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Abstract Transposable elements (TEs) are mobile DNA
regions that alter host genome structure and gene expression. A novel 588 bp non-autonomous high copy number
TE in the Ostrinia nubilalis genome has features in common with miniature inverted-repeat transposable elements
(MITEs): high A ? T content (62.3%), lack of internal
protein coding sequence, and secondary structure consisting of subterminal inverted repeats (SIRs). The O. nubilalis
TE has inserted at (GAAA)n microsatellite loci, and was
named the microsatellite-associated interspersed nuclear
element (MINE-1). Non-autonomous MINE-1 superfamily
members also were identified downstream of (GAAA)n
microsatellites within Bombyx mori and Pectinophora
gossypiella genomes. Of 316 (GAAA)n microsatellites
from the B. mori whole genome sequence, 201 (63.6%)
have associated autonomous or non-autonomous MINE-1
elements. Autonomous B. mori MINE-1s a encode a helicase and endonuclease domain RepHel-like protein
(BMHELp1) indicating their classification as Helitron-like
transposons and were renamed Helitron1_BM. Transposition of MINE-1 members in Lepidoptera has resulted in the
disruption of (GAAA)n microsatellite loci, has impacted
the application of microsatellite-based genetic markers,
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and suggests genome sequence that flanks TT/AA dinucleotides may be required for target site recognition by
RepHel endonuclease domains.
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Introduction
Transposable elements (TEs) are mobile genetic elements
that influence chromosome structure and gene expression
(Roeder et al. 1985; Witte et al. 2001; Lerat and Sémon
2007). Class II TEs are non-conservative DNA-based TEs
that transpose by a ‘‘cut-and-paste’’ mechanism, whereby
the entire insertion sequence (IS) is excised and reinserted
into target genome locations (Craig 1995). Remnants of
past insertion consists of target site duplications (TSDs),
which are short direct repeats created via staggered cleave
by transposases or integrases followed by site fill-in by
DNA polymerase. Miniature inverted-repeat transposable
elements (MITEs) are non-autonomous class II mobile
DNA elements that are usually \500 bp, have a characteristically high A ? T nucleotide content, and secondary
structures that include terminal inverted repeats (TIRs;
Wessler et al. 1995) or subterminal inverted repeats (SIRs;
Tu 2000). MITEs lack an internal protein coding region,
and mobility is mediated by trans-acting factors encoded
by related autonomous TEs (Dufresne et al. 2006). MITEs
are found ubiquitously within eukaryotic genomes,
including mosquito (Tu 2000; Quesneville et al. 2006),
Drosophila (Locke et al. 1999; Vivas et al. 1999; Miller
et al. 2000; Wilder and Hollocher 2001; Yang and Barbash
2008), and Lepidoptera (Chen and Li 2007; Coates et al.
2009) and have a role in altering genome structure
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including insertion at microsatellite loci (Akagi et al.
2001).
Class II TEs also include Helitron elements that propagate
by rolling circle replication (RCR), and have structural features that include TIRs or SIRs, 30 stem-loops, and conserved
50 TC and 30 CTRR termini. Helitrons do not create TSDs,
but in contrast to other class II TEs insert between AT
(Kapitonov and Jurka 2001) or TT dinucleotides (Kapitonov
and Jurka 2007a). Autonomous Helitrons encode a RepHel
protein that carries out replication initiation and helicase
activities, and optional replication protein A (RPA) genes
that function in ssDNA binding (Kapitonov and Jurka 2001).
Similar to MITEs, non-autonomous Helitron elements exist
and were predicted to represent all known Helitron-like
Drosophila interspersed elements (DINE-1s) in the D. melanogaster genome (Kapitonov and Jurka 2007a). Helitrons
have been described from Aradidopsis thaiana, Oriza sativa,
Caenorhabditis elegans, and Zea maize (Gupta et al. 2005;
Lai et al. 2005), and might be related to Geminiviruses that
have integrated into plant genomes (Kapitonov and Jurka
2007b).
Microsatellite loci are composed of short nucleotide
motifs repeated in tandem, and except for recent whole
genome duplications, each microsatellite has arisen independently by slip strand mispairing (SSM) during DNA
replication (Levinson and Gutman 1987). Microsatellites
that originate at independent loci have unique flanking
DNA that is used to design locus-specific genetic markers
(Pemberton et al. 1995) that are desirable due to high levels
of allelic variation (Tautz 1989; Weber and May 1989).
Polymorphic microsatellite markers from Lepidoptera have
been used for linkage mapping (Miao et al. 2005) and
population genetic studies (Reddy et al. 1999; Prasad et al.
2005; Malausa et al. 2007), but problems often arise during
genotype analyses. PCR coamplification of fragments
primed at [1 microsatellite locus often occur due to the
presence of multilocus microsatellites (microsatellite families) that share nucleotide sequence similarity at genome
regions that flank the tandem repeat (Zhang 2004; Meglécz
et al. 2004; Van’t Hof et al. 2007). Difficulties are
encountered because alleles that originate from independently segregating loci typically are scored, and render
genetic markers unsuitable for population or linkage analysis (Anthony et al. 2001; Fauvelot et al. 2006; Anderson
et al. 2007). Microsatellite families are known among
insect species (Meglécz et al. 2007), but appear pronounced within lepidopteran species due to a yet undescribed common ancestry that is shared among genomes.
Structural effects of MITE- and Helitron-like elements
include insertion within genes and introns (Chen and Li
2007; Yang and Barbash 2008; Kapitonov and Jurka 2007b)
leading to an increase in overall gene size (Xia et al. 2004).
Genome associations between TEs and microsatellite loci
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are also observed when integrations occur preferentially
into tandem repeats (Akagi et al. 2001; Temnykh et al.
2001) or when tandem repeats hitchhike within mobile
elements (Wilder and Hollocher 2001; López-Giráldez et al.
2006; Coates et al. 2009). Modification of microsatellite
loci by TE insertion has been documented. The Alu repeats
are retroelement (class I TE)-like short interspersed nucleotide elements (SINEs) that are prevalent in non-coding
regions of primate genomes and are composed of a 282 bp
conserved region that is similar to the 7SL rRNA gene
(Jelinek et al. 1980). Subfamilies of human Alu elements are
associated with microsatellite repeats (Zuliani and Hobbs
1990; Jurka and Pethiyagoda 1995), wherein AluJ subfamily members are preferentially located near (GAAA)n
repeats (Yandava et al. 1997). Also, the wheat genome is
composed of microsatellite loci with flanking nucleotide
sequences that contain TEs (Ramsey et al. 1999), whereas
rice (TA)n microsatellites are a known target for the insertion of the Micron family of MITEs (Akagi et al. 2001;
Temnykh et al. 2001). TE associations with microsatellite
loci often result in molecular markers that are non-Mendelian, show PCR co-amplification of [1 locus, or weak
PCR amplification due to oligonucleotide primer competition (Economou et al. 1990; Zhang 2004; Meglécz et al.
2004; Van’t Hof et al. 2007), and are problematic during the
development of genetic and genomic marker loci.
In the following research we describe a superfamily
composed of autonomous and non-autonomous MITE- or
Helitron-like elements within the genomes of lepidopteran
species that show structural features similar to the DINE-1
family of TEs from D. melanogaster. Due to observation of
(GAAA)n repeat unit microsatellite loci flanking these TEs,
the elements are referred to as the microsatellite-associate
interspersed nuclear element (MINE-1). Autonomous
MINE-1 members in the Bombyx mori genome assembly
encoded helicase and endonuclease domain proteins that
are similar to RepHels of autonomous Helitrons and may
be involved in RCR. We show that the transposition of
autonomous B. mori Helitrons (Helitron1_BM) and related
non-autonomous MINE-1 elements within genomes of
Lepidoptera impact chromosome structure through integration at (GAAA)n microsatellite loci, which further
indicates that sequence features at the genome target site
may facilitate Helitron integration.

