to determine the structure of the CI in
p1-ww-id4. We used one probe across the CI insertion site, composed of 4P from the
proximal flanking sequences and 4D from distal sequences. We observed 2 bands with
predicted sizes from ScaI (1842) digestion, indicating that both fAc(P) and fAc(D)
fragments in CI include 1842 nt sequences from Ac 5’ terminus. We observed one 3.8 kb
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band with EcoRI (2486) digestion, i.e. the same size as predicted from probe 4D,
indicating that fAc(D) is larger than 2486 bp (the site of the EcoRI site in Ac). However
the band from 4P is larger than predicted (8.9 kb), suggesting that the fAc(P) does not
have the EcoRI site, i.e. contains less than 2486 nt sequences from Ac 5’ terminus.
Combining the results from ScaI and EcoRI, the size of fAc(P) ranges from 1842 to 2486
bp. PstI and NcoI that have no cut in Ac sequences were used to estimate the total size of
CI. The 10-12 kb band from PstI, subtracting the 3.6 of known flanking sequences,
suggests a CI with a size of 6.4-8.4 kb. NcoI produces a same sized band as from PstI ,
confirming the size range of CI. By subtracting the size of fAc(P) (1.8-2.5kb), we infer
the size of fAc(D) is 2.5-3.9 kb.

The transcription of CI, driven by either nearby promoter or the Ac promoter,
produces dsRNA in both p1-ww-id1 and p1-ww-id4 alleles
Since both p1-ww-id1 and p1-ww-id4 include two fAc elements in inverted
orientation in each CI, we next asked whether the CIs are transcribed. Transcription could
be initiated by a promoter from a nearby gene, or the Ac promoter itself. To detect
neighboring gene promoters, we blasted B73 RefGen_v2 (MGSC) [19] and found the CI
of p1-ww-id1 is inserted in the intron 1 of gene GRMZM2G070849, while the CI of p1ww-id4 is located ~600 bp downstream of gene GRMZM2G022945 (Figure 5A). We
then used RT-PCR to clone a chimeric transcript in p1-ww-id1 in which exon 1 of the
neighboring gene is fused to fAc from CI (Figure 5B), indicating that the promoter from
target gene drives the transcription of CI in p1-ww-id1. However, no such chimeric
transcript was obtained from p1-ww-id4. Consistent with the published gene expression
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data [20], we observed the p1-ww-id1 chimeric transcript in root but not leaf. An
interesting observation in p1-ww-id1 chimeric transcript is that the PCR product shows
the same size as that from genomic DNA, and the sequences include introns of
GRMZM2G070849 and of Ac (Supplementary data 3), indicating that the introns fail to
be spliced out after the transcription of CI in p1-ww-id1.
Due to the fAc inverted repeats, we hypothesized that transcription of CI will
produce double stranded RNA (dsRNA). To test that, we extracted total RNA from 14
DAP seedling root or leaf tissues of p1-ww-id1 and p1-ww-id4, and treated the samples
with DNase1 and different doses of RNaseA/T1. To detect RNase-resistant dsRNA, the
samples were converted to cDNA by reverse transcription with random primers, followed
by PCR with primers a4 and a6 located on exon 1 and exon 2 of Ac, respectively (Figure
5A). Figure 5C shows the results from RT-PCR. No dsRNA was detected in progenitor
allele p1-vv9d9a, indicating the absence of dsRNA. For p1-ww-id1, PCR product was
only detected in seedling root, consistent with the transcription of CI driven by target
gene promoter. The dsRNA is absent in shoot in p1-ww-id1, suggesting that promoters
from neither the target gene nor Ac are active. For p1-ww-id4, the dsRNA was detected in
both seedling root and shoot, indicating that Ac promoter in p1-ww-id4 C.I. is active and
drives the transcription of dsRNA. Collectively, we detected dsRNA induced by the
promoter of either target gene or Ac itself, providing a pool of siRNA precursors required
by the RNAi pathway.
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siRNA derived from CI was detected in both p1-ww-id1 and p1-ww-id4 alleles.
We preformed high-throughput small RNA sequencing on the root and leaf
tissues of p1-ww-id1, p1-ww-id4, the progenitor allele p1-vv9d9a and inbred B73. The
small RNA sequences were mapped to the full-length Ac sequence, and those perfectly
matching Ac were extracted and analyzed further. We first grouped the Ac-siRNA by size
and compared the abundance of each type of siRNA among the 8 samples. As shown in
Figure 6A, siRNA of 21, 22, and 24-nt are all enriched in both p1-ww-id1 and p1-ww-id4
alleles compared to p1-vv9d9a and B73. These classes of siRNA are consistent with the
inverted repeat (IR)-induced siRNA pathway as recently described [21]. To determine
whether newly synthesized siRNA is derived from the CI, we mapped the siRNA to the
Ac sequence. The siRNA species are all enriched in the stem-loop region predicted from
CI structures of p1-ww-id1 and p1-ww-id4 (Figure 6B), confirming their origin from CI
transcripts. Interestingly, we observed siRNA from the loop region in p1-ww-id4,
indicating the spreading of siRNA from double-stranded to neighboring single-stranded
regions. We also detected siRNA corresponding to the Ac introns, consistent with our
observation that the chimeric transcript retained introns.
In addition, we fine-mapped the positions of each type of siRNA on Ac. We
observed the enriched 24-nt siRNA from 5’ and 3’ UTR region of Ac and the 21 and 22nt from internal Ac sequences (Figure S2). The emerging 24-nt from the UTR region may
target not only on Ac, but also Ds elements, suggesting a genome-wide repression of
Ac/Ds. The 21 and 22-nt siRNA from internal regions of Ac are more likely to target
active Ac elements.
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The same pattern of siRNA distribution was observed in both leaf and root tissues
of p1-ww-id1, suggesting the long-range transportation of siRNA from root (where
dsRNA was produced) to leaf (where dsRNA is absent). The p1-ww-id4 dsRNA was
present in both leaf and root, thus we cannot distinguish whether from long-range
transportation or local induction. The data also agrees with the observation that all class
of siRNA can undergo long-range transport [22, 23]. The fact that the siRNA corresponds
to the structure of dsRNA produced by the transcription of CI, can well explain the
phenotype of in-trans and stable Ac repression in p1-ww-id1 and p1-ww-id4.

