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Heliothis virescens (Lepidoptera: Noctuidae)

X. Ren, Y. Park* and T. A. Miller

Department of Entomology, UC Riverside, Riverside, CA,
USA; * Department of Entomology, Kansas State
University, KS, USA

Abstract

An intact mariner-like element was isolated from the
genome of tobacco budworm, Heliothis virescens.This
is the first report of an intact mariner element after the
initial identification of Mos1 from Drosophila mauritiana.
The full-length Hvmar1 has 30 bp inverted terminal repeats
and a complete 1065 bp open reading frame (ORF)
encoding the transposase with a ‘D,D(34)D’ motif in the
catalytic domain. Polymerase chain reaction results
show that at least one insertion of the Hvmar1 element
is conserved in this Heliothis strain. Phylogenetic
analysis demonstrated that Hvmar1 belongs to the
irritans subfamily.

Keywords: mariner, transposable element, intact,
tobacco budworm.

Introduction

The mariner family of transposons is one of the most diverse
and widespread Class IT transposable elements (Robert-
son, 1993, 2002). Successful germ-line transformations of
Drosophila melanogaster (Lidholm et al., 1993) and the
yellow fever mosquito, Aedes aegypti (Coates et al., 1998)
using Mos1, an active mariner element discovered from
D. mauritiana, were achieved with entirely stable resultant
strains. These achievements encouraged the use of mariner
elements as genetic tools, and while they still have some
disadvantages, our considerable understanding of their
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diversity and molecular evolution is a primary advantage of
using mariners as genetic tools for insects.

Mariner elements are widespread in fungi, plants, inver-
tebrates and vertebrates (Robertson, 1993). mariner-like
elements (MLEs) include at least seven major subfamilies
and 10 minor subfamilies based on sequence data previously
published. Moreover, mariner elements from different
subfamilies can coexist within the same genome (Robert-
son, 1993; Robertson & MacLeod, 1993). Typical full-length
MLEs are about 1300 bp in length, with inverted terminal
repeats (ITRs) of about 30 bp and a TA target duplication
(Robertson, 1995). They encode a transposase distinguished
by a characteristic ‘D,D(34)D’ motif in the catalytic domain
(Hartl et al., 1997; Hartl, 2001; Coy & Tu, 2005), which has
been shown to be necessary for transposition (Plasterk
etal.,, 1999; Lohe et al,, 1997). Most identified MLEs are
nonfunctional (Robertson & lampe, 1995) due to multiple
frameshifting indels and in-frame stop codons in their
transposase genes. So far only two characterized mariner
elements have been demonstrated to be autonomous.
These include Mos1, originally discovered in the fruit fly
D. mauritiana (Medhora et al., 1991) and Himar1, an artificially
constructed consensus sequence of elements found in the
horn fly, Haematobia irritans (Lampe et al., 1996).

Mariner elements have a wide phylogenetic distribution.
However, the phylogenetic relationships of mariner elements
are not in concord with those of their hosts. This suggests
that horizontal transfer is prevalent in this group (Robertson
et al., 1998). In this study, we report the identification of an
intact mariner-like element in tobacco budworm, Hethiothis
virescens, Hvmar1. This element belongs to the irritans
subfamily mostly close to human mariner transposon
(Hsmar2), which might suggest a horizontal transfer event.

Results

Isolation of an intact mariner element

An intact mariner-like element was isolated from tobacco
budworm. Degenerate primers MAR-124F and MAR-276R,
which were designed to bind to two stretches of conserved
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amino acid sequences within mariner transposase
(Robertson, 1993; Robertson & MacLeod, 1993), were
used to amplify possible fragments of mariner elements.
The polymerase chain reaction (PCR) products were
subsequently subcloned to the pGEM-T easy vector and
sequenced. A BLASTN search showed that one of the
fragments, which was 503 bp in length, was similar to other
known mariner elements. Based on the sequence of this
fragment, a pair of outward facing primers was designed for
inverse PCR to obtain the full-length sequence of this
mariner element. The obtained full-length sequence of this
mariner-like element is shown in Fig. 1.