Methods
Isolation and Annotation of an Ostrinia nubilalis
Insertion Sequence
An O. nubilalis BAC library, OnB1, clones 04M1–04M24,
04B1–04B24, 55M1–55M24, and 50K1–50K24 were
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screened for OnMITE01 presence by PCR using primers
OnMITE01-F 50 -TCC YAA CTA ATA TTA TAR ATG
CGA AAG-30 and OnMITE01-R 50 -CCC GCG TGG AAT
TTT GTC TG-30 (Coates et al. 2009). PCR amplification of
each BAC clone took place in 10 ll reaction volumes
containing 1.5 mM MgCl2, 50 lM dNTPs, 5 ng BAC
DNA, 1.8 pmol of each primer, 2 ll 59 thermal polymerase buffer (Promega), and 0.3125U GoTaq DNA
polymerase (Promega, Madison, WI, USA). A BioRad
Tetrad 2 thermocycler program of 96°C for 2 min, then 32
cycles of 96°C for 20 s, 55°C for 30 s, and 72°C for 30 s
(Program TD2) was used. Entire PCR product volumes
were separated on 1.5% agarose gels and positive BAC
identified by presence/absence of the gene fragment compared to positive control DNA (220–260 bp expected size
range due to a polymorphic internal CTGT microsatellite
repeat).
A PCR product of approximately 850 bp was observed
from the OnB1 clones 04M15 compared to 198 bp that was
predicted. OnMITE01-like regions were reamplified by
PCR in 50 ll reactions scaled up from that described
previously. Products were purified using Qiagen PCR
quickspin columns (Qiagen, Valencia, CA), and ligated
into the pGEM-T easy cloning vector (Promega) that was
used to transform E. coli strain XL1 Blue (Stratagene) by
electroporation. Transformants were plated on LB agar
containing 20 lg/ml chloramphenical and 50 lg/ml tetracycline. Positive insert clones were incubated overnight in
0.8 ml TB containing 20 lg/ml chloramphenical, plasmid
DNA purified using Zippy Plasmid Isolation Kits (Zymo
Research), and inserts were sequenced using DTCS Kits
(Beckman-Coulter) with T7 and SP6 primers. DTCS
products were separated on a CEQ8000 DNA Sequence
Analysis System (Beckman-Coulter; inject 4.2 kV for 10 s,
separate 4.2 kV for 140 m). Raw sequence data were
analyzed and quality of sequence assessed using the
PHRED quality parameter, and was calculated in the
Sequence Analysis software of the Beckman-Coulter
CEQ8000 Genetic Analysis System. Sequences were
trimmed when q \ 30 (99% base call accuracy). Vector
sequence was automatically trimmed from FASTA formatted data when exported by the CEQ8000 Sequence
Analysis software (v. 8.0). The plasmid insert was assembled using from T7 and SP6 reads with Contig Express
software (Informax, San Francisco, CA).
This sequence constructed by Contig Express was
aligned with 16 OnMITE01 sequences (listed in footnote of
Fig. 1), and the GAAAGAA insertion site identified compared to the sequences that lacked the transposon (from
hereon called the O. nubilalis GAAA microsatellite-associated interspersed nuclear element; OnMINE-1). BLASTn
searches of GenBank nr, EST, and GSS databases were
performed using the putative O. nubilalis IS (OnMINE-1
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from positions 156–721 in Fig. 1) is referred to as database
search #1, and the resulting ‘‘hits’’ to sequence accessions
with E-values C 3 9 10-50 and C80% similarity to the
query sequence were downloaded in FASTA format. The
OnMINE-1 secondary structure was predicted for the contig
and all downloaded sequences using MFOLD (Zuker 2003
http://mfold.bioinfo.rpi.edu/cgi-bin/dna-form1.cgi).
Frequency of TE integration into the O. nubilalis genome
was conducted by screening of 384 OnB1 clones 72A01–72
P24 by PCR, and by real-time PCR analysis. Oligonucleotide primers OnMINE-1-F (50 -CAT TTA TTG CCA TGG
ACA YCA C-30 ) and OnMINE-1-R (50 -GTG CGA CAG
GGT GGC ACT-30 ) were designed from alignment of
OnMINE-1 and OnB1 BAC end sequence (BESs) from
GenBank GSS accessions ET217118 and ET217119
(Coates et al. 2009). The 139 bp predicted PCR fragment
was PCR amplified under conditions outlined for primers
OnMITE01-F and -R, except the 72°C extension time was
decreased to 10 s and products were separated by 2% agarose gel electrophoresis. Additionally, two adult male and 2
adult female O. nubilalis were obtained from the USDAARS, CICGRU colony, dissected, and genomic DNA isolated individual thoracic tissue using the Qiagen DNeasy
Blood and Tissue Kit (Qiagen, Valencia, CA). Real-time
PCR reactions (3 replicates per sample) included 12.5 ll iQ
SYBR Green reaction mix (BioRad), 5 pmol each of primer
OnMINE-1-F and OnMINE-1-R, and 1 ll genomic DNA
diluted 1:100 in a 25 ll reaction. Reactions were cycled on
an iQ thermocycler (BioRad) at 95°C for 3 m, then 40
cycles of 95°C 30 s, 60°C for 30 s, and 72°C for 20 s, and
fluorescence data collected at 490 nm. All reactions were
followed by melt curve analysis (55°C for 10 s, ?0.5°C/
cycle for 80 cycles) to ensure presence of a homogeneous
population of PCR product and lack of primer dimerization.
Cycle threshold (CT) levels generated from background
subtracted data using iCycler software v. 3.0.6070.
OnMINE-1 assays were repeated using 1:1,000, 1:10,000,
and 1:100,000 dilutions of genomic DNA to test consistency across DNA concentrations, and resulting change in
cycle threshold (DCT) values plotted against Log10(DNA
dilution) according to (Livak and Schmittgen 2001). Mean
of 3 unknown replicates was normalized to the mean CT
value of 3 replicates of the b-actin gene control amplification, and with the relative product amounts calculated using
the 2-DDCT method (Livak and Schmittgen 2001).
Insertion Site Specificity of an O. nubilalis TE
Genome sequence that flanked a subset of OnMINE-1
integrations was obtained by inverse PCR. Six O. nubilalis
adults (3 male and 3 female) were collected from a wild
population near Ames, IA. Individual thoraces were dissected, pooled, and genomic DNA isolated using Qiagen
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Fig. 1 DNA sequence alignments of an Ostrinia nubilalis miniature
inverted repeat transposable element (OnMITE01)-like sequence from
bacterial artificial chromosome (BAC) clone OnB1-04M15 with OnMITE01 sequences in GenBank accessions EF396298 and ET217030.
The AT/TA target site duplication (TSD; bold) and conserved (CTGT)n
microsatellite motif of OnMITE01 are highlighted black with white text.
The variant OnMITE01 sequence from OnB1-04M15 has a unique
microsatellite-associated interspersed nuclear element (OnMINE-1)