Discussion
In this study, we characterized two alleles (p1-ww-id1 and p1-ww-id4), which
elicit in-trans and stable repression of Ac activity, and decreased Ac transcript level.
Both alleles contain inverted duplications (ID) and novel composite insertions (CI)
induced by AT of the directly-oriented Ac termini from sister chromatids. The inverted
duplications are of 3.2 Mb in p1-ww-id1 and 408 kb in p1-ww id4. The novel CI carries
two 2.1-2.5 kb fragments from Ac 5’ termini in p1-ww-id1, and fragments of 1.8-2.5 kb
and 2.5-3.9 kb from Ac 5’ termini in p1-ww-id4. Either the nearby promoter of the target
gene, or the Ac promoter, drives the transcription of CIs. The dsRNA and the
corresponding siRNA were detected in both alleles.
Ac-induced AT is reported to generate segmental duplications in maize genome,
such as tandem duplications induced by Reverse End Transposition (RET) [24] and
inverted duplications by Sister Chromatid Transposition (SCT) [6]. In addition to the
segmental duplications, AT insertions into unreplicated targets are predicted to produce
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CI. Zhang et al. [12] identified direct duplications of 13 kb-1.7 Mb and a variety of CIs at
the maize p1 locus, demonstrating the RET-induced DNA re-replication in the genome.
Here we characterized p1-ww-id1 and p1-ww-id4 alleles carrying both ID and CI
generated by SCT of Ac insertions at the maize p1 locus. SCT and Ac standard
transposition share similar transposition features such as typical excision footprint at
transposon donor site (Supplementary data 2) and 8-bp TSD sequences at transposon
insertion site (Supplementary data 1). The CIs contain inverted duplications of fAc
fragments fused at different positions, as predicted by the SCT-induced DNA rereplication model. In addition, the two alternative configurations of transposon insertions
are represented by p1-ww-id1 and p1-ww-id4. Our data demonstrated that SCT involving
insertion into an unreplicated target induces duplications and DNA re-replication in the
maize genome.
Our study revealed a novel mechanism of Ac/Ds regulation. Multiple mechanisms
are known in regulation of Ac/Ds transposition to build a complex relationship among Ac
dosage, transcript abundance, transposase level and the transposition frequency. The
involved mechanisms include: 1) the methylation of Ac 5’UTR. Ac has a GC-rich
subterminal region that is targeted by cytosine methylation apparatus at transcriptional
level [25-27]; 2) the inefficient and inaccurate splicing of the premature Ac mRNA,
producing a large number of aberrant Ac transcripts in the transgenic progenitor line of
Arabidopsis, representing the post-transcriptional regulation [28]; and 3) the aggregation
of Ac transposase protein in the Ac overexpressed lines in tobacco [29] and petunia [10],
explaining the Ac negative dosage effect first observed by McClintock [7-9], representing
a type of post-translational regulation. The p1-ww-id1 and p1-ww-id4 alleles produced by
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SCT-induced DNA re-replication indicate a novel mechanism in Ac regulation by the
transcription of inverted fAc in CI. The dsRNA and siRNA targeting to Ac/Ds sequences
were detected in both p1-ww-id1 and p1-ww-id4 alleles. The siRNA regulation occurs at
the transcriptional and/or post-transcriptional levels, in-trans and stably repressing Ac/Ds
genome-wide.
Moreover, the study broadened our understanding of the impact of AT to maize
genome. In addition to the effect on chromosome structures such as deletions, inversions,
translocations, and duplications [1, 24, 30-32], and on gene functions by AT-induced
exon shuffling [31], here we demonstrated RNAi pathway initiated by SCT-induced
DNA re-replication. This RNAi-based regulation is a novel finding, and may represent a
general mechanism in Ac regulation. Due to the frequent transposition from replicated to
unreplicated sites, as well as preferential insertions to gene rich targets, it’s reasonable to
expect additional cases with CI fused to a target promoter, resembling the p1-ww-id1
allele described here. The promoter of Ac can drive the transcription of CI as
demonstrated in p1-ww-id4, which also increases the availability of dsRNA derived from
CI. Therefore, SCT induced DNA re-replication may represent a general approach of ATinduced self-repression in maize genome.
The structure and effects of the p1-ww-id1 and p1-ww-id4 CIs are reminiscent of
the Mukiller allele that represses Mutator transposons in maize [13, 14], and hence the
p1-ww-id1 and p1-ww-id4 alleles can be considered as another example of elements that
“kill” active DNA transposons. The Mukiller and “Ackiller” share similar features: 1)
they are both initiated from the naturally occurred inverted duplications. Ac killers are
from AT, while the origin of Mukiller is unknown; 2) the inverted duplications were
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transcribed into dsRNA as the precursor of siRNA. Mukiller and Ackiller in p1-ww-id1
are both driven by nearby promoter, while p1-ww-id4 is apparently transcribed by the Ac
promoter; 3) similar types of siRNA (21, 22 and 24-nt) are newly synthesized from
dsRNA, representing the IR-induced siRNA pathway in plant; 4) the long-range
transportation of siRNA was reported in both Mukiller and Ackiller. These similarities
suggest a general mechanism that heritably represses active DNA transposons. In
addition, Mukiller-initiated-siRNA was associated with vegetative phase change in maize
[33]. Further research will be needed to determine whether the repression induced by
Ackillers in p1-ww-id alleles also responds to developmental phasing.
In summary, we demonstrated a mechanism of SCT-induced DNA re-replication
arising from AT of Ac. Two alleles carrying both ID and CI were identified. The CI
including the re-replicated Ac fragments in inverted orientation is transcribed into AcdsRNA, thus initiating the biosynthesis of siRNA. The siRNA was detected from the AcdsRNA and represses the Ac/Ds elements in an in-trans and stable pattern. The study
describes a model by which DNA transposons can undego an AT-induced self-repression.

