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ABSTRACT
Helitrons are novel transposons discovered by bioinformatic analysis of eukaryotic genome sequences.
They are believed to move by rolling circle (RC) replication because their predicted transposases are
homologous to those of bacterial RC transposons. We report here evidence of somatic Helitron excision in
maize, an unexpected finding suggesting that Helitrons can exhibit an excisive mode of transposition.

ELITRONS constitute a major superfamily of

transposons discovered recently by a computa-
tional analysis of genomic sequences from Arabidopsis,
rice, and Caenorhabditis elegans (KAPITONOV and JURKA
2001). These presumed class II elements, unlike most
other elements in that class, are postulated to transpose
by a copy-and-paste mechanism. The absence of target-
site duplications and the homology of the putative
transposase encoded by the “consensus” autonomous
element to the transposase of bacterial rolling circle
(RC) transposons (MENDIOLA and DE LA CruUz 1992)
led KapiTtoNov and JUrRkA (2001) to postulate that
Helitrons transposed by an RC replication, rather than by
an excision-repair, mechanism. Helitrons appear to be
ubiquitous components of eukaryotic genomes, as they
have been found in organisms ranging from fungi to
vertebrates, including mammals (POULTER et al. 2003;
PrirHAM and FEscHOTTE 2007). However, there is at pres-
ent no evidence for an autonomous Helitron element or a
transposition mechanism in any organism.

Helitrons have few constant structural features. They
have conserved 5'-TC and CTRR-3’ termini, carry a 16-
to 20-bp palindrome of variable sequence ~10-12 bp
upstream of the 3’ terminus, and insert invariably
between host nucleotides A and T. The reconstructed
putative autonomous elements in Arabidopsis and rice
are large (5.5-15 kb) and encode proteins with homol-
ogy to a DNA helicase and an RPA-like, single-stranded
DNA-binding protein (KapiToNOV and JUurka 2001). A
recently described 11.5-kb Helitron in Ipomoea carries
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both of these genes, but with prematurely terminating
mutations in each (CHoI ¢t al. 2007). The vast majority
of Helitrons in Arabidopsis and C. elegans are shorter
nonautonomous elements that do not encode proteins.
Like other transposons, Helitrons can be mutagenic and
have been reported in spontaneous mutations in maize
(LAL et al. 2003; GALLAVOTTI et al. 2004; CHUCK et al.
2007) and in morning glory (CHor et al. 2007). The
mutagenic maize Helitrons are large and have captured
fragments of several unrelated genes. The Helitrons that
contribute to the apparent breakdown in genetic co-
linearity among bz haplotypes (Fu and DooNER 2002)
are also large and carry sequences from yet other genes
(LAt et al. 2005; MORGANTE et al. 2005). In fact, the
diversity of element complement is greater in maize
than in other plant species (HOLLISTER and GAuT 2007;
SWEREDOSKI ¢t al. 2008). Smaller Helitrons lacking gene
fragments and resembling the agenic Helitrons of
Arabidopsis and C. elegans were recently identified in
maize from a vertical comparison of 8 bz haplotypes
(WANG and DooONER 2006). In spite of the extensive
Helitron insertion polymorphisms found in maize and
other species, an actual Helitron transposition event has
yet to be reported.