inserted at OnMITE01 GAAAGAA motifs (bold underlined). The
variable number of (GAAA)n microsatellite repeat units flanking the
OnMINE-1 insertion are highlighted, and subterminal inverted repeats
(SIRs) of [ATTTATTGCCATGGACAC/GTGTCCATTCATA GCA(8
nt)GTAAAT] are underlined. Four imperfect direct repeats (DRs) within
the central core regions are underlined with dashes, and inverted repeat
(IR) complementary to the 50 SIR, and 30 stem-loop are indicated. ‘‘–’’
indicates a gap in the alignment, and ‘‘*’’ indicates sequence not present

DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA).
DNA was quantified a A260 on a UV spectrophotometer, and
0.5 lg digested in with XbaI or VspI (Promega) in a 10 ll
reaction volume according to manufacturer instructions.
Digested fragments were purified using Qiagen PCR
Quickspin columns and eluted in 30 ll of kit elution buffer.
DNA fragments were circularized by addition of 2.5 ll of
10 9 T4 ligase buffer and 3 units of T4 ligase to 21.5 ll of
column eluate. Oligonucleotide primers for inverse PCR
OnMINE-1_Inv1 (50 -GAC AGG GTG GCA CTG CTC-30 )
and OnMINE-1_Inv2 (50 -ACG ACG CTG GTT TTC AGT
GT-30 ) were designed from the full cloned contig sequence
using Primer3 (Rozen and Skaletsky 2000), and synthesized
at Integrated DNA technologies (Coralville, IA). Circularized-ligated genomic DNA (2 ll) was PCR amplified in

20 ll reactions that also contained 1.5 mM MgCl2, 50 lM
dNTPs, 2.0 pmol of each primer, 4 ll 59 thermal polymerase buffer (Promega), and 0.3125U GoTaq and 0.3125U
Tth DNA polymerase (Promega). Reactions were placed on
an Eppendorf Mastercycler, denatured for 2 min at 94°C,
cycled 30 times at 94°C for 30 s, 60°C for 30 s, and 72°C for
1.5 min, and then incubated at 72°C for 10 min (program
STS60). PCR products were visualized on 1.5% agarose,
purified with the Qiagen PCR Quickspin column procedure,
ligated into the pGEM-T vector, transformed into E. coli
strain XL1-Blue, and plasmid insert DNA sequenced from
T7 and SP6 primer sites as described previously. The plasmid insert was assembled using from T7 and SP6
sequencing reads with Contig Express software (Informax,
San Francisco, CA) and FASTA format sequences exported.
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MINE-1 Superfamily Insertion at Lepidopteran
(GAAA)n Microsatellite Loci
The 50 region of the OnMINE-1 sequence (positions 156–216)
also was used as a query against GenBank nr/nt, dbEST, and
dbGSS databases, and ‘‘hits’’ with E-values B 1 9 10-2 and
C85% sequence similarity were retained (database search
#2). GenBank accessions containing [150 bp of putative
MINE-1-like regions were imported into MEGA sequence
alignment module (Tamura et al. 2007) and ClustalW
alignments performed using default parameters (gap opening
penalty 15, gap extension penalty 6.66, weight matrix IUB,
and transition weight of 0.5). Manual adjustments were made
to correct for single base shifts, and secondary structure
predictions were made for regions downstream of the
(GAAA)n motif using Mfold (Zuker 2003).
The B. mori whole genome scaffold sequence from build
2.0 was downloaded in FASTA format from Kaikobase
(http://sgp.dna.affrc.go.jp/pubdata/genomicsequences.html;
integretedseq.txt.gz), and was loaded into a local database
using BioEdit (Hall, Ibis BioSciences, Carlsbad, CA). Our
database search #3 queried the B. mori genome assembly
with a 30 bp OnMINE-1-like sequence identified from
B. mori dbGSS during database search #2 (GAAAGAAA
GAAAGAAATCATTTATTCGCCA; see Results and Discussion), and start position information for sequence ‘‘hits’’
with E-values[1.0 with hit length C20 bp were exported in
tab-delimited format. The scaffolds for the B. mori whole
genome sequence build 2.0 were also used as an input file for
an imperfect tetranucleotide repeat unit microsatellite loci
search using the program SciRoKo (default parameters;
chunk size 50 Mb; Kofler et al. 2007), start position information for (GAAA)n microsatellites were exported in tabdelimited format, and merged with exported MINE-1-like
sequence from database search #3. The co-occurrence of
(GAAA)n and putative MINE-1 integrations were identified
by overlap of positional overlap of predicted sequence elements. Bombyx mori genome sequence from ?20 to -700 of
(GAAA)n microsatellite sequences identified by SciRoKo
were parsed from the scaffold assemblies, and ClustalW
alignments and Mfold secondary structure predictions were
performed as described previously.