Materials and Methods
Maize stocks and screen
P-vv9d9a was heterozygous with B73 (p1-wr). The p-vv9d9a/B73 plants were
crossed with Ac tester lines p1-ww; rm-3::Ds. In the ears harvested, multikernel sectors
with delayed purple spots on aleurone were screened out as p1-ww-id candidates. Kernels
from p1-ww-id candidates were planted and were backcrossed to B73 for more than 6
generations as the material to study SCT model.
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Molecular Biological Methods
Polymerase Chain Reaction (PCR). Total DNA was prepared by using a modified
CTAB (cetyltrimethylammonium bromide) extraction protocol [34] on leaf tissue from
young plant. HotMaster Taq polymerase from 5 PRIME, Inc. was used in the PCR
reactions. The PCR master mix were heated at 94oC for 2 min, followed by 35 cycles of
94oC for 20 seconds, 60 oC for 30 seconds, and 65 oC for 1 min/1kb. Another cycle at 65
o

C is extended for 8 min. PCR primers sequences were listed in Table S1. The PCR

products were purified by Gel/PCR DNA fragment extraction kit (IBI Scientific, Peosta,
IA). DNA Facility at Iowa State University performed Sanger sequencing for PCR
fragments.
Southern blot. Total DNA extracted from seedling leaf was digested with restriction
enzymes from Promega and loaded on 0.8% agarose gel. Blotting and hybridization was
performed according to the protocol by [35] with washing stringency of 0.5% SDS,
0.5×SSC at 60 oC.
RT-PCR. Total RNA was extracted by PureLink Reagent (Life Technologies) from
seedling shoots and roots 14 days after sowing, then treated with DNase I (NEB) to
remove residual genomic DNA. cDNA was prepared by reverse transcription primed by
Oligo-dT (Thermo Scientific) as the template for PCR.
Detection of dsRNA. Total RNA prepared as described in RT-PCR was treated with
RNasesA/T1 (Thermo Scientific) with concentrations of 0U, 1.5U and 15U at 37 oC for
15min. The treated RNA was precipitated and reverse transcribed into cDNA by
SuperScript® III Reverse Transcriptase (Life Technologies) primed with random primer
(Thermo Scientific) as the template for nested PCR.
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qRT-PCR. qRT-PCR was performed on Stratagene Mx4000 multiplex quantitative PCR
system. Total RNA was extracted by RNeasy Plant mini kit (Qiagen) from seedling
shoots 15 days after sowing. cDNA was prepared by using Omniscript RT kit (Qiagen)
primed with Oligo-dT on total RNA. PCR was catalyzed by SsoFast™ EvaGreen®
Supermixes (Bio-rad) with two technical repeat and three biological repeats.
siRNA high-throughput sequencing and data analysis
Total RNA was extracted as the described in RT-PCR. Beijing Genomics Institute
(BGI) prepared the library, and performed small RNA sequencing on Illumina
platform HiSeq 2000. By removing adapter sequences, contamination and low-quality
reads from raw data, clean data was later worked on. The small RNA sequences were
mapped to Ac full length DNA sequence (4565 bp) by Bowtie1 [36]. Only perfectly
matched short reads were extracted and counted into the Ac-siRNA population.
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Table S1. Oligonucleotide primer sequences used in PCR experiments.
Primer
a1
a2
a3
A4
A6
A7
A8
A9
A10
f1(1)
f1(2)
f4(1)
f4(2)
P1(fAc)
p1(9d)
Pp1’
A11
Ubi-f
Ubi-r

Sequences
CCCGTTTCCGTTCCGTTTTCGT
GATTACCGTATTTATCCCGTTCGTTTTC
TGCCATCTTCCACTCCTCGGCTTTAG
GCTGTTGTGTCATTTGTGTGCTGTCCA
CTTGTTCCTTGATGACCC TCAGCCC
GTTTCTGTGAGATAAAGGATTTGATTGA
CC
AGTCTGCGTTCAGTGCTG
GTGGTCGTGTTG
TCATGGAGAGGAGCC
ACTTGCTACATCTTC
GCACAAAAGATTGGGTAGCAG
CCGATCAGCAGGTGTGGGAAGCTA
AGAAACGGAGGGAGTATCTCT
CTTGGCG
GTTGGGCTGGCAAAATTCCATCTCC
CTCCTCCCTCCCCTCGCCCCT
GCTATCAAACAGGACACGGGAGAGAAT
CGCAACACCATGTGGGTTGTAGTCAGG
GACCGTGACCTGTCCGCTC
TTCTATTGCGTCTTCATCC
GTCATAGTTCTGGGTAGTACGC
TGGAGGTTGTCAAAGTATCTGC
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Figure 1. The Ac repression from p1-ww-id1 and p1-ww-id4 is dominant and heritable.
A. Progenitor allele p-vv9d9a::Ac crossed to Ac tester line. Large purple sectors are
observed on the aleurone, indicating the normal Ac activity.
B-C. p1-ww-id1::C.I. and p1-ww-id4::C.I. alleles crossed to Ac tester line. Small and few
purple sectors indicate repressed Ac activity.
D. P1P2-3, an RET::CI allele carrying 3 copies of Ac, crossed to Ac tester line. Large
purple sectors were observed.
E-F. p-vv9d9a::Ac heterozygous with p1-ww-id1 or p1-ww-id4; small and few purple
sectors indicate repressed Ac activity.
G-I. p-vv9d9a heterozygous with p1-wwdef1, p1-ww-id1 and p1-ww-id4, were crossed to
Ac tester line. Large spots were observed from p1-wwdef1 with active Ac. All kernels of J
× p-vv9d9a/p1-ww-id1 show small and few purple spots, indicating heritably repressed
Ac activity. About 3/4 of kernels of J × p-vv9d9a/p1-ww-id4 showed small and few
sectors, indicating unstable heritable repression.
J-K. p-vv9d9a::Ac after segregation of p1-ww-id1 or p1-ww-id4 crossed to Ac tester line.
All kernels of J × p-vv9d9a::Ac after segregation of id1 show small and few purple spots,
resulting from the heritably repressed Ac activity. About half of kernels of J × pvv9d9a::Ac after segregation of p1-ww-id4 have large sectors, indicating partially
recovered Ac activity. The heritable repression is unstable in the second generation of
segregation.
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Figure 2. Sister Chromatid Transposition of Ac/fAc produces inverted duplications (ID)
and Composite Insertion (CI).
Black line and circle represent maize chromosome 1 sequences and centromere,
respectively. Black boxes are exons of maize p1 gene. Red boxes with red/white
arrowheads indicate Ac/fAc elements; open and filled red arrowheads indicate 3’ and 5’
Ac termini, respectively. Oval shapes in blue color represent Ac transposases. Vertical
lines are insertion target of alternative transposon.
A. P1 locus in the progenitor allele p-vv9d9a during DNA replication. P1 gene is intact,
containing 3 exons. Ac and fAc elements are located in intron 2. Arrows indicate the
replication directions of replication bubbles. Letters a-d labeled possible alternative
transposition insertion sites in unreplicated region.
B. Alternative transposon composed of Ac and fAc termini are excised from p1 locus,
leaving a footprint that was marked by “x” at the original position.
C. Alternative transposon is inserted in the unreplicated target “a/b”. The 5’ terminus of
alternative transposon is ligated to the proximal side of target (“a”) while 3’ terminus to
distal side of the target (“b”). Two replication bubbles are drawn in the figure, one from
insertion target and the other from p1 locus where transposon excises. The ligation of the
replicated transposon sequences to the unreplicated target sequences during DNA
replication allows re-replication of linked transposon sequences.
D. Following DNA replication, replication bubbles extend, releasing sister chromatids to
different gametes. D1. The chromatid carrying deletion lacks sequences from “b” to p1
exon 2 and partial intron 2. D2. The chromatid carrying ID includes duplicated sequences
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from “b” to p1 exon 2 and partial intron 2, and a CI containing re-replicated transposon
sequences in reversed orientation located between targets “a” and “b”.
E. Schematic structure of the p1-ww-id1 allele with associated chromosomes.
F. Alternative transposon is inserted in the unreplicated target “c/d”. The 3’ terminus of
alternative transposon is ligated to the proximal side of target (“c”) while 5’ terminus is
ligated to distal side of the target (“d”).
G. Following DNA replication, replication bubbles extend, releasing sister chromatids to
different gametes. G1. The chromatid carrying deletion lacks sequences from “d” to p1
exon 2 and partial intron 2. D2. The chromatid carrying ID includes duplicated sequences
from “d” to p1 exon 2 and partial intron 2, and a CI containing re-replicated transposon
sequences in reversed orientation located between targets “c” and “d”.
H. Schematic structure of the p1-ww-id4 allele with associated chromosomes.