Somatic excision of the 6.0-kb HelA2 Helitron in 58:
Several Helitrons are polymorphic among 95 bz hap-
lotypes (WANG and DooNEr 2006). The simplest ex-
planation for the +/— polymorphism is that the
unoccupied site was never visited. Nevertheless, because
the actual mechanism of transposition of Helitronsis not
known, the site lacking a Helitron has been referred to as
“vacant” to distinguish it from the footprint-bearing
“empty sites” produced by the excision of most class II
DNA transposons (LA1 et al. 2005). Helitron HelAl is
5.8 kb long, contains sequences for three genes, and
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B73 GTATATATATATATACTAGGTGAGTGCCCGTGCGT. .. .. ... GCCTTATAGAGTAGTAGAGATAATGTCTATATACACG
B73 (e GTATGTATATATATA--TATATATATATATATATATATATATATATATATATATATATATA--TAATGTCTATATACACG
B73 (e GTATGTATATATATA------ TATATATATATATATATATATATATATATATATATA- ===~ TAATGTCTATATACACG
A188 GTATATATATATATACTAGGTGAGTGCCCGTGCGT. .. .. ... GCCTTATAGAGTAGTAGAGATAATGTCTATATACACG
A188 (e) |GTATGTATATATATA----TATATATATATATATATATATATATATATATATATATATA----TAATGTCTATATACACG
A188 (e) |GTATGTATATATATA-TATATATATATATATATATATATATATATATATATATATATATATA-TAATGTCTATATACACG
BSSS53 GTATATATATATATACTAGGTGAGTGCCCGTGCGT . .. .. ... GCCTTATAGAGTAGTAGAGATAATGTCTATATACACG
BSSS53 (e) |GTATGTATATATATA------- TATATATATATATATATATATATATATATATATA------- TAATGTCTATATACACG
Mol7 GTATATATATATATACTAGGTGAGTGCCCGTGCGT . .. .. ... GCCTTATAGAGTAGTAGAGATAATGTCTATATACACG
Mol7 (e) |GTATGTATATATATATATATATATATATATATATATATATATATATATATATATATATATATATAATGTCTATATACACG
Mol? (e) |GTATGTATATATATA-------TATATATATATATATATATATATATATATATATA------- TAATGTCTATATACACG
M14 GTATATATATATATACTAGGTGAGTGCCCGTGCGT . .. ... GCCTTATAGAGTAGTAGAGATAATGTCTATATACACG
M14 (e) GTATGTATATATATA-------- TATATATATATATATATATATATATATATATA--------TAATGTCTATATACACG
M14 (e) GTATGTATATATATA--TATATATATATATATATATATATATATATATATATATATATATA--TAATGTCTATATACACG
H99 GTATATATATATATACTAGGTGAGTGCCCGTGCGT . .. ... .. GCCTTATAGAGTAGTAGAGATAATGTCTATATACACG
H39 (e) GTATGTATATATATA- -TATATATATATATATATATATATATATATATATATATATATATA- -TAATGTCTATATACACG
H99 (e) GTATGTATATATATA- --TATATATATATATATATATATATATATATATATATATATATA- - -TAATGTCTATATACACG
H39 (e) GTATGTATATATATA- -~ -TATATATATATATATATATATATATATATATATATATATA- - --TAATGTCTATATACACG
H99 (e) GTATGTATATATATA----- TATATATATATATATATATATATATATATATATATATA----- TAATGTCTATATACACG

FiGure 1.—Evidence of HelA2 exci-
sion in 58. (A) HelA2 structure in B73,
showing the location of primers pl-p6
used for PCR. The exons and introns
of the cdl, hypro2, and hypro3 gene frag-
ments are open and shaded, respec-
tively, pointing in their direction of
transcription. (B, top) Agarose gel
stained with ethidium bromide. HelA2
excision was tested by nested PCR on
leaf DNA with the primer combinations
p2/p6 and p3/p4 (left) or pl/pb and
p3/p4 (right). Lane 1, Al188; lane 2,
A636; lane 3, B73; lane 4, BSSS53; lane
5, H99; lane 6, M14; lane 7, Mo17; lane
8, 4Co63; lane 9, W23; lane 10, W22;
lane 11, McC; lane 12, BAC b0511112;
lane M, DNA markers. The band in in-
bred M14 has the expected size of a Heli-
tron excision product. (B, bottom)
Hybridization of gel to a probe adjacent
to HelA2. (C) Sequence of HelA2 full
and empty (e) sites. Only part of the
HelA2 3" and 5’ junctions is shown, with
the body of HelA2 indicated by dots. A
sample of excision footprints from dif-
ferent inbreds is shown beneath the re-
spective full sites. All excision footprints
consist of a variable number of TA re-
peats (16-24). The AT host dinucleo-
tide at the HelA2 insertion site is in
boldface type and the HelA2 termini
are in italic type (dashes introduced
for alignment). No variability in TA re-
peat number was seen when multiple
clones of a wild-type vacant site were se-
quenced (supporting information, Fig-
ure S1), ruling out in vitro DNA
replication artifacts.