Results and Discussion
Isolation and Annotation of an Ostrinia nubilalis TE
Portion of an O. nubilalis bacterial artificial chromosome
(BAC) library (OnB1; 120 kb average insert size) was
screened by PCR with oligonucleotide primers that amplified
a 198 bp product specific for the mobile O. nubilalis MITElike element, OnMITE01 (Coates et al. 2009). PCR products
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had estimated sizes ranging from 190–210 bp, and were
observed from 63 of 96 (65.6%) OnB1 clones. In contrast, an
OnMITE01-like element within the insert of OnB1 clone
04M15 generated a PCR product that was *850 bp, or
*650 bp larger than expected. DNA sequence analyses
indicate that the PCR product was 813 bp, and was composed
of 119 bp 50 and 106 bp 30 ends similar to the OnMITE01
sequences EF396398 and ET217030 (Coates et al. 2009;
Fig. 1). The 813 bp sequence also contains a novel 588 bp
insertion sequence (IS; GenBank accession EU673456). No
prior OnMITE01 or other lepidopteran MITE-like elements
shows presence of an IS (Chen and Li 2007; Coates et al. 2009),
but were observed within the stowaway family of MITEs
(Petersen and Seberg 2000) and Z. maize Helitron-like transposons (Gupta et al. 2005). This 588 bp insertion was identified within 1 of 63 OnMITE01-like elements, which suggests
the frequency of disruption is low (B1.58%). Regardless, the
presence/absence within OnMITE01-like regions indicates
that the IS may be mobile over evolutionary time, or alternatively may be derived via recombination with another locus.
No other sequence within GenBank nr or EST databases
met the our criteria for a positive ‘‘hit’’ within Database
search #1 that used the full-length O. nubilalis IS as the query,
except a BLASTn result from a dbGSS search indicates two
O. nubilalis BAC end sequences (BES) show C93%
sequence identity over 230 bp (E-value C 1 9 10-92;
accessions ET217118 and ET217119; Coates et al. 2009).
Compared to the putative IS, the O. nubilalis BES data show
insertion/deletion mutations within four imperfect direct
repeats (DRs) and repeat units of a (GAAA)4 microsatellite
(Fig. 1). The BES sequences from dbGSS do not contain
flanking OnMITE01-like sequence, which suggests that the
novel IS was present at[2 genome locations. Copy number of
the IS was estimated from the O. nubilalis genome by BAC
screening and quantitative real-time PCR. An approximate
0.2-fold genome equivalent from the OnB1 library (768
clones) was screened by PCR with IS-specific oligonucleotide primers, and indicates that 724 (94.3%) of BAC clones
have C1 IS-like region. Results suggest an insertion frequency of C1 per 127,000 bp and a whole genome estimate of
3620 copies (=724 7 0.2), but may be an underestimate due
to likely presence of[1 copy per BAC. Assuming this IS has a
uniform Poisson distribution among BAC inserts, a maximum likelihood estimate provided an estimated IS copy
number of 4496 [k = -log(44 7 768) = 1.242 IS per
BAC; genome copy estimate = ((724 7 0.2) 9 1.242)].
Evidence for high genome prevalence was corroborated by
real-time quantitative PCR data that estimates copy number
at 2730 ± 82 within the O. nubilalis genome (data not
shown). Differences in O. nubilalis genome copy number
estimates may have resulted from variation in individual
fragment intensities that were observed by gel analysis of
BAC clones (not shown). This variation likely results from
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template-primer mismatches, and thus affects SYBR green
fluorescence detection during real-time PCR and thereby
leading to an underestimate of genome copy number. Alternatively, O. nubilalis may show variation in IS content
between haploid genomes. Since the O. nubilalis BAC library
and real-time PCR template were derived from different
sources, the discrepancy in IS copy number estimates may
reflect actual differences in genome content analogous to that
observed previously among Helitron elements within
Z. maize inbred lines (Brunner et al. 2005).
Although the novel IS shows no homology to any TEs
within GenBank, we investigated sequence and structural
characteristics that may indicate the presence of a mobile
genetic element. Lepidopteran genomes contain numerous
small mobile elements (Mita et al. 2004), and some have
inserted into introns and have led to the increased size of B.
mori genes compared to their Drosophila orthologs (Xia
et al. 2004). The novel 588 bp IS from O. nubilalis (Fig. 1)
shows a high A ? T content (62.3%), which is similar to
O. nubilalis MITE-like sequences OnMITE01 (55.5%) and
OnMITE02 (63.8%; Coates et al. 2009). No internal protein
coding sequences [54 amino acids were predicted by
BLASTx or tBLASTx searches (E-values C 0.33; similarities B31%). The program Mfold (Zuker 2003) predicted a
secondary structure elements formed by the IS; 50 [ATTT
ATTGCCATGGACAC] and 30 SIRs [GTGTCCATTCATA
GCATCAGGTGTAAAT] (complementary bases underlined). The structure also contains a putative inverted repeat
(IR) located 29 bp downstream and complementary to the 50
SIR (Fig. 2). The change in Gibbs free energy (DG = DH –
TDS) associated with the secondary structure formation is
predicted to be -93.08 kcal mol-1 (Supplementary Fig. 1).
A highly negative DG value indicates that the stem-loop
structure may spontaneously form in the given system
(20°C), and is energetically favorable compared to random
coiled DNA. MITEs have an estimated DG of -66.4 (Dufresne et al. 2006) to -87.7 kcal mol-1 (Bureau and Wessler
1994a, b; Casacuberta et al. 1998), and suggests that the
putative IS secondary structure is as stable as prior predicted
MITEs. Sequence and structural analyses indicates that we
may have encountered a MITE-like mobile element, and lack
of homologous sequence within GenBank suggests that it is a
new class of lepidopteran TE. Presence of a (GAAA)n
microsatellite that flanks representative elements in the O.
nubilalis genome further suggests that the putative mobile
element may produce GAAA TSDs or show insertion site
specificity at GAAA loci.
Insertion Site Specificity of an Ostrinia nubilalis TE
Putative target sites for the integration of invertebrate
MITEs typically are short A ? T-biased genome sequences that are duplicated during class II mobile element
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Fig. 2 Putative Ostrinia nubilalis microsatellite-associated interspersed nuclear element (OnMINE-1) secondary structure elements