Figure 3. Evidence of ID and CI in p1-w-id1 and p1-ww-id4.
A-B. Schematic structure of the p1-ww-id1 or p1-ww-id4 allele with PCR primers
(arrows) and probe 15 (blue boxes) labeled.
C. Genomic Southern blot bands produced by HindIII digestion and probe 15
hybridization. Compared to the progenitor allele p-vv9d9a (Lane 1), p1-ww-id alleles
(Lane 2 and 3) show higher intensity of 8 kb bands than 6 kb bands, indicating that the
distal region of p1 gene is duplicated.
D. Gel analysis of PCRs that determine the orientation of transposon insertion. In p1-wwid1 (lane 2), primers p1(9d) and pp1’ produce a band, indicating the presence of fAc(o)
linked to p1 exon 3. This results from the ligation between 3’ of Ac alternative
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transposon to the distal side of target sequences in p1-ww-id1. In p1-ww id4 (lane 3),
primers f4(2) and pp1’ produce a 4.5 kb instead of 6.6 kb band, indicating that Ac alone is
linked to p1 exon 3. This results from the ligation of 5’ of Ac alternative transposon to
the distal side of target sequences in p1-ww-id4.
E. PCR amplification of the SCT excision footprints of id1 and id4. Bands were excised
from the gel and sequenced (Supplement data 1).
F. PCR amplifying the junctions of transposon termini with target site flanking sequences.
Bands were excised from the gel and sequenced to analyze target site duplications (TSD)
(Supplement data 2).

Figure 4. Southern blot determination of the internal structures of Composite Insertions
A. Schematic structure of the p1-ww-id1 allele with restriction sites and probes labeled
(in green and blue boxes).
B. Genomic DNAs from B73, p-vv9d9a and p1-ww-id1 were digested with the indicated
enzymes and hybridized with probe 1P (green box).
C. Genomic DNAs from B73, p-vv9d9a and p1-ww-id1 were digested with the indicated
enzymes and hybridized with probe 1D (blue box).
D. Schematic structure of the p1-ww-id4 allele with restriction sites and probes labeled.
E. Genomic DNAs from B73, p-vv9d9a and p1-ww-id4 were digested with the indicated
enzymes and hybridized with probe 4PD (grey shapes).
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Figure 5. The transcription of CI produces dsRNA.
A. Position of CI in target genes. CI of p1-ww-id1 is located in the intron 1 of
GRMZM2G070849 (exon is in blue); CI from p1-ww-id4 is located downstream of exon
3 and transcription terminator (red octagon) of GRMZM2G022945 (in green). Open
arrows indicate the expected transcription start sites. Red arrows are Ac 5’ ends and grey
stem-loops indicate the possible dsRNA from transcription.
B. RT-PCR with primer 1tgf and a3 on p1-ww-id1 (Lanes 1-3), and a3 and 4tgr on p1ww-id4 (Lanes 4-6) was performed to test for chimeric transcript from adjacent gene
promoters .
C. RT-PCR with primer a4 and a6 on RNAs treated with RNase A/T1. Double stranded
RNA was selected due to the resistance to RNase A/T1. We detected dsRNA from both
p1-ww-id1 and p1-ww-id4. Three dosages of RNase (“0”, “1.5” and “15” Units) were
applied to RNA from both root and leaf tissue of progenitor allele p1-vv9d9a, p1-ww-id1
and p1-ww-id4. Lane “1” and “2” are from the same template as in B. Lane “w” contains
water as negative control.