This element is 1269 bp in length and has an open reading
frame of 1065 nucleotides encoding a transposase of 354
amino acid residues. This element also has a ‘D,D(34)D’
motif in the catalytic domain, 30 bp imperfect ITRs, which
have only one nucleotide difference among 30 nucleotides,
and a TA target duplication upon integration. The conceptually
translated protein sequence has the highest amino acid
sequence identity (36%) to the Homo sapiens mariner
(Hsmar2) and 33% identity to the Chrysoperla plorabunda
mariner (CplmarCp3). The putative amino acid sequence
aligned with those of other mariner elements is shown in
Fig. 2. The GenBank accession number for the Hvmar1 is
DQ174779.

Insertion site sequences and mobility

Using inverse PCR from EcoRl digestion, we obtained the
flanking sequences of the element. BLAST analysis did not
reveal any significant commonalities to other sequences in
the database. Sequencing data showed that the complete
EcoRI fragment is about 2.4 kb in length. To find out
whether this insertion occurred in every individual, we
designed a pair of inward facing primers, which are located
in the 5’- and 3’-flanking genome sequences, to amplify
the whole insert with an expected 1.7 kb band if the inser-
tion is present. We randomly tested 14 individuals for this
insertion, all of which were positive for the 1.7 kb amplicon,
indicating that this insertion may be conserved in this
Heliothis strain.

Estimation of the copy number

The copy numbers of MLEs are extremely variable in differ-
ent species (Hartl et al., 1997). To quantify copy number of
the mariner element in this Heliothis strain, we conducted
a Southern hybridization using a 650 bp fragment, which
includes the most conserved sequence of the mariner
element, as a probe. Four individuals were tested. The
results show that the copy number is less than 10 and
each individual has different band pattern (Fig. 3).
Among the bands, there are several found in every individ-
ual, one of these is the 2.4 kb band. The universal presence
of this 2.4 kb band is consistent with previous inverse PCR
results.
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Figure 1. Hvmar1 element nucleotide sequence and predicted amino acid
translation of encoded transposase. The inverted terminal repeats are
underlined. The positions of MAR-124F and MAR276R PCR primer sites are
indicated by arrows. The aspartic acid residues of the ‘D,D(34)D’ catalytic
domain are marked with solid triangles.

© 2006 The Authors

Journal compilation © 2006 The Royal Entomological Society, Insect Molecular Biology, 15, 743—748



.sapiens (Hsmar2) x
.pulchella (MpmarMPl) :
.irritans (Himarl.&)

.plorabunda (CplmarCp3) :
.virescens (Hvmarl) :

mamEm

.s5apiens (Hsmarl) x
.pulchella (MpmarMFl)
.irritans (Himarl.é)
.plorabunda (CplmarCp3)
.virescens (Hvmarl) I

mnniE

.sapiens (Hsmar2) :
.pulchella (MpmarMP1) s
.irritans (Himarl.&) :
.plorabunda (CplmarCp3)

.virescens (Hvmarl) H

mOomz2 m
mEaoam
J
=
o

.saplens (Hsmar2) :
.pulchella (McmarMFPl) :
.irritans(Himarl.ég)
.plorabunda (CplmaxCp3)
.virescens (Hvmarl)

o m R R

T

.5apiens (Hsmar2) %
.pulchella (MpmarMPl) %
.irritans(Himarl. &) :
plorabunda (CplmarCp3) :
.virescens (Hvmarl) 3

momzmn

.Sapiens (Hsmar2) :
.pulchella (MpmarMEl) :
.irritans (Himarl. ) 2
.plorabunda (CplmarCp3) :
.virescens (Hvmarl) z

mom

20

EWENGS I TDAWRE?
K —TAISAR WD —

NTV-A 18]

xnrﬁs T4 Tin

NEWDQDPE?

Mariner-like element in tobacco budworm 745

&0
56
53
i 58
6l

s wr wa

121
117
113
119
122

L

182
178
173
180
;183

ENHBEE
LTR-TIF
LTENTF
YENGTSN

s e omwr oaw

242
238
232
240
244

Bs mE ER 3w

303
299
293
301

e

Figure 2. Amino acid sequence alignment of transposase coding regions from irritans subfamily of MLEs. Grey and black shaded regions highlight regions of
amino acid similarity and identity, respectively. GenBank accession numbers for the sequences are: Hsmar2 (AAC52011), MpmarMP1 (U11649), Himar1.6

(U11645), CplmarCp3 (AAC46947) and Hvmar1 (DQ174779).