is found only in the McC and W22 bz haplotypes
(DooNER and HE 2008). A nearly identical copy of
HelAl, designated HelA2, is found in 5§ in the inbred
lines B73, McC, W22, A188,A636, B73, H99, M14, Mo17,
and BSSS53, but notin W23. Thus, most of the Corn Belt
lines examined lack the HelA copy in 95 and have only
one in 58 (LA1 et al. 2005; WANG and DOONER 2006).
RC transposons are not supposed to excise (DEL
PrLAR GARCILLAN-BARCIA et al. 2002), so lines carrying
HelA2in 5S are not expected to produce PCR products
equivalent to transposon “empty” sites. We tested this
prediction in DNA from different inbreds by perform-
ing nested PCR with various combinations of primers

flanking HelA2 (Figure 1A). Unexpectedly, we ob-
tained PCR products of a size similar to excision empty
sites in some of the inbreds that carry Hel[A2in 5S. One
set of results is shown in Figure 1B, where M14 displays
an ~1-kb empty-site-sized PCR band that also hybrid-
izes to a probe from a HelA2-adjacent sequence present
in single copy in the maize genome (data not shown).
Other inbreds, e.g., A188 and B73, gave empty-site-
sized bands with other primer combinations. This
difference among inbreds could reflect variability in
HelA2 excision activity and/or polymorphisms for the
primer sites, which were based on the sequence of B73
(LAT et al. 2005).
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FicUure 2.—Evidence of Hell-4 exci-
sion in 95. (A) Hell-4 structure in the
12 13 14 A188 bz haplotype, showing the location

of primers pl and p2 used for PCR. (B)
Agarose gel stained with ethidium bro-
mide. The presence or absence of
Hell-4 in a series of inbreds was tested
on leaf DNA by PCR with primers
1 and 2. Lane 1, A188; lane 2, A636;
lane 3, B73; lane 4, BSSS53; lane 5,
H99; lane 6, M14; lane 7, Mol7; lane
8, 4Co63; lane 9, W23; lane 10, W22;
lane 11, McC; lane 12, 1137TN, lane
13, Zea mays ssp. mexicana; lane 14, Z.
mays ssp. parviglumis. (C) Agarose gel
stained with ethidium bromide. Lane
1, A188; 2, H99; 3, Zea mays ssp. mexica-
na; lane 4, McC (negative control). I,
PCR amplification with pl and p2 pri-
mers. II, PCR products from I were di-
gested with Rsal and Spel, which cut at

I the Hell-4 3' junction (A and D). Rsal

also cuts within the mexicana Hell-4 ele-

Spfl ment, producing the polymorphic Rsal
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banding pattern in lane 3. No Hell-4 ex-
cision products are seen if the genomic
DNA is cut prior to PCR (data not
shown). III, Detection of Hell-4 exci-
sion by loss of restriction sites. The Rsal
and Spel digests from II were reampli-
fied with primers pl and p2. The bands
indicated by the arrows in H99 repre-
sent Hell-4 excision products. (D) Se-
quence of Hell-4 full and empty (e)
sites. Only part of the Hell-4 3" and 5’
junctions is shown, with the body of
Hell-4 indicated by dots. A sample of se-
quenced excision footprints from H99
is shown beneath the H99 full site.

kb The AT host dinucleotide at the Hell-4
insertion site is in boldface type and the
D HelI-4 termini are in italic type (dashes in-
Hell-4 Site Hell-4 3'-end Junction Hell-4 5'-end Junction troduced for alignment).
A188 CATGGGATTCTGCATTTATGTATGTACTAGTTAGGT. . . GTAGTATAGATGTAAAGGTTGCTTTCGCATGCGGTA
mexicana  |CATGGGATTCTGCATTTATGTATGTACTAGTTAGGT. . . GTAGTATAGATGTAAAGGTTGCTTTCGCATGCGGTA
H99 CATGGGATTCTGCATTTATGTATGTACTAGTTAGGT. . . GTAGTATAGATGTAAAGGTTGCTTTCGCATGCGGTA
HI9 (e) CATGGGATTCTGCATTTATGTATGTA----- - - - - - - e e e e e e e e e e - TGTAAAGGTTGCTTTCGCATGCGGTA
H99 (e) CATGGGATTCTGCATTTATGTATGTG= - ===~ === === === ==~~~ TGTAAAGGTTGCTTTCGCATGCGGTA
Rsal GTAC Spel ACTAGT