Figure 6. Detection and mapping of siRNA in p1-ww-id1 and p1-ww-id4 alleles.
A. The overall profile of siRNA mapping to Ac in p1-ww-id1 and p1-ww-id4 alleles
compared to the progenitor allele p1-vv9d9a and background B73.
B. The structures and sizes of dsRNA stem-loops in p1-ww-id1 and p1-ww-id4 predicted
by the structures of the CI in each allele. The two inverted fAc fragments in p1-ww-id1
are relatively symmetrical with sizes from 2100-2486nt. The inverted fAc in p1-ww-id4
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differ in size: 1842-2486nt from one fragment and 2486-3900nt from the other, forming
the 1842-2486bp stem and 1414-2000bp loop.
C. Fine positions of siRNA derived from Ac. The siRNA in both root and leaf tissue of
p1-ww-id1 are derived from 0-2100nt region at Ac 5’ terminus, corresponding to the
predicted dsRNA stem structure in p1-ww-id1. The siRNA in both root and leaf tissue of
p1-ww-id4 are derived from 0-3400 nt region at Ac 5’ terminus, indicating that the
synthesis of siRNA spreads from stem into the loop region.

Figure S1. The Ac transcript level is decreased in p1-ww-id1 and p1-ww-id4 alleles.
A. Schematic structure of Ac and locations of primers a10 and a11. Filled and open red
arrows indicate Ac 5’ and 3’ termini, respectively. Dotted boxes represent Ac subterminal
regions. Grey boxes indicate UTR regions. Black boxes with numbers are exons, and
white boxes with subtending lines are introns.
B. Quantitative RT-PCR analysis of Ac transcript levels: Total RNA was prepared from
seedling leaf, and analyzed by PCR with primers a10 and a11. Ubiquitin is included as
internal control. Average value is obtained from two technical and three biological
replicates. The error bar shows the standard deviation among the replicates.

Figure S2. The position of each type of siRNA (21-24nt) in Ac.
The 22nt (in black) shows most abundance among the total siRNA derived from Ac
internal sequences in the stem-loop dsRNA. The newly synthesized 24nt siRNA (in blue)
is not in high abundance, but maps to both 5’ and 3’ UTR region of Ac in both root and
leaf tissue of p1-ww-id1 and p1-ww-id4.
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Supplementary data 1. Flanking sequences of CI in p1-ww-id1 and p1-ww-id4

Supplementary data 2. SCT excision footprint of p1-ww-id1 and p1-ww-id4

Supplementary data 3. The sequences of p1-ww-id1 chimeric transcript
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Figure 1. The Ac repression from p1-ww-id1 and p1-ww-id4 is dominant and heritable.
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Figure 2. Sister Chromatid Transposition of Ac/fAc produces inverted duplications (ID)
and Composite Insertion (CI).
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Figure 3. Evidence of ID and CI in p1-ww-id1 and p1-ww-id4.
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Figure 4. Southern blot determination of the internal structures of Composite Insertions
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Figure 5. The transcription of CI produces dsRNA.
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Figure 6. Detection and mapping of siRNA in p1-ww-id1 and p1-ww-id4 alleles.
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Figure S1. The Ac transcript level is decreased in p1-ww-id1 and p1-ww-id4 alleles.
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Figure S2. The position of each type of siRNA (21-24nt) in Ac.

137
Supplementary data 1. Flanking sequences of CI in p1-ww-id1 and p1-ww-id4
>id1Ac_Ac264r_912121.seq
NNNNNNNNNNGNTTCGTTCGTTTTCGTTTTTTACCTCGGGTTCGAAATCGATC
GGGATAAAACTAACAAAATCGGTTATACGATAACGGTCGGTACGGGATTTTC
CCATCCTACTTTCATCCCTGAGCGAGGCGGCGGCTACGAATTGTGGCTGCTGT
TAGTTGTTGCTCAACTCACGATGATGCAAAGCTAGCTAGCTAGCATCGATCG
ATCGGCATCATGCAATTTGATGACGATCCTAGCTAGCTCTAGCTACATGTATA
TGCATATCCTAGGCAGCTAGCTTCCCACACCNGGCTGATCGGN
>id1fAc_Ac4436f_912122.seq
NNNNNNNNNNNNNNTTTTCGTNNNNNNNNCAAGTTAAATATGAAAATGAAA
ACGGTAGAGGTATTTTACCGACCGTTACCGACCGTTTTCATCCCTAGCCTCGC
TCGCTCATGGGTTCTATCACATCGCGCGCCCACAGATGCTCCACAGCTTTACT
TGCGCATATCGTTTTCTTCTCCGCGTTGCCGTACAAGCCTGGGCAATCGTGGT
GGCACGTGCACGTTCATGCTAATATGGAAACAGATAGGCTAGCTGCTAGGTA
GGAAACCATCCCAGCTAACCAGAGCCGCCAAGAGAGATACTCCCTCCGTTNN
NNN
>ID4_AC120r_793173.seq
NNNNNNNNNNNNNNCGNNCGNNNNNACTAACANAATCGGTTATACGATAAC
GGTCGGTACGGGATTTTCCCATCCTACTTTCATCCCTGGCCCGGATGCTGATG
TAGCGACGATGCCCTGTACGGAACGATGATGGTGACGGCACGCATCGGATTC
CATTCCGTTCCAGCGGGAGGGGCGAGGGGAGGGAGGAG
>ID4_ac4436f_792285.seq
NNNNNNNNNNNNNNTNTTCGTNNNNNNNNNAAGTTAAATATGAAAATGAAA
ACGGTAGAGGTATTTTANNNNNNNNNANNGACCGTTTTCATCCCTAATCCGG
GCGCTGATGGGGGTGTCTCCCTAGTAGTTTTAAAATGCCAATGTAATCAGCGT
CTTTTTAGATGCGAAAGCCAGCCAGCTCCCATCCAGTTGAAGCGATGACGAC
GGGCGCAAGAGAAAGAAAAGCATGTATGCGTGCCAAATTAAAGCAAGGAGA
TGGAATTTTGCCAGCCCAACGAAAAGGCCATTGTGCGATTCAGCGGCTCATT
AAATTATTGGCTCTCTGTTCTGTTCACATCTGAACGAACCACCAGCGTGGCGT
ACGACCGTGATTCTTCTTGTCAAGACAGT
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Supplementary data 2. SCT excision footprint of p1-ww-id1 and p1-ww-id4
>ID1_P1-15588F
NNNNNNNNNANNNATCCNCGTGCATGCATGCCACTGTAGCGCCGTAATATAA
TGATAGATATGCGCTATTGCTCCTACAACTACAAGTCTACAACCCACATGGTG
TTGCGAGAGCTAGCGGTGCCACACAGTCATGGAAACATGGTTTGTGAAAGCA
GCTTAACTAATTACTAGCTTAACTAATTACTAACTAATTACTAGCCTGCACTA
ATAAGGCTTAAAACAAGTGATCCTCGCAGGTATGTTTGTCTCAATTGTTGTAC
ATGTCATCATTATAAATTCTCAATTAATCAAATGTCAATTATTGTAGGTACGA
TGCAATTTGTCCTAAAGCCGAGGAGTGGAAAGATGGCAA
>ID4_P1-15588F
NNNNNNNNNNNNNNNTCCNCGTGCATGCATGCCACTGTAGCGCCGTAATATA
ATGATAGATATGCGCTATTGCTCCTACAACTACAAGTCTACAACCCACATGGT
GTTGCGAGAGCTAGCGGTGCCACACAGTCATGGAAACATGGTTTGTGAAAGC
AGCTTAACTAATTACTAGCTTAACTAATTACTAACTAATTACTAGCCTGCACT
AATAAGGCTTAAAACAAGTGATCCTCGCAGGTATGTTTGTCTCAATTGTTGTA
CATGTCATCATTATAAATTCTCAATTAATCAAATGTCAATTATTGTAGGTACG
ATGCAATTTGTCCTAAAGCCGAGGAGTGGAAGATGGCAA
>Donor
AGAAATCATCTAACAAAACTGGCGAGCTATCAAACAGGACACGGGAGAGAA
TAGATGATTAAACAATAATCCCTCGTGCAATGCATGCCACTGTAGCGCCGTA
ATATAATGATAGATATGCGCTATTGCTCCTACAACTACAACACTACAACCCA
CATGGTGTTGCGAGAGCTAGCGGTGCCACACAGTCATGGAAACATGGTTTGT
GAAAGCAGCTTAACTAATTACTAGCTTAACTAATTACTAACTAATTACTAGCC
TGCACTAATAAGGCTTAAAACAAGTGATCCTCGCAGGTATGTTTGTCTCAATT
GTTGTACATGTCATCATTATAAATTCTCAATTAATCAAA
id1
id4
donor