insertion (target site duplications; TSDs). TAYA TSDs
flank the Ades Aegypti Wukong, Jujin, and Weneng families
of elements, whereas Nemo1 elements appear to target and
duplicate CA sequences (Tu 1997), the Culex pipiens mimo
element has TA TSDs (Feschotte and Mouchès 2000), and
similarly lepidopteran MITEs from O. nubilalis (Coates
et al. 2009) and Helicoverpa zea (Chen and Li 2007) insert
at TA genome positions. In contrast, Helitron-like TEs
insert between AT or TT dinucleotides without the creation
of TSDs (Kapitonov and Jurka 2001; 2007b). We show that
16 independent OnMITE01 integrations that lack the novel
588 bp IS have a conserved ancestral GAAAGAA nucleotide motif, but in contrast (GAAA)7 and (GAAA)3
microsatellite repeat units are flanking the 50 and 30 ends of
the novel IS, respectively (GenBank accession EU673456;
Fig. 1). Due to a microsatellite array length that is greater
than that observed within the 16 ancestral OnMITE01
elements, the expansion of both 50 and 30 arrays likely
occurred after integration or the mobile IS element may
itself be composed of terminal (GAAA) repeats. This evidence suggest that the IS may be involved in the creation of
GAAA microsatellites, but cannot exclude the integration
within extant (GAAA)n microsatellites, so we name the IS
the O. nubilalis microsatellite-associated interspersed
nuclear element (OnMINE-1).
Associations between MITE-like elements and microsatellites have been shown previously. Miller et al. (2000),
Wilder and Hollocher (2001), and Coates et al. (2009)
indicated that (CTGT)n microsatellites are mobile due to
presence within MITEs, whereas the Micron family of
MITEs within the O. sativa genome have preferentially
inserted within (TA)n microsatellites (Akagi et al. 2001).
Additional investigation of O. sativa (TA)n microsatellites
indicated that nearly 45% were flanked by sequence that
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had homology to Micron superfamily members (Temnykh
et al. 2001). Primate Alu elements also are located near
multiple microsatellite repeat motifs (Arcot et al. 1995),
with the most ancient AluJ class associated with (GAAA)n
repeats (Yandava et al. 1997). No prior evidence indicates
that MITE or Helitron-like elements are preferentially
integrated within microsatellite repeats of insects. To
investigate a potential association between MINE-1 elements and (GAAA)n repeat microsatellites within the O.
nubilalis genome we obtained DNA sequence from a
plasmid library constructed from OnMINE-1 specific
inverse PCR products.
Sequence data from 47 OnMINE-1 inverse PCR product
library inserts show a mean insert size of 824 ± 72 bp
(GenBank dbGSS accessions FI495597–FI495643), and
were assembled into 3 contigs and 14 singletons. These 17
unique sequences contain regions homologous to the initial
OnMINE-1 element (EU673456; C94.3% similarity). With
the exception of the 3 contigs, all OnMINE-1 sequences
show unique genome sequence flanking the putative insertion point (alignment not shown). Additionally, each
OnMINE-1 sequence contains a consensus 50 SIR [ATTTATTGCCATGGACAC] that is invariably preceded by a
cytosine and a (GAAA)n microsatellite at the 50 terminus.
Remaining portions of OnMINE-1s contain multiple insertion/deletion mutations, which includes sequence length
variation within the direct repeat (DR) region. The predicted
termini of OnMINE-1 elements are composed of 50 C and a 30
CTAT motifs that are similar to those conserved among
Helitron-like TEs (50 TC and a 30 CTRR; Kapitonov and
Jurka 2001), and suggests the elements may belong to a
Helitron-like group of TEs. Sequence data also indicate that
the number of (GAAA)n microsatellite repeat units that flank
independent OnMINE-1s integrations (loci) vary from 2–16
at the 50 end (mean 4.28 ± 3.43) and 1–4 at the 30 end (mean
1.47 ± 0.83). Imperfect repeat arrays also are encountered
within both genomic regions that flank OnMINE-1s. Inverse
PCR product sequence data suggests that OnMINE-1 family
members show a 100% association with (GAAA)n microsatellite loci within the O. nubilalis genome, and that longer
microsatellite arrays are biased toward presence upstream at
the 50 terminus the OnMINE-1 elements. Evidence also
suggests that OnMINE-1s may be involved the modification
of microsatellite loci when integration occurs at pre-existing
(GAAA)n repeats, may carry (GAAA) repeats at 50 and 30
termini, or may be involved in the formation of microsatellites through a yet undescribed mechanism. Regardless, the
association between OnMINE-1 elements and (GAAA)n
microsatellite loci appears to be a source of DNA sequence
similarity among these genome regions in Lepidoptera. In
the following sections we provide further evidence that
MINE-1 elements are ancestral to the lepidopteran lineage
and are positioned adjacent to (GAAA)n microsatellite loci.
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MINE-1 Superfamily Insertion at Lepidopteran
(GAAA)n Microsatellite Loci
Due to the observed co-occurrence of MINE-1 integrations
and (GAAA)n microsatellite loci in the O. nubilalis genome, investigation of similar associations were conducted
for all GenBank accessions for Lepidoptera and within the
B. mori genome assembly (build 2.0; The International
Silkworm Genome Consortium 2008). Our previous database search #1 that used the full-length OnMINE-1 element
sequence as a query resulted in identification of homology
within two O. nubilalis BES accessions in GenBank
(Fig. 1). It was previously shown that sequence variation
among mobile elements often results in difficulties when
homology-based identifications are used cross-species,
whereas structure-based predications prove to be more
robust in the discovery of novel TEs (Bergman and
Quesneville 2007). For example, Drosophila DINE-1
superfamily members show a high level of intraspecific
sequence variation and presence of truncated copies which
cause difficulty in copy number estimations from the WGS
of 12 species (Yang and Barbash 2008). Despite the high
level of divergence, DINE-1s retain structural features that
may be necessary for MITE- or Helitron-like mobility
(Yang et al. 2006; Yang and Barbash 2008): conserved 50
and 30 SIRs, an inverted repeat (IR) complementary to the
50 SIR, and a stem-loop structure in the 30 terminal region
(Locke et al. 1999; Vivas et al. 1999; Miller et al. 2000;
Wilder and Hollocher 2001; Yang and Barbash 2008).
Analogously, Helitron-like transposons have conserved 50
TC and 30 CTRR termini (R = A or G nucleotides; Kapitonov and Jurka 2001), but show optional requirements for
30 terminal stem-loop structures (Galagan et al. 2005;
Kapitonov and Jurka 2007b). Helitrons within the maize
genome often show little sequence similarity outside of
conserved terminal nucleotide motifs, such that their
identification is often difficult and relies on comparison of
haplotypes (Lai et al. 2005).
Since Drosophila DINE-1 elements have been predicted
using genome database searches that use a short but highly
conserved query sequences that correspond to the 50 SIR
(Wilder and Hollocher 2001; Yang and Barbash 2008). Since
sequence downstream of DINE-1s are more highly polymorphic and can show little intraspecific homology that
show limited use in homology-based searches (Locke et al.
1999; Vivas et al. 1999; Miller et al. 2000), we correspondingly used the (GAAA)n and 50 SIR sequence of OnMINE-1
(positions 156–215 in Fig. 1) to query GenBank nr, dbEST,
and dbGSS in our search #2. These query results show that a
sequence 86% similarity to OnMINE-1 may be present
within an intron in the Pectinophora gossypiella cadherin
gene (GenBank Accessions in Fig. 3). This putative P.
gossypiella MINE-1 element (PgMINE-1) has a 13 bp 50 SIR
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[TTATTACTTCCAGACAC] is preceded by an imperfect
(GAAA)2 TTTT(GAAA)3 microsatellite (Fig. 3). The
556 bp full-length PgMINE-1 additionally shows a high
A ? T nucleotide content (65.5%), a 30 SIR [GTGTAAGTACATAA], central core of direct repeats (DRs), and lack of
an internal protein coding sequence (Figs. 3, 4). The Mfoldpredicted PgMINE-1 secondary structure (DG =
-92.70 kcal mol-1; supplementary Fig. 2) has features
analogous to those of DINE-1 and OnMINE-1 family
members (Fig. 4). In contrast to OnMINE-1 and DINE-1
elements, the PgMINE-1 may lack an IR complementary to
and downstream of the 50 SIR (Fig. 4b). The IR secondary
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structure may be critical for recognition by trans-acting
factors required for transposition (Wessler et al. 1995), but
lack of the IR suggests it may not be required for transposition of the PgMINE-1 or that the mutation has rendered the
element immobile. Additionally, the termini of PgMINE-1
consisted of 50 C and a 30 TCAA sequences that are similar to
those conserved among Helitron-like TEs (50 TC and a 30
CTRR; Kapitonov and Jurka 2001), which suggests that the
PgMINE-1 from accession AY707868 could be classified as
a non-autonomous Helitron.
The database search #2 also identified 28 dbGSS
accessions from B. mori that shares 93% similarity with the