Phylogenetic analysis

To investigate the relationship of Hvmar1 to previously
characterized full-length members of the marinerfamily, the
transposase amino acid sequence was used to perform a
phylogenetic analysis using MEGAS. 1. Results of neighbour-
joining analysis are summarized in Fig. 4. The Bootstrap
support was evaluated with 1000 replications. The results
clearly show that Hvmar1 belong to the irritans subfamily
with other members including H. irritans (Himar1.6),
C. plorabunda (CplmarCp3, Cplmar1, CplmarCp1, CplmarCp8,
CplmarCp2), M. pulchella (MpmarMP1) and H. sapiens
(Hsmar2). Within the irritans subfamily, Hvmar1 shows the
nearest relationship with Hsmar2.

© 2006 The Authors

Comparison of inverted terminal repeats with those of other
mariner elements

Hvmar1 has nearly perfect ITRs, which have only one
nucleotide difference among 30 nucleotides. The alignment
of the ITRs of Hvmar? with those of other members from
the irritans subfamily shows that the ITRs of Hvmar1 have
the highest identity sequence with Hsmar2. This result is
consistent with amino acid alignment result.

Discussion

This is the first report of a naturally occurring intact mariner
element after the initial identification of Mos 1 from D. mauritiana.
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Figure 3. Southern blots of EcoRI-digested genomic DNA. The left single
lane is 1 kb DNA ladder. The right four lanes are four individuals from the
laboratory strain.

This intact mariner element is mostly closely related to
the human mariner element (Hsmar2) according to the
phylogenetic analysis. Even though the mechanism for
the horizontal transfer still remains unknown, it is a reasonable
explanation for the close relationship of mariners between
a moth and the human being.

So far most MLEs examined are non-autonomous, and
contain one or more mutations in the transposase coding
region. The mutations caused by vertical inactivation accu-
mulate in a time-proportional manner (Lohe et al., 1995),
so time since horizontal transfer occurred could be deduced
from the level of divergence of the various mariner copies
with the host. The intact mariner in Heliothis has the
complete ORF and the nearly complete ITRs, which leads
to the hypothesis that this element might be a result of
recent horizontal transfer.

The intact Hvmar1 element may be autonomous due to
its complete ORF and nearly perfect ITRs. A possible
reason that this element is not mobile in this species, indicated
by the stability of the 2.4 kb fragment, is that there might be
a host factor that suppresses the activity in this host species.
Theory predicts that hosts should evolve diverse regulatory
mechanisms to suppress the activity of invading transposons.
Indeed, there are many instances of such mechanisms,
such as mutations of the flamenco gene allow activity of gypsy
retrotransposons in D. melanogaster (Bucheton, 1995).
Similar mechanisms are also known for transposons in
various plants and fungi. Another possible reason for the
stability of the intact mariner element in Heliothis is that this
mariner element has its own built-in regulatory or repressive
systems. This mechanism is well known for the P element
in D. melanogaster, in which P-element transposition is
repressed by P cytotype in Drosophila P-strain females
(Roche et al., 1995).

In addition to the 2.4 kb band, more bands were detected
by Southern blot, which could be due to the stringency used

for the hybridization. These additional bands could be other
more divergent element subfamilies in this species, which
could explain why we could not identify more insertion sites
other than the one of this intact element by using specific
primers. Intrinsic feature of this element and its interaction
with host factors could be the reason for the single copy in
this species as discussed in above. Although the involve-
ment of these mechanisms remains very speculative in the
absence of functional data, the identification of this intact
element gives us a good candidate to address these
questions.

One important advantage of using mariners as genetic
tools is our considerable understanding of their diversity
and molecular evolution. Endogenous mariners can be
easily identified using degenerate PCR primers designed
from conserved regions of the transposase. So far at least
seven major subfamilies and 10 minor subfamilies have
been identified from different organisms. Such a large number
of potentially useful transposons provide a great source to
be exploited, if necessary, to introduce transgenes into a
particular host insect.

Experimental procedures

Insect strain

Tobacco budworm pupae were received from the AgriPest Insects
for Agricultural Research (http://www.intrex.net/agripest), and then
maintained in laboratory for research purposes. All stages of
tobacco budworms except larvae were kept in incubators with a
14 :10 (L/D) light cycle, a temperature of 27-28 °C and 70—-80%
RH. Larvae were reared at RH between 30 and 40%. Dry tobacco
budworm diet was purchased from Southland Products Inc. (201
Stuart Island Road, Lake Village, AR, USA).