CGCTATTGCTCCTACAACTACAAGTCTACAACCCACATGGTGTTGCGAGAGCTAGCGGTG 123
CGCTATTGCTCCTACAACTACAAGTCTACAACCCACATGGTGTTGCGAGAGCTAGCGGTG 124
CGCTATTGCTCCTACAACTACAACACTACAACCCACATGGTGTTGCGAGAGCTAGCGGTG 180
*********************** ***********************************
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Supplementary data 3. The sequences of p1-ww-id1 chimeric transcript
Exon of GRMZM2G070849
Intron of GRMZM2G070849
Ac Exon
Ac Intron
id1-c: cDNA
id1-g: gDNA
id1-c_70849f_880508.seq
id1-g_70849f_881603.seq

NNNNNNNNNNNNNNNGGCCGGCGNNCTGCGGCGCGGGCCTTGGACGGTGG 50
---NNNNNNNNNNNNNNNCGGCGANCTGCGGCGCGGGCCTTGGACGGTGG 47
************
***** **************************

id1-c_70849f_880508.seq
id1-g_70849f_881603.seq

ACGAGGACCTCCAGCTGGTCAACTACGTCGACGCGCACGGCGAGGGCCGC 100
ACGAGGACCTCCAGCTGGTCAACTACGTCGACGCGCACGGCGAGGGCCGC 97
**************************************************

id1-c_70849f_880508.seq
id1-g_70849f_881603.seq

TGGAACTCGCTCGCCCGATCAGCAGGKGTGGGAAGCTAGCTGCCTAGGAT 150
TGGAACTCGCTCGCCCGATCAGCAGGTGTGGGAAGCTAGCTGCCTAGGAT 147
************************** ***********************

id1-c_70849f_880508.seq
id1-g_70849f_881603.seq

ATGCATATACATGTAGCTAGAGCTAGCTAGGATCGTCATCAAWTTGCATG 200
ATGCATATACATGTAGCTAGAGCTAGCTAGGATCGTCATCAAATTGCATG 197
****************************************** *******

id1-c_70849f_880508.seq
id1-g_70849f_881603.seq

ATGCCGATCGATCGATGCTAGCTAGCTAGCATTTGCATCATCGTGAGTTG 250
ATGCCGATCGATCGATGCTAGCTAGCTAGC-TTTGCATCATCGTGAGTTG 246
****************************** *******************

id1-c_70849f_880508.seq
id1-g_70849f_881603.seq

AGCAACAACTAACAGCAGCCACAATTCGTAGCCGCCGCCTCGCTCAGGGA 300
AGCAACAACTAACAGCAGCCACAATTCGTAGCCGCCGCCTCGCTCAGGGA 296
**************************************************

id1-c_70849f_880508.seq
id1-g_70849f_881603.seq

TGAAAGTAGGATGGGAAAATCCCGTACCGACCGTTATCGTATAACCGATT 350
TGAAAGTAGGATGGGAAAATCCCGTACCGACCGTTATCGTATAACCGATT 346
**************************************************

id1-c_70849f_880508.seq
id1-g_70849f_881603.seq

TTGTTAGTTTTATCCCGATCGATTTCGAACCCGAGGTAAAAAACGAAAAC 400
TTGTTAGTTTTATCCCGATCGATTTCGAACCCGAGGTAAAAAACGAAAAC 396
**************************************************

id1-c_70849f_880508.seq
id1-g_70849f_881603.seq

GGAACGGAAACGGGATATACWARRCGGTAAACGGAAACGGAAACGGTAGA 450
GGAACGGAAACGGGATATACAAAACGGTAAACGGAAACGGAAACGGTAGA 446
******************** * **************************

id1-c_70849f_880508.seq
id1-g_70849f_881603.seq

GCTAGTTTCCCGACCGTTTCACCGGGATCCCGTTTTTAATCGGGATGATC 500
GCTAGTTTCCCGACCGTTTCACCGGGATCCCGTTTTTAATCGGGATGATC 496
**************************************************

id1-c_70849f_880508.seq
id1-g_70849f_881603.seq

CCGTTTCGTTACCGTATTTTCTAATTCGGGATGACTGCAATATGGCCAGC 550
CCGTTTCGTTACCGTATTTTCTAATTCGGGATGACTGCAATATGGCCAGC 546
**************************************************