Fig. 3 A microsatelliteassociated interspersed nuclear
element (MINE-1) superfamily
member integrated within an
intron region of the
Pectinophora gossypiella
(Lepidoptera: Gelechiidae)
cadherin gene. The PgMINE-1
subterminal inverted repeats
(SIRs) are underlined
[TTATTACTTCCAGACAC/
GTGTAAGTACATAA],
imperfect direct repeats (DRs)
are underlined. Positions of
respective GenBank accession
indicated at left of the alignment

Fig. 4 Structure of microsatellite-associated interspersed nuclear element (MINE-1) superfamily members from lepidopteran species Ostrinia
nubilalis (OnMINE-1), Pectinophora gossypiella (OnMINE-1), and
Bombyx mori (BmMINE-1). Feature designations are as indicated in

123

Fig. 1, and functional domains predicted B. mori Helitron-like RepHel
protein (BMHEL1p) encoded by the autonomous Helitron1_BM element
are described with the text
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OnMINE-1 (GAAA)n and 50 SIR regions, but were only 30 bp
in length (E-values = 0.08) and consisted of a [(GAAA)4TCATTTATTCGCCA] sequence. Although this represents a
motif that could be encountered by chance within the genome, similarly short regions of homology were used to define
DINE-1-like elements in Drosophila (Wilder and Hollocher
2001; Yang and Barbash 2008) and the highly variable
CACTA TE family from the plant species Triticeae (Wicker
et al. 2003). The subsequent database search #3 that queried
the B. mori genome sequence build 2 with the [(GAAA)4TCATTTATTCGCCA] sequence identified 316 unique positions that share C89.7% similarity, and are distributed within
the genome at an average of 0.65 ± 0.24 per Mb
(11.29 ± 3.93 per chromosome; Table 1; supplementary
Table 1 Distribution of putative Bombyx mori MINE-1 elements
(BmMINE-1) within the whole genome assembly build 2
Chr

Chr
size (Mb)