To investigate the nature of these putative excision
products, the PCR bands from various inbreds (B73,
A188, BSSS53, Mol7, M14, and H99) were cloned and
sequenced (Figure 1C). Interestingly, all HelA2 exci-
sion site footprints consisted of a variable number of TA
repeats (16-24) at the previous site of HelA2 insertion.
The sequence adjacent to HelA2 is TA-rich and consists
of a string of (TA/G) repeats at the 3’-end. The
sequences in Figure 1C are clearly empty sites derived

from previous sites of HelA2 insertion because they
differ from each other by the same SNPs that distinguish
the parental HelA2 insertion sites (located beyond the
sequences shown in Figure 1C). Oligo-TA stretches were
also found recently adjacent to TAFT elements, novel
transposons that do notappear to be related to Helitrons,
but rather to elements of the Mutator superfamily
(WANG and DooNER 2006). The meaning of this co-
incidence is unclear, but may have more to do with a
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general mechanism of double-strand break repair by the
host than with the specifics of transposition of the
elements because excision of Helitrons from insertion
sites lacking flanking TAs did not generate TA repeats at
the excision sites (see below).

Somatic excision of the 0.4-kb Hell-4 Helitron in 9S:
The short, 0.4-kb Hell-4 element found in an intron of
the single-copy tac6058 gene in the A188 bz haplotype
(WANG and DooNER 2006) is present at the same
location in inbred H99 and an accession of Chalco
teosinte. Figure 2 shows PCR and sequence data doc-
umenting that Hell-4 can excise from tac6058 in H99.
Figure 2D presents the sequence of two empty sites, one
without an excision footprint and one with a simple A-to-
G transition at the “universal” AT dinucleotide insertion
site. Polymorphisms beyond the tac6058 empty sites
shown in Figure 2D were identical with those of H99.
Thus, inbred H99 has the ability to excise both large and
small Helitrons of the Hell family (DOONER et al. 2007).

Somatic excision of a 2.8-kb Helitron from I10L:
Several putative maize Helitrons were identified recently
in the GenBank nr database (Du e al. 2008). Primers
flanking the putative Helitrons were used to analyze a
panel of maize inbreds, and the PCR products were
sequenced to identify +/— polymorphisms. One such
polymorphism was identified for a 2.8-kb putative
Helitron in 10L, with inbreds W22 and W23 lacking the
insertion. In addition to the occupied site, B73 gave a
faint empty-site-sized PCR product that lacked a foot-
print and was otherwise identical to the sequence
flanking the insertion in the bacterial artificial chromo-
some (BAC) (Du et al. 2008). Lack of sequence poly-
morphisms in the adjacent sequences prevented the
authors from excluding the possibility that this PCR
product arose from DNA contamination in the B73
DNA preparation. However, considered against the data
presented here, it is very likely that this band represents
a Hel somatic excision product. Whether empty Helitron
sites have or lack footprints may depend on the nature
of the adjacent sequence.

Conclusions: The data presented here clearly estab-
lish that Helitrons can excise somatically from their
chromosomal sites, suggesting that, like 7n7 (CralG
2002) and Mutator (WaLBOT and RUDENKO 2002), they
may exhibit both replicative and excisive modes of
transposition. Helitron excision activity was detected in
some lines, but not in others, so it may be a polymorphic
trait in maize. When present, the excision activity
(excision band intensity) varies among lines. A screen
for Helitron excision from an aleurone-pigmenting re-
porter construct would be valuable in tracking this
activity. Two lines carrying Helitrons at more than one
site, B73 and H99, produced empty sites for both,
supporting the notion that the Helitron empty sites
represent a general Helitron excision mechanism, rather
than an unusual property of the adjacent sequences.

We are grateful to Jun Huang and Qinghua Wang for helpful
comments on the manuscript. The work was supported by National
Science Foundation grant DBI-03-20683.
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1 ) T B
TATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT

570 580 590 600 610 620 630 640
W23-P2-PSTATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT
Clone-A04 TATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT
Clone-A05 TATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT
Clone-B05 TATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT
Clone-CO5 TATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT
Clone-C10 TATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT
Clone-DO5 TATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT
Clone-E04 TATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT
Clone-E05 TATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT
Clone-F0O4 TATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT
Clone-G03 TATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT
Clone-G04 TATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT
Clone-HO3 TATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT
Clone-H10 TATATTTAAAAAATATAAAATTATGAAAGTAGCAGACTAGTACTTCTTCTGTTACACGTTTTAGTTTTTAAAATACATAT