id1-c_70849f_880508.seq
id1-g_70849f_881603.seq

NNCCAACTCCCATCCATAACCACTGAGGCCCAGCCCATGTAAGAAATACC 600
TCC-AACTCCCATCCATAACCACTGAGGCCCAGCCCATGTAAGAAATACC 595
* **********************************************

id1-c_70849f_880508.seq
id1-g_70849f_881603.seq

TAGCGAACGCTGCTCTGCCTCTCTCCCAGGCGGCCAGGCACCACANGAGT 650
TAGCGAACGCTGCTCTGCCTCTCTCCCAGGCGGCCAGGCACCACACGAGT 645

rc_id-c_Ac1568r_881604.seq
Ac

CTTNCATTNCCTNNNNAKGWSGCCTCCGGTYGSAAMTRATCMTCCCYCAG 65
----------------ATGACGCCTCCGGTTGGAAATAATCCTCCCTCAG 72
*.* .********* *.** * *** **** ***

rc_id-c_Ac1568r_881604.seq
Ac

GCTMAGCCAKAAGATTGGCCAAGCAGATGTCTRCTCTCAMGATTCGCCTT 700
GCTCAGCCATAAGATTGGCCAAGTTGATGTCTAC-CACAAGAG-CGCCTT 120
*** *****.************* :******* * *:** ** ******
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rc_id-c_Ac1568r_881604.seq
Ac

NTACNGCGCAARANCAANTTTCCGTATKATGRCGCATATSGNTAAGRGTA 750
CTACT-CGCAAAACAAA--TTCCGTATTCT-CTGCATATGCTCAAG-GTA 165
***. ***** * .** ********..*
******. . *** ***

rc_id-c_Ac1568r_881604.seq
Ac

TATATTAGMAAMAGCAGTMAGCANNNAGCATTAGGCAYTAGCTARTTGTG 800
TATATTAGAAAAA-CAG-TAGCAAT-AGCATTAG-CATTA-CTAATTG-G 209
******** ** * *** **** . ******** ** ** *** *** *

rc_id-c_Ac1568r_881604.seq
Ac

TTGTNGNATTGGGMANNCATCTATATTGMAATGTMGAATWATAYNWWAWA 850
TTGTAG-ATTGGGAAG-CATC-ATATTG-ACTGTAGAATAATACGAAAAA 255
**** * ****** *. **** ****** *.*** **** *** . * *

rc_id-c_Ac1568r_881604.seq
Ac

TCYRTWTRYWACAGGGTTGAAAAGAAAAGCTGAAGCCTCTTCTAGTCGGA 900
TCTGTTTATAACAGGGTTGAAAAGAAAAGCTGAAGCCTCTTCTAGTCGGA 305
** * *
****************************************

rc_id-c_Ac1568r_881604.seq
Ac

TTCAGAATGTACGTGCACGTGCGCGTGGGCATGGATGTGGCCGCACATCA 950
TTCAGAATGTACGTGCACGTGCGCGTGGGCATGGATGTGGCCGCACATCA 355
**************************************************

rc_id-c_Ac1568r_881604.seq
Ac

CCATCATCATCAACAGCTGAGGCCGAGAGGCATTTTATTCAGAGTGTAAG 1000
CCATCATCATCAACAGCTGAGGCCGAGAGGCATTTTATTCAGAGTGTAAG 405
**************************************************

rc_id-c_Ac1568r_881604.seq
Ac

CAGTAGTAATGCAAATGGTACAGCTACAGATCCGAGTCAAGATGATATGG 1050
CAGTAGTAATGCAAATGGTACAGCTACAGATCCGAGTCAAGATGATATGG 455
**************************************************

rc_id-c_Ac1568r_881604.seq
Ac

CTATTGTTCATGAACCACAACCACAACCACAACCACAACCAGAACCACAA 1100
CTATTGTTCATGAACCACAACCACAACCACAACCACAACCAGAACCACAA 505
**************************************************