MINE-1
Count

MINE-1
Count/Mb

(GAAA)n
Count

(GAAA)n
Count/Mb

chr01

22.40

11

0.49

19

0.85

chr02

10.47

8

0.76

10

0.96

chr03
chr04

18.21
20.92

9
8

0.49
0.38

16
17

0.88
0.81

chr05

20.92

5

0.24

10

0.48

chr06

18.95

7

0.37

9

0.47

chr07

16.28

9

0.55

17

1.04

chr08

18.90

18

0.95

18

0.95

chr09

19.01

13

0.68

21

1.10

chr10

19.76

8

0.40

11

0.56

chr11

24.13

20

0.83

33

1.37

chr12

20.51

12

0.59

18

0.88

chr13

17.99

10

0.56

20

1.11

chr14

15.63

13

0.83

18

1.15

chr15

19.51

6

0.31

13

0.67

chr16

15.24

11

0.72

20

1.31

chr17

18.38

12

0.65

16

0.87

chr18
chr19

16.69
15.22

16
12

0.96
0.79

22
17

1.32
1.12

chr20

14.64

10

0.68

10

0.68

chr21

18.46

19

1.03

17

0.92

chr22

23.37

10

0.43

11

0.47

chr23

23.13

14

0.61

20

0.86

chr24

18.49

14

0.76

25

1.35

chr25

16.68

9

0.54

18

1.08

chr26

12.28

6

0.49

16

1.30

chr27

14.47

10

0.69

17

1.18

chr28

12.35

16

1.30

16

1.30

Total 316

475

Chr mean
11.29

0.65

16.96

0.97

SD 3.92

0.24

5.09

0.28

Table T1). In a parallel bioinformatic search, the program
SciRoKo predicted 475 perfect or imperfect (GAAA)n repeat
microsatellite loci within the B. mori genome (average length
of 22.03 bp and average mismatch of 0.3) and are distributed
once every 0.94 ± 0.28 Mb (16.96 ± 5.09 per chromosome;
supplementary Table T2). The genome copy number prediction of 316 BmMINE-1 integrations is lower than the 334–
5,424 for DINE-1 elements within 12 Drosophila genomes
(Yang and Barbash 2008), and lower than our estimate of
2730–3620 MINE-1 copies within the O. nubilalis genome.
This reduced BmMINE-1 content compared to the estimate
from O. nubilalis may represent natural copy number variation between species, and be analogous to that of DINE-1
copy number variation in Drosophila. Reasons for disparity
between BmMINE-1 and OnMINE-1 copy estimates may
also be due to the content within build 2. The B. mori WGS
was sequenced by use of short shotgun sequence reads with a
final 3-fold coverage depth from strain p50T (Mita et al.
2004) and 6-fold depth from strain Dazao (Xia et al. 2004),
and comprises 23,156 scaffolds (Wang et al. 2005) assembled
by repeat masking with the RePS assembler (Wang et al.
2002). Genome assemblies often have an under representation of heterochromatic DNA in which Helitrons are located,
which led to underestimates of these TEs in A. thaliana and C.
elegans genomes (Kapitonov and Jurka 2007b). Since repeat
elements are removed from the final scaffold assemblies
(replaced by Ns) a majority of the BmMINE-1 elements likely
were omitted, and suggests that repetitive genome elements
may be underrepresented within the final genome build of B.
mori.
Positional data for the [(GAAA)4TCATTTATTCGCCA]
and SciRoKo-defined (GAAA)n microsatellites indicates
that MINE-1-like 50 SIRs co-occur with (GAAA)n microsatellite loci in 201 of 316 instances (63.61% association;
supplementary Table T3). The remaining 115 MINE-1-like
regions of the B. mori genome (BmMINE-1 elements) may
represent TEs that are flanked by repeats too short or contained too many mismatches to be defined as microsatellites
using our SciRoKo parameters. Our data from the O. nubilalis genome shows that 2–16 GAAA repeat units flank the
50 SIR of OnMINE-1 elements, which suggests that a proportion of flanking arrays would be missed by SciRoKo and
that the association between B. mori MINE-1 (BmMINE-1)
elements may be underestimated. Multiple sequence alignment of 119 randomly chosen BmMINE-1 elements from
genome positions ?20 to -750 of (GAAA)n indicate that
regions C649 bp downstream of the microsatellite share
extensive similarity (supplementary file F1). Also,113 of
119 (94.54%) BmMINE-1s have a 50 TC that is similar to
Helitron-like TEs (Kapitonov and Jurka 2001), and show as
conserved 50 SIR [TC(A)TTTATTCRCCAR] (50 TC in bold
and optional A in parenthesis) that has a complementary 50
IR similar to the secondary structure of OnMINE-1 and
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Drosophila DINE-1 elements. Despite the observation of
short (GAAA)n microsatellite repeats at the 30 terminus of
OnMINE-1 elements and AAGAA motif following the
PgMINE-1, no discernable (GAAA)n repeat is present at the
30 terminus of the 119 aligned BmMINE-1s.
Helitron-like TEs vary in size due to nested integration
of retrotransposons (Du et al. 2009) or acquisition of
genomic sequence by an unknown mechanism that results
in obstacles in their annotation (Lal and Hannah 2005), and
may be responsible for difficulties encountered in defining
the 30 end of BmMINE-1 elements compared to OnMINE-1
and PgMINE-1 elements. Evidence for nested TE integration within a proportion of BmMINE-1 elements was
shown for an integration that starts at position 25,226 of the
B. mori ABC transporter intron 2 (GenBank accession
AB445460; Fig. 5). A BLASTn search of the GenBank nr
database with positions 25,211–27,159 of the ABC transporter (query sequence containing (GAAA)n microsatellite
through the beginning of exon 3) resulted in a ‘‘hit’’ to
the B. mori BAC clone 048C11 (GenBank accession
AP009015.1; positions 30,035–28,194). Sequence alignment indicates the two genomic regions share 99% similarity over 1.83 kb that terminates after a 30 GTAA
nucleotide motif, which suggests that BmMINE-1 Helitrons may terminate at 30 GTRR motifs compared to the 30 CTRR Helitron motif (Kapitonov and Jurka 2001; Lai et al.
2005). Additionally, an internal ORF on the antisense
strand was predicted to encode a 520 residue peptide called
BMMINE-1p_1 that contains a non-LTR-like reverse
transcriptase domain (RT; hit E-value 4e-36; cd01650;
Marchler-Bauer et al. 2009) from residues 61–325 (Fig. 5;
supplementary file F2). Furthermore, 28 BmMINE-1 elements aligned in supplementary file F1) are predicted to
encode a partial BmMINE-1p_1 peptide, which suggest this
coding region may be present within * 13.9% of the 201
integrations in the B. mori genome. No discernable poly(A)
tail flanks the RT CDS which would suggest integration of
a non-LTR element (Hutchison et al. 1989), and suggests
that acquisition occurred by an yet unknown mechanism. The high prevalence of BmMINE-1s predicted to
encode the BMMINE-1p_1 enzyme suggests the CDS was
acquired early in the Helitron propagation phase within the
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B. mori genome. The function of this acquired protein in
the mechanism of Helitron mobility remains undetermined,
and will be the focus of future research.

Bombyx mori Autonomous MINE-1 Helitrons
In the previous section, we predicted that BmMINE-1
elements have acquired additional sequence that encodes a
putatively functional enzyme but does not show characteristics of RepHel protein. Autonomous Helitrons are
large (5,514–17,261 bp) and encode a 1000–3000 amino
acid RepHel protein that contains rolling circle replication
initiation (Rep) and DNA helicase (Hel) domains. RepHels
are structurally diverse, yet carry out conserved endonuclease, helicase, DNA transfer, and ligation reactions during rolling circle replication (Kapitonov and Jurka 2007b).
In addition to endonuclease and helicase domains, the
RepHel proteins also can encode a zinc finger domain that
may function during DNA binding, and animal RepHel
proteins also have been shown to contain C-terminal
endonuclease and cysteine proteinase domains (Poulter
2003; Zhou 2006). The functional roles of these latter two
domains are yet to be elucidated, but is hypothesized that
endonuclease activity may be involved in host genome
integration (Kapitonov and Jurka 2001). Due to the
potential omission of repetitive sequences from the B. mori
genome assembly due to masking (Kapitonov and Jurka
2007b), B. mori strain Dazao contigs (GenBank accessions
AADK01000001-AADK01066482) were used to replicate
SciRoKo and 50 SIR prediction as performed for the WGS.
A total of 502 (GAAA)n microsatellites were predicted
within strain Dazao contigs (average length of 23.35 bp
and average mismatch of 0.37) distributed once every
1.28 Mb. BLASTx and tBLASTx searches with contig
sequence 30 kb downstream of (GAAA)n microsatellites as
queries of GenBank nr databases resulted in the identification of genome regions that may encode helicase or
endonuclease domain proteins.
A total of 38 of 49 predicted ORFs encode proteins that
show C65% identity to reverse transcriptase (RT) or endonuclease (EN) proteins (data not shown). DNA helicase-like