Degenerate-primer polymerase chain reaction

The forward MAR124F (TGGGTNCCNCAYGARYT) and the reverse
MAR276R (GGNGCNARRTCNGGNSWRTA) degenerate primers
designed for amplifying the conserved regions of the mariner trans-
posase gene (Robertson, 1993) were used to isolate endogenous
mariner elements from H. virescens genomic DNA. Genomic DNA
was isolated from the individual third-instar larvae using the QIAGEN
DNeasy® Tissue Kit (27220 Turnberry Lane, Suite 200, Valencia, CA,
91355, USA). Genomic DNA samples were subjected to 40 amplifi-
cation cycles under the following conditions (Hotstart PCR): 95 °C
for 15 min, [94 °C for 1 min, 50 °C for 1 min, 72 °C for 1 min]: 40 cycles,
72 °C for 10 min. A 40 pl reaction included 20 pl HotStar Tag™ Master
Mix (QIAGEN), 1 um of each primer and 20—100 ng genomic DNA.

Inverse polymerase chain reaction

Two to four micrograms of genomic DNA from a single individual
were digested overnight with EcoRl in a 20 ul volume. The restriction
enzyme was inactivated at 65 °C for 15 min, and then the total
volume was increased to 400 pl with the addition of 336 I MiliQ H,O,
40 pul 10 x ligation buffer and 4 ul T4 DNA ligase (Promega, 2800
Woods Hollow Rd, Madison, W1 53711, USA). The digested DNA was
therefore at a concentration of 510 ng/ml, within the 1—10 ng/ml

© 2006 The Authors
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Figure 4. Phylogenetic relationships of Hvmar1 with some other members of the mariner superfamily, based on predicted transposase amino acid sequences.
Tree was constructed using neighbour-jointing method with model amino: p-distance. Numbers on the nodes are bootstrap support values in 1000 replications.

recommended for circularizing fragments during the ligation
reaction. The ligation reactions were left at 4 °C overnight, then
precipitated with 3 M NaAC (pH 5.2) and 2 x volumes of 100%
ethanol and resuspended in 20 ul MiliQH20.

A pair of outward-facing primers was designed for the inverse
PCR: MARinvF (CTGTAACGGCATCCTGGTA) and MARinvR
(CATGTTTCATCACCGGTAAC). Touchdown PCR was used for the
amplifying and the PCR cycles were as follows: 94 °C for 3 min and fol-
lowed by 10 cycles of 94 °C for 1 min, 62 °C for 1 min, 72 °C for 2 min

© 2006 The Authors

with 1.0 °C lower per cycle, then followed by another 25 cycles of 94 °C
for 1 min, 52 °C for 1 min, 72 °C for 2 min, finally 72 °C for 10 min.

Cloning and sequencing

All PCR products were subjected to gel electrophoresis in agarose
with appropriate concentrations, purified using a MiniElute Gel
Extraction Kit (QIAGEN), and cloned directly into the pGEM-T
vector (Promega). Plasmids were isolated using QlAprep® Miniprep

Journal compilation © 2006 The Royal Entomological Society, Insect Molecular Biology, 15, 743—748
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Kit (QIAGEN). Sequencings of the clones were done by the DNA
Sequencing Core Instrumentation Facility at the Institute for
Integrative Genome Biology in the University of California, Riverside
with SP6 or T7 primers.

Southern DNA hybridization

Approximately 5 pg genomic DNA samples from single individuals
were digested to completion with EcoRl restriction enzyme, separated
on 0.8% agarose gel, blotted to nylon membrane and immobilized
by ultraviolet irradiation. Hybridization probe was generated from
PCR amplification. The probe was then purified using MiniElute Gel
Extraction Kit (QIAGEN) and radio-labelled with [**P]-dCTP by
random oligonucleotides priming (Roche Applied Science, 9115
Hague Road, Indianapolis, IN 46250, USA). Hybridization was
performed at 42 °C overnight in ULTRAhyb™ Ultrasensitive
Hybridization Buffer (Ambion, 2130 Woodward, Austin, TX 78744,
USA). After hybridization, membrane was washed twice, 5 min
each, in 2 x SSC, 0.1% SDS at 42 °C, followed by two washes in
2 x SSC, 0.1% SDS at 42 °C, 15 min each.
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