rc_id-c_Ac1568r_881604.seq
Ac

CCACAGCCACAACCTGAACCCGAAGAAGAAGCACCACAGAAGAGGGCAAA 1150
CCACAGCCACAACCTGAACCCGAAGAAGAAGCACCACAGAAGAGGGCAAA 555
**************************************************
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CHAPTER V. GENERAL CONCLUSION AND FUTURE PLAN
Ac/Ds, as the first discovered transposable elements (TE), transpose via the “cutpaste” mechanism, leaving footprint sequences at donor site during excision [1], and 8-bp
Target Site Duplications (TSD) at insertion target [2]. Ac/Ds preferentially insert to local
region, for example 6-bp to 15-kb local transpositions from its donor site to insertion site
[3-5]. In addition, Ac/Ds display strong preference to insertions in gene rich region and
exon/intron sequences [6]. Ac/Ds transposition occurs mainly during or shortly after the
DNA replication in S phase of cell cycle [7-9]. By transposition from the replicated donor
to unreplicated insertion site, Ac copy number is increased in the genome.
Ac/Ds is also the first plant TE system in which Alternative Transposition (AT)
has been observed. After the chromosome breaking DoubleDs was reported in the early
days [10-17], a number of chromosome rearrangements were characterized from AT,
including deletions, duplications, inversions, and translocations [18-22]. Three types of
Ac/Ds termini configurations were reported to induce AT, including: 1) Reversed Ends
Transposition (RET) with termini in reversed orientation; 2) Sister Chromatid
Transposition (SCT) from direct oriented ends on sister chromatids; and 3) Transposition
of Macrotransposon (MTn) engaging the external 5’ and 3’ termini from nearby Ac/Ds.
My dissertation extends the understanding about the impact of AT on maize
genome in three aspects: 1) Novel chromosomal rearrangements and structures; 2) new
genes; 3) novel regulation on Ac/Ds.
First, my dissertation described several AT alleles that derived from the above
three types of termini configurations. In Chapter 2 we isolated 10 excision and reinsertion
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events from MTn, revealing the features of MTn transposition in maize; In Chapter 3, we
identified one translocation allele, and 11 duplication alleles derived from RET at p1
locus, showing the duplication-induced exon shuffling and novel gene creation; In
Chapter 4, we characterized two alleles that carry both inverted duplications (ID) and
composite insertions (CI) from SCT-induced DNA re-replication. All the alleles
described above further support the activity of AT and the impact on maize genome.
We described the feature of MTn transposition, which was not well studied in
previous reports. Here in Chapter 2, we isolated 10 cases of MTn excisions and insertions
events, and observed a similar feature in MTn transposition as in standard Ac
transposition. The relationship between transposition frequency and the size of MTn was
also studied. In addition, we identified the MTn flanked by 8bp TSD in B73 genome,
demonstrating that MTn transposition actually happened during evolution.
In addition to confirming the well-demonstrated AT models, we proved a new
model of SCT-induced DNA re-replication as described in Chapter 4. Since Ac/Ds
transposition occurs mainly during or shortly after the DNA replication in S phase of cell
cycle [7-9], the transposition from replicated region to unreplicated region is expected to
generate a CI carrying the re-replicated sequences. Zhang and et al [23] characterized a
series of alleles with direct duplications and CIs produced by RET. Whether the SCT can
induce DNA re-replication was not studied. Described in Chapter 4, we characterized two
alleles carrying both ID and CI at p1 locus. The two participating Ac elements are rereplicated and fused in inverted orientation. The two fused segments are inserted in the
transposition target and flanked by 8-bp TSD, and represent a gain of genetic material in
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the genome. The demonstration of SCT-induced DNA re-replication suggests a general
feature of AT in genome expansion by incorporating unreplicated insertion sites.
Secondly, due to the fact that AT prefers insertions in gene rich region [24], how
the chromosomal rearrangements impact gene functions is a focus of this dissertation. So
far, the only evidence of AT-induced novel genes is reported on deletions alleles derived
from RET [18]. Exon 1 and 2 from p2 are fused to exon 3 of p1, activating the p2
promoter by the enhancer from p1, and generating the chimeric transcript in pericarp. In
chapter 3, I characterized 11 RET-induced duplication alleles. The duplications also
shuffle exons and produce chimeric transcripts, explaining the new phenotype observed.
The study demonstrated that AT serves as a general mechanism to generate novel genes.
Moreover, we identified one possible fusion gene in maize B73 genome, suggesting that
the RET induced duplication actually made new genes over evolution.
Thirdly, we demonstrated how AT affects the regulation of Ac. In chapter 4, we
observed a novel repression pattern that is associated with AT-induced structural change
but cannot be explained by any known regulation mechanism on Ac. The repression is
acts in-trans and is stable for more than one generation and heritable and is initiated at a
transcriptional or post-transcriptional level. In the structure, we detected a CI that
contains inverted duplications of fAc fragments and is flanked by 8-bp TSD, indicating
the Ac-induced AT insertion. The dsRNA was also detected as a product of the CI
transcription driven by either host gene promoter or Ac promoter. The siRNA derived
from dsRNA was also identified, by which the genome-wide Ac/Ds can be targeted and
repressed in trans and stable for more than one generation. The study provides the
evidence of the RNAi pathway as a novel repression mechanism on Ac/Ds regulation.
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Also, the study implies an AT induced self-repression mechanism of Ac/Ds. In addition,
as another evidence following Mukiller that showed silenced DNA TE by siRNA [25,
26], our result demonstrates that RNAi may serve a general mechanism in DNA TE
repression.
As a summary, my dissertation characterized a series of AT induced de novo
chromosomal rearrangement including MTn transposition, translocation and segmental
duplication from RET, inverted duplications from SCT, and SCT-induced DNA rereplication. We described the feature of MTn transposition, and we also demonstrated
exon shuffling and novel gene creation by RET-induced segmental duplications at p1
locus. In addition, we demonstrated siRNA pathway on Ac regulation, representing a
novel mechanism initiated by SCT-induced DNA re-replication and Ac self-repression.
Conclusively, Ac-induced AT is a resource of novel chromosomal structures, genes, and
regulation on Ac activity.
Future work can expand on several aspects of this thesis: 1) Do the CI-containing
p1-ww-id1 and p1-ww-id4 alleles induce genome-wide repression of Ac/Ds elements?
The results described here demonstrate repression of Ac inserted at the p1 locus. The 22nt siRNA detected in the siRNA sequencing data should also affect Ac elements inserted
elsewhere in the genome, and this can be tested by crossing each allele with stocks
containing Ac at other loci. In addition, the presence of 24-nt siRNA from the
subterminal region of Ac may induce genome-wide repression of Ds elements. Although
Ds elements may not be transcribed, their transposition competence may be affected by
DNA methylation and/or histone modifications. To address this question, we can
perform genome-wide bisulfite sequencing on the p1-ww-id1, p1-ww-id4, and progenitor
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p1-vv9D9A alleles. By comparing the Ds methylation status in each, we can determine
whether the 24 nt-siRNA induces genome-wide Ac/Ds repression. 2) What genetic
pathway is involved in the production of 24-nt small RNA corresponding to the Ac 3’
subterminal regions? One possible approach is to cross the p1-ww-id1 and p1-ww-id4
alleles to maize DCL3 and mop1 mutants, to test whether Dicer-like 3 and RDR2 factors
are required to process and amplify the 24-nt repeat-associated siRNA. In addition, the
p1-ww-id1 and p1-ww-id4 alleles can also be crossed to DCL 4/2 and RDR6 mutants,
which should block the production of 21-22nt inverted repeat-derived siRNA. By
comparing the Ac repression and siRNA profiles in the different mutant backgrounds, we
can understand how two types of siRNA (24-nt vs 22-nt) are produced from different
regions of Ac. 3) Do the genomes of maize and other organisms contain MTn structures
derived from Composite Insertions? Because the CIs identified here have MTn-like
structures, it is possible that AT-induced DNA re-replication may be a source of new
MTns. To assess that, we can do a genome-wide search for inverted-repeats-containing
MTn that are flanked by 8-bp TSD sequences. Whether such structures exist and have
been maintained through evolution can help us to understand if AT-induced DNA rereplication is a frequent occurrence during maize genome evolution, and thus may be a
mechanism for Ac/Ds silencing to preserve the stability of the maize genome. We can
also expand the search to other transposons to study the generality of AT induced DNA
re-replication in maize and other organisms.
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