Fig. 5 Identification of Bombyx mori microsatellite-associated interspersed nuclear element (BmMINE-1) that shows novel Helitron-like 50 -TC
and 30 -GTAA terminal nucleotide motifs, and encode a multifunctional 520 amino acid reverse transcriptase (RT) enzyme, BMMINE-1p_1
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ORFs are predicted within the B. mori contigs AADK
01000103 (positions 8,364–17,120) and AADK01010870
(positions 2886–5634) that are, respectively, downstream of
GAA(GAAA)4ACATTTATTCGCTAACGT (29.3 kb) and
(GAAA)6TCATTTATTCGCTAAGC motifs (1.3 kb). The
830 amino acid AADK01000103-encoded ORF shares 83%
amino acid identity with an Aedes aegypti helicase
(XP_001659679) and 73% identity with D. melanogaster
CG4125-PA (AAF53481), and is similar to DEAD/H helicases (Bork and Koonin 1993; alignments not shown). A
tBLASTx search of the B. mori genome build 2 indicates
that the helicase within contig AADK01000103 corresponds to the predicted 1030 residue encoding gene
BGIBMGA003539 (chr 5 from 14,957,972–14,971,385;
100% similarity, E-values B 2 9 10-91). The stop codon of
BGIBMGA003539 is 29.3 kb upstream of the nearest
BmMINE-1 start, which is a distance greater than known
Helitron sizes (0.5–17.7 kb; Kapitonov and Jurka 2001; Lal
and Hannah 2005). Additionally, BGIBMGA003539 comparatively shows \26% similarity to RepHel domains
encoded by C. elegans and A. thaliana Helitrons, which
further suggests the gene is not Helitron-encoded.
BLAST results suggest that AADK01010870 may
encode two independent proteins. First, the tBLASTx
search of the GenBank nr protein database with the contig
AADK01010870 sequence predicts that a gag-pol protein
from a B. mori TRAS3-like non-LTR retrotransposon is
encoded from positions 64–1457 (similarity C59%,
E-values B 6 9 10-32; Kudo et al. 2001). Secondly, a
region located on the antisense strand 1.3 kb downstream
of a BmMINE-1-like (GAAA)6TCATTTATTCGCTAAGC
motif encodes a putative helicase-like peptide that is highly
similar to SF1 helicase superfamily members previously
described within Helitron-encoded RepHel proteins from
A. thaliana and C. elegans (Fig. 6). The helicase-like gene
appears to lack introns, as is observed for insect Helitrons
(Fig. 5). The predicted 889 residue-long peptide contains
an ATP-dependent exonuclease V-like domain from amino
acid positions 4–600 (COG0507), a DUF889-like region
from position 602–748 (pfam05970), and a helicase-like
domain from positions 791–853 (pfam02689; MarchlerBauer et al. 2009; supplementary file F3). This putative
RepHel protein is shorter than the typical 1000–3000
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amino acid RepHel proteins due to an undefined N-terminal portion, which may be due to high levels of peptide
divergence as is also observed between A. thaliana RepHel
proteins ATHEL1p and ATHEL2p (Kapitonov and Jurka
2001) or possible truncation of the protein following
integration of the TRAS3 retrotransposon we defined from
positions 64–1457. Additional evidence for classification
of the AADK01010870-encoded helicase as a Helitronlike RepHel-like protein was obtained by tBLASTx results
that indicate C47% amino acid similarity to a Philodina
roseola Helitron (PrHelitron; E-values B 2 9 10-89;
GenBank accession DQ138288), and the observed level of
interspecies variation similar to the 55% identity shared
among the C-terminal regions of ATHEL1p and ATHEL2p
(Kapitonov and Jurka 2001). This evidence supports the
classification of this novel protein as a probable Helitronencoded RepHel protein, which we named BMHEL1p. It is
yet to be shown that this autonomous B. mori Helitron,
Helitron1_BM, encoded BMHEL1p will direct transposition of BmMINE-1s, but suggests that the B. mori genome
may be continually modified by movement of these TEs
and is a mode by which novel genetic variation is
produced.

Conclusions
Helitron-like transposable elements from the superfamily
MINE-1 are present as autonomous and non-autonomous
forms within the genomes of Lepidoptera, and have an
association with (GAAA)n microsatellites. Autonomous
Helitron1_BM copies are comparatively rare within the B.
mori genome, and encode a RepHel protein (BMHEL1p)
that may be required for mobility for non-autonomous
MINE-1 elements. Consistent with other Helitrons, genome
integration of MINE-1 elements appears to occur between
AA/TT dinucleotides but may have an additional requirement of the target site being present in or adjacent to an
array of GAAA repeat units. It is known that GAA trinucleotides may form a secondary structure that interferes
with efficient translation (Bidichandani et al. 1998) and
that DNA secondary structure can play in role in target site
recognition necessary prior to TE integration (Posey et al.

Fig. 6 Alignment of RepHel
SF1 superfamily-like helicase
domains from C. elegans
Helitron1_CE, A. thaliana
Helitron1, and B. mori
Helitron1_BM (BMHEL1p),
and helicases from Tribolium
castaneum (XP_970703) and
Nasonia vitripennis
(XP_001602496)
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2006). This evidence suggests that (GAAA)n microsatellite
loci may also form DNA secondary structures that are
recognized by BMHEL1p or mediate MINE-1 integration.
The presence of a greater number of GAAA units upstream
of the 50 SIR compared to downstream of the 30 SIR, where
protein–DNA interaction at the (GAAA)n induced DNA
secondary structure may orient the BMHEL1p endonuclease domain such that cleavage and subsequent Helitron
integration preferentially occurs downstream of the
microsatellite. In contrast, microsatellite array expansion
was shown to occur after OnMINE-1 integration in O.
nubilalis, which would suggest that secondary structures
formed at the 5th end of the Helitron may increase the
potential for slip strand mispairing to occur during DNA
replication by stalling the progression of DNA polymerase
I. Undoubtedly, additional investigations will be needed to
elucidate the mechanism of MINE-1 transposition, and
implications on genome structure, function, and evolution.
These data provide insight into the characteristics of genome target sites that are liable for Helitron integration and
may assist in elucidating the transposition mechanism of
this class of DNA-based transposons.
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