TTTTTATATGTATTTAGA
650

W23-P2-PSTTTTTATATGTATTTAGA|
Clone-A04 TTTTTATATGTATTTAGA
Clone-A05 TTTTTATATGTATTTAGA
Clone-B0O5S TTTTTATATGTATTTAGA
Clone-CO5S TTTTTATATGTATTTAGA
Clone-C10 TTTTTATATGTATTTAGA
Clone-DO5S TTTTTATATGTATTTAGA
Clone-E04 TTTTTATATGTATTTAGA
Clone-E0S TTTTTATATGTATTTAGA
Clone-FO4 TTTTTATATGTATTTAGA
Clone-GO3 TTTTTATATGTATTTAGA)
Clone-G04 TTTTTATATGTATTTAGA
Clone-HO3 TTTTTATATGTATTTAGA

TATATATA

660
TATATATA
TATATATA
TATATATA
TATATATA
TATATATA
TATATATA
TATATATA
TATATATA
TATATATA
TATATATA
TATATATA
TATATATA
TATATATA

Clone-H10 TTTTTATATGTATTTAGA

TATATATA

TTATGTCTATATACACGCTGAAATTAATATATCTAAAATTGTGTCAATTTATTT

670 680 690 700 710 720
TTATGTCTATATACACGCTGAAATTAATATATCTAAAATTGTGTCAATTTATTT
TTATGTCTATATACACGCTGAAATTAATATATCTAAAGTTGTGTCAATTTATTT
TTATGTCTATATACACGCTGAAATTAATATATCTAAAATTGTGTCAATTTATTT
TTATGTCTATATACACGCTGAAATTAATATATCTAAAATTGTGTCAATTTATTT
TTATGTCTATATACACGCTGAAATTAATATATCTAAAATTGTGTCAATTTATTT
TTATGTCTATATACACGCTGAAATTAATATATCTAAAATTGTGTCAATTTATTT
TTATGTCTATATACACGCTGAAATTAATATATCTAAAATTGTGTCAATTTATTT
TTATGTCTATATACACGCTGAAATTAATATATCTAAAGTTGTGTCAATTTATTT
TTATGTCTATATACACGCTGAAATTAATATATCTAAAATTGTGTCAATTTATTT
TTATGTCTATATACACGCTGAAATTAATATATCTAAAATTGTGTCAATTTATTT
TTATGTCTATATACACGCTGAAATTAATATATCTAAAATTGTGTCAATTTATTT
TTATGTCTATATACACGCTGAAATTAATATATCTAAAATTGTGTCAATTTATTT
TTATGTCTATATACACGCTGAAATTAATATATCTAAAATTGTGTCAATTTATTT

TTATGTCTATATACACGCTGAAATTAATATATCTAAAATTGTGTCAATTTATTT

ACTTTAATATTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATTTTATTGT

730

740

750 760 770 780 790 800

W23-P2-P5SACTTTAATATTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATTTTATTGT
Clone-A04 ACTTTAATATTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATTTTATTGT
Clone-A05 ACTTTAATATTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATTTTATTGT
Clone-B05 ACTTTAATATTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATTTTATTGT
Clone-C05 ACTTTAATATTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATTTTATTGT
Clone-C10 ACTTTAATATTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATTTTATTGT
Clone-D0O5 ACTTTAATATTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATATTATTGT
Clone-E04 ACTTTAATATTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATTTTATTGT
Clone-E05 ACTTTAATATTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATTTTATTGT
Clone-F0O4 ACTTTAATATTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATTTTATTGT
Clone-G03 ACTTTAATATTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATTTTATTGT
Clone-G04 ACTTTAATATTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATTTTATTGT
Clone-HO3 ACTTTAATATTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATTTTATTGT
Clone-H10 ACTTTAATACTACCAATCCATTTGTGATATATTTAGAACTGTTTACAACTTATTTAATTTTGTTCATATTATTTTATTGT

Figure S1.— No TA repeat variation detected at the W23 HelA2 vacant site. The absence of a W23 vacant site in Figure 1B results from a
deletion of the p6 priming site in this inbred. The vacant site was amplified with a combination of p2 and p5 primers (Figure 1A) and 13 clones
were sequenced. All had the same number of TA repeats (boxed in blue). The W23 consensus sequence is shown above the